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Abstract

The design and implementation of error messaging systems is a
long-lasting challenge for programming language developers. The
challenges become more pronounced when students are exposed
to a programming language for the first time. Poor error messages
make it challenging for students to understand and correct program-
ming bugs. In part, the problem is that the search space for a solution
is large, and students lack the experience to navigate this space.
This article puts forth the thesis that in courses following a design-
based methodology recipe-based errors help students resolve bugs.
That is, the error messaging system provides scaffolding to reduce
the size of the search space by focusing the student’s attention
on detected design errors. To explore this hypothesis, recipe-based
errors are implemented as part of, FSM, a domain-specific functional
language for the Formal Languages and Automata Theory class-
room. Each error message is enhanced with the step of the design
recipe that has not been successfully completed. In addition, the
error messaging system integrates testing—a fundamental step in
program design-as a criteria for generating error messages. Empir-
ical data collected at two US-based universities is presented that
suggests students find recipe-based errors clear, succinct, and a
factor in reducing debugging time. In addition, the data suggests
that the association of design recipe steps with error messages is
useful.

CCS Concepts

« Software and its engineering — Functional languages; Do-
main specific languages; General programming languages;
« Theory of computation — Formal languages and automata
theory; « Applied computing — Education.
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1 Introduction

Developing error messages that are useful and accurate has been a
challenge for the programming languages and the human-computer
interaction communities for at least 60 years since FORTRAN [54]
and ALGOL 60 [60] developers first took steps to generate them.
Useful and accurate error messages are important, because poor
error messages have been found to make it difficult to learn how to
program [29, 37] and to learn a new language [18, 26, 66]. These
difficulties are attributed to error messages being, for example,
cryptic [1, 2, 4, 5, 28, 35, 66], inadequate [1, 3, 9, 31, 54], frustrating
[6, 23], and a barrier to progress [5, 6, 37]. This all means that the
interaction with poor error messages is inefficient and costly [4].

These problems are accentuated in students learning the abstrac-
tions offered by a new programming language. This occurs for
multiple reasons such as the use of technical jargon in the message
[4, 15, 35, 38, 57], students not having assimilated the heuristic
to correct the first error first (when multiple errors are reported)
[6, 55], students interpreting the location highlighted for where
an error is detected as a signal for where to edit the program to
make corrections [38, 68], and the lack of precise information in the
message [26, 38]. Efforts to address these problems and create good
error messages include suggesting successful solutions by others
[25], eliminating jargon vocabulary in error messages [4, 15, 35],
using familiar classroom vocabulary in error messages [15, 38],
enhancing error messages with more information [5, 26, 31, 35, 58],
making error messages more succinct [15, 26], and reducing redun-
dant and repeated information [4, 27].

Good error messages alone, however, are only part of the solu-
tion to help students learn new abstractions. Students also need
a systematic approach for problem solving and program imple-
mentation. For example, an arguably successful approach to help
programming beginners uses a program-by-design methodology
[7, 21]. This approach utilizes a collection of domain-specific lan-
guages (DSLs) embedded in Racket [22] (commonly referred to as
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the Racket student languages). These DSLs restrict the amount of
syntax a student may use to implement solutions to problems. In
addition, they have tailored-made student-friendly error-messaging
systems and are tightly-coupled with textbooks for beginners in
programming [19, 44, 45]. At the heart of the approach, first pio-
neered by Felleisen et al. [19] and later expanded to a two-semester
course by Morazan [44, 45], is the design recipe-a series of con-
crete steps, each with a specific outcome, that help students go
from a problem statement to a documented and validated solution
expressed as a program. Interestingly enough, the error messages
in the Racket student languages do not refer to the steps of the
design recipe. In the experience of the authors, this leads students
to repeatedly wonder what step of the design recipe they have
incorrectly performed when an error is thrown. Thus, suggesting
that the program-by-design methodology may benefit from error
messages that refer to the steps of the design recipe not success-
fully completed. We coin such error messages as recipe-based errors
(RBEs). The goal is to encourage students to think, when debugging,
about design recipe steps to determine the problem that led to an
error.

To explore the idea of coupling the pedagogic pillars of the
program-by-design methodology (i.e., domain-specific languages,
design recipes, error messages, textbooks, and instructors), the
error-messaging system for FSM (Functional State Machines) [53]
is redesigned to produce RBEs. FSM is a functional domain-specific
language embedded in Racket [22] developed for the Formal Lan-
guages and Automata Theory (FLAT) classroom. The worked de-
scribed is part of a larger effort to vertically integrate the program-
by-design methodology into the Computer Science curriculum.
The described contract-based error messaging system complements
Racket’s error messaging system. That is, error messages for Racket
syntax or misuse of Racket functions are generated by Racket’s
error messaging system. FSM’s novel error-messaging system ad-
dresses errors detected when using FSM abstractions. This is im-
portant, because generating a Racket error message referencing a
Racket function in an internal FSM implementation file breaks the
abstraction barrier expected by the programmer. That is, the pro-
grammer expects an FSM-relevant error message when FSM abstrac-
tions are used. In addition, the described system also integrates unit
testing—an essential design step—to reduce the amount of syntax
students must write for unit tests and to encourage the construction
of validated machines and grammars. Every error message gener-
ated includes a reference to an unsuccessfully completed design
recipe step. We note that FSM’s new error messaging system is the
first to ever integrate design recipes and unit testing.

To evaluate student experiences with RBEs, we explore the fol-
lowing research questions:

e RQ1: Are RBEs useful in debugging?
e RQ2: Why are RBEs useful?
e RQ3: Is a design recipe step useful in an error message?

ROQ1 focuses on how students use RBEs as a debugging tool. In
contrast, if RBEs are useful in debugging, RQ2 and RQ3 focus on
message characteristics that help explain why they are useful. These
questions are explored through the administration of anonymous
surveys at two US-based universities teaching an undergraduate
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FLAT course using the methodology and the RBEs described in this
article as well as the same textbook (i.e., [46]).

The article is organized as follows. Section 2 provides an overview
of designing and programming using FSM. Section 3 describes RBEs.
Section 4 discusses FSM contracts for machine and grammar con-
structors to produce RBEs. Section 5 presents how testing and con-
tracts are incorporated for RBEs. Section 6 presents the empirical
data collected. Section 7 contrasts with related work. Section 8 dis-
cusses the implications and the limitations of the presented work.
Finally, concluding remarks and directions for future work are
presented in Section 9.

2 Designing and Programming in FSM

FSM is dynamically typed and, among other features, allows pro-
grammers to easily define deterministic finite-state automata (dfa),
nondeterministic finite-state automata (ndfa), pushdown automata
(pda), Turing machines (tms), composed Turing machines (ctms)
[43], regular grammars (rgs), context-free grammars (cfgs), and
unrestricted grammars (urgs). In addition, programmers can also
implement the construction algorithms they design as part of their
constructive proofs. Integrated into FSM is a powerful suite of static
and dynamic visualization tools to help students understand FLAT
principles [47-51].

This section presents an overview of designing and implement-
ing state machines and grammars in FSM. The design recipes for
state machines and grammars are outlined and an illustrative ex-
ample for each is discussed. In addition, the arguments for machine
and grammar constructors are specified to make clear what is tested
by the novel error-messaging system. In the interest of brevity, we
use a single regular language to illustrate the design process for
both machines and grammars:

L={w|w has an odd number of as and an odd number of bs}

Although only the development of a dfa and of a rg are presented,
we note that the development for other types and machines and
grammars follows in the same manner.

2.1 State Machines

2.1.1 State Machine Constructors. The constructor signatures for
a dfa, an ndfa, a pda, and a tm are:

make-dfa: K X S F § ['no-dead] — dfa
make-ndfa: K X S F A — ndfa
make-ndpda: K ¥ T S F A — pda
make-tm: K X A S F [Y] — tm

K denotes a set of states. X denotes the input alphabet. SeK denotes
the starting state. FCK denotes the set of final states. ' denotes a
stack alphabet. A transition function and a transition relation are
denoted, respectively, by § and A. YeF is an optional argument for
the Turing machine constructor denoting the accept state (omitting
this argument signals that the tm computes a function instead of de-
ciding or semideciding a language). Finally, the optional argument
for the dfa constructor, 'no-dead, signals that the transition func-
tion is fully specified (omitting this argument has the constructor
add a dead state and transitions into it to fully specify the transition
function).
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(1) Name the machine and specify alphabets

(2) Write unit tests

(3) Associate a state with tracked conditions, and identify the
start and final states.

(4) Formulate the transition relation

(5) Implement the machine

(6) Run the tests and, if necessary, redesign

Figure 1: The design recipe for state machines.

2.1.2  State Machine Argument Types. The arguments to construct
state machines are partitioned into two sets: those that do not have
dependencies and those that have dependencies. The arguments
that do not have dependencies are K, 3, and I'. The arguments that
have dependencies are S, F, §, A, and Y. For instance, S and Y depend
on K given that both must be members of K.

The transition rules depend on K, %, and T and are represented
as lists:

tm: (K{ZuU{e_}}) (K{ZU{LR_}})) dfa: (K= K)
pda: ((K {Z U {e}} T*) (KT*)) ndfa: (K {Z U {€}} K)
Each transition is a list that has a source state, an element to read
(which may be empty), and a destination state. In addition, pda-
rules specify the elements to pop and push and tm-rules specify the
action to take on the tape!.

2.1.3  The State Machine Design Recipe. The abbreviated design
recipe for state machines is displayed in Figure 12. To illustrate the
result of following the steps of the design recipe, consider the dfa
developed by a student displayed in Figure 2 for L (defined at the
beginning of Section 2). The FSM implementation is displayed in
Figure 2a. The results for step 1 of the design recipe are the name
odd-a-odd-b (on line 8) and the input alphabet (on line 10). The
unit tests to satisfy step 2 are displayed on lines 17-24. The tests use
RackUnit’s check-equal? [67] and use FSM’s sm-apply to apply a
given machine to a given word. Observe that students are writing a
fair amount of repeated code for testing. The conditions the states
represent to satisfy step 3 are displayed in lines 2-7. The transition
function developed for step 4 is captured on lines 13-14. The defined
dfa satisfies step 5 and running the tests for step 6 reveals that they
all pass. The transition diagram generated using FSM’s sm-graph
is displayed in Figure 2b. The start state, S, is highlighted in green
and the final state, C, is rendered using a double circle.

2.2 Grammars

2.2.1  Grammar Constructors. The constructor signatures for a reg-
ular (rg), context-free (cfg), and unrestricted (urg) grammars are:
make-rg: V. X § S — rg
make-cfg: V. X § S — cfg
make-grammar: V X § S — urg
From left to right, V denotes the nonterminals; one for each syntac-
tic category needed. ¥ denotes the input alphabet. The production
rules are denoted by §. The starting nonterminal is denoted by S.

IThe symbols @, _, L, and R, respectively, denote the left-end marker, a blank, moving
the head left, and moving the head right.

%The full design recipe has two extra steps for machine verification [46], which are
omitted here given that they are not relevant to the error-messaging system.
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1 #lang fsm

s (define odd-a-odd-b

o (make-dfa '(S A B C)

10 '(a b)

11 'S

12 '(0)

13 '((SaA) (SbB) (AasS) (AbOC
1 (BacC) (BbS)y (CaB) (ChbaA))
15 'no-dead))

17 (check-equal? (sm-apply odd-a-odd-b '()) 'reject)

15 (check-equal? (sm-apply odd-a-odd-b '(a b b a b))

19 'reject)

20 (check-equal? (sm-apply odd-a-odd-b '(a a b a a b))
)1 'reject)

22 (check-equal? (sm-apply odd-a-odd-b '(a b)) 'accept)
3 (check-equal? (sm-apply odd-a-odd-b '(a b b b a a))
) 'accept)

(a) The dfa for L in FSM.

(b) The transition diagram.

Figure 2: L={words with odd a and odd b}.

2.2.2  Grammar Argument Types. The types needed to construct
grammars are also partitioned into those that do not have dependen-
cies and those that have dependencies. The following descriptions
summarize the properties tested by the error messaging system.
The arguments without dependencies are described as follows:
V: A set of symbols denoted the same way as machine states.
¥: Denoted the same way as for state machines.
The arguments with dependencies are described as follows:
& A set of production rules.
S: Sev.
The production rules, , are represented as lists whose values
depend on V and X:
rg: (V - {e | | 2V}
cfg: (V= {e | {Z | V}¥'D
urg: ({Z | VIV | VY = {e | {Z | V}'D
Each production rule must have at least one nonterminal on the
left hand side and the right hand side is an aggregate symbol. For
rg, only S may produce, €, the empty word.
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(1) Name for the grammar and specify the alphabet

(2) Associate a nonterminal with each with a nonterminal and
specify the starting nonterminal

(3) Develop the production rules

(4) Write unit tests

(5) Implement the grammar

(6) Run the tests and redesign if necessary

1 #lang fsm

s (define odd-a-odd-b-rg

Figure 3: The design recipe for grammars. s (make-rg '(S A B C)
10 '(a b)
. . . . . n "((S = aA) (S — bB)
2.2.3 The Grammar Design Recipe. The abbreviated design recipe . (A >b) (A— aB) (A— bO)
for grammars in displayed in Figure 3 [46, 52]°. As with machine . (B —a) (B —aC) (B— bs)
design, students are taught to systematically follow the steps. . (C = aB) (C — bA))
To illustrate the results for the steps of the design recipe in . '$))

action, consider the rg displayed in Figure 4 to generate the same
language decided by the state machine developed in Section 2.1.3.
The results for Step 1 are displayed on lines 8 (the grammar’s
name is odd-a-odd-b-rg) and 10 (the alphabet is '(a b)). The
documentation for the nonterminals to satisfy Step 2 is displayed on
lines 3-7. Observe that it clearly indicates the starting nonterminal.
The production rules for Step 3 are displayed in lines 11-14. The unit
tests developed for Step 4 are on lines 17-29. Once again, observe
the amount of repeated code written for unit tests. The defined rg
satisfies Step 5 and running the tests for Step 6 reveals that they
all pass. Figure 4b displays the final derivation tree generated by
FSM’s dynamic visualization tool, grammar-viz, to illustrate word

17 (check-equal? (grammar-derive odd-a-odd-b-rg '())
18 "() is not in L(G).")
19 (check-equal?
20 (grammar-derive odd-a-odd-b-rg '(a b b a b))
"(ab b ab)is not in L(G).")
22 (check-equal?
(grammar-derive odd-a-odd-b-rg '(a a b a a b))
"(aabaahb)is not in L(G).")
(check-equal?
26 (last (grammar-derive odd-a-odd-b-rg '(a b))) '(ab))
(check-equal?

derivation. (last (grammar-derive odd-a-odd-b-rg '(a b b b a a)))
. 29 ' (abbbaa))

3 RBE Design

The error messaging system’s design follows principles that we (a) FSM implementation.

categorize over three dimensions: composition, content, and report- °

ing time. In terms of composition, error messages use: jargon-free

vocabulary that is familiar to students from both lectures and the
textbook, a positive non-accusatory tone, and simple sentences. ° °
The goals fostered by these characteristics include not intimidating
students, making it easier for students to comprehend the content
of messages, and making messages more easily understandable for ° °
non-native English speakers [24].
In terms of content, error messages must logically and clearly
explain why an argument provided for a component has an error, ° e
identify the design recipe step not successfully completed, and
only contain information relevant to the error without offering
prescriptive solutions. The goals fostered by these characteristics o °
include helping students focus on the reason for the error in terms of
their design efforts and on not leading students down an unfruitful

resolution path. 6 B
In terms of reporting time, error messages for arguments that do
not depend on other arguments for correctness are reported first,
error messages for optional arguments are reported only after no
error messages for required arguments are detected, and testing
errors are reported last. The goal fostered by these characteristics
is not burdening students with derivative error messages*. For
instance, an error in the non-dependent argument for the states of

(b) A derivation tree using L.

Figure 4: The regular grammar for L.

3The full design recipe has two extra steps for grammar verification [52], which are
omitted here given that they are not relevant to the error-messaging system.
“Errors detected given the existence of previous errors.
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a machine may also cause errors in the argument for the transition
relation. Fixing the error in the argument for states may also fix
the error in the transition relation and, therefore, the student is not
burdened with the latter error.

FSM’s new error messaging system is the first to integrate de-
sign and unit testing. Syntax is provided for the programmer to
optionally provide a list of words that ought to be accepted/gener-
ated and/or a list of words that ought to be rejected/not-generated
by a proposed machine/grammar. If used, an error, indicating the
design recipe step not successfully completed, is thrown when
the expected behavior is not obtained and, as a consequence, the
machine/grammar is not constructed. In addition, the integration
of testing addresses a common student complaint regarding the
amount of repeated code needed to write unit tests (e.g., using test-
ing libraries such as RackUnit [67]). Furthermore, this feature also
allows instructors to easily run a test suite of their choice as they
grade assignments.

Finally, machine RBEs refer to one of the six steps in Figure 1.
Every machine RBE reports a single step unsuccessfully completed,
which may include multiple errors. For instance, if several words
that ought to be accepted are rejected then a single error message
referencing Step 2 and all such words is generated. Similarly, gram-
mar RBEs refer to one of the six in Figure 3 and report a single
unsuccessfully completed step, which may include multiple errors.

4 FSM Contracts

This section outlines machine- and grammar-constructor contracts.
First, the general outline for contract design is presented. Second,
contract sharing to avoid code duplication is described. Third, con-
tract implementation for arguments that do not have dependencies
is outlined. Fourth, contract implementation for arguments that
have dependencies is presented.

4.1 General Design

In general, machine- and grammar-constructor contracts combine
contracts for each of their arguments. The ->i contract combina-
tor is used for both, given that some arguments depend on other
arguments.

4.1.1  Machine-Constructor Contract Outline. The general structure
of a machine-constructor contract is outlined in Figure 5. For each
constructor argument, there is a stanza that names the argument
and associates a contract with it. Any given machine constructor
does not contain all the stanzas outlined in Figure 5. For instance,
the constructor for ndfas does not contain contracts for gamma or
accept.

The first set of stanzas are for required arguments (lines 2-8).
Within this set, the stanzas for arguments without dependencies
are listed first (lines 2-4) followed by the stanzas for arguments
with dependencies (lines 5-8). Each stanza for an argument with
dependencies includes the dependencies in a sublist after the argu-
ment’s name. This ordering is done by design to first report errors
for arguments without dependencies. As mentioned above, this
is important, for example, because fixing a bug in an argument
with no dependencies may resolve a bug in an argument with a
dependency. The reverse is not true. For instance, consider (A b C
D) being the argument for states and (B a D) being part of the
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L (—i (
[states <contract>]
[sigma <contract>]
[gamma <contract>]
5 [start (states) <contract>]
6 [finals (states) <contract>]
7 [rules (states sigma <other dependencies>)
<contract>]

10 ([add-dead <contract>]

1 [accept (finals) <contract>]

12 #:accepts

13 [accepts (states sigma start finals rules
1 <other dependencies>)

5 <contract>]

16 #:rejects

1 [rejects (states sigma start finals rules
18 <other dependencies>)

19 <contract>])

21 [result <contract>])

Figure 5: Template for machine-constructor contracts.

argument for rules. We can observe that b is a bug in the first and
that (with the given argument for states) B is a bug in the second.
Resolving the bug in states by changing b to B resolves the bug
in the transition rule. In contrast, changing B to b in the transition
rule does not resolve the bug in the argument for states. By val-
idating the argument with no dependency first, the student only
sees the first error. Thus, better focusing the student’s attention
on the reason for the error. Observe that this means that our error
messaging system has the accepted practice of fixing the first error
first built-in [55].

Following the stanzas for required arguments, the stanzas for
the optional arguments are listed (lines 10-19). Within these, the
lists for words to accept and reject are listed last. This is purposely
done, because these arguments cannot be tested before all other
arguments have satisfied their contracts. This follows by observing
that testing requires the machine to be constructed. Finally, the last
stanza is for the returned value as required by Racket contracts.

To outline using the syntax, consider the header for the ndfa
constructor:

(define/contract
(make-dfa states sigma start finals rules
#:accepts [accepts '()]
#:rejects [rejects '()1)

A required argument without dependencies is states. Its stanza is
outlined as follows:

[states (and/c ...)]

The ... contain a contract for each property tested and they are
combined using and/c given that all must hold for the argument
to be valid. For an argument with dependencies, like finals, its
stanza is outlined as follows:
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L (i (
2 [nts <contract>]

[sigma <contract>]

[delta (nts sigma) <contract>]
[start (nts) <contract>])

7 (#:accepts [accepts (nts sigma delta start)
<contract>]

#:rejects [rejects (nts sigma delta start)
<contract>])

10 [result <contract>])

Figure 6: Template for grammar-constructor contracts.

[finals (states) (and/c ...)]

This stanza lists states as the only value it depends on. The con-
tracts provided to and/c may refer to states. Finally for keyword
parameters, the keyword must appear before its contract stanza.
For instance, the stanza for a list of words that ought to be accepted
by an ndfa is outlined as follows:

#:accepts [accepts (states sigma start finals rules)
(and/c ...)]

The list of words that ought to be accepted depends on all argu-
ments needed for the machine under construction. This follows, as
mentioned above, by observing that the machine must be built to
apply it to each word.

4.1.2  Grammar-Constructor Contract Outline. The general struc-
ture of a grammar-constructor contract is outlined in Figure 6. The
structure is similar to that for a machine-constructor. All grammar
constructors require the same four inputs. The nonterminals, nts,
and the alphabet, sigma, do not have dependencies and are listed
first. The remaining two required arguments depend on these. Sim-
ilarly to machine constructors, the optional word lists that must
be generated and that must not be generated depend on all the
required arguments given that the grammar must be constructed.
As machine contracts, grammar contracts also have the accepted
practice of fixing the first error first built-in.

To outline using the syntax, consider the header for the rg con-
structor:

(define/contract (make-rg nts sigma delta start
#:accepts [accepts '()]
#:rejects [rejects '()1)

The contract stanzas for nonterminals, production rules, and list of
words not in the language may be outlined as follows:

[nts (and/c ...)]
[delta (nts sigma start) (and/c ...)]
#:rejects
[rejects (states sigma delta start) (and/c ...)]

As done for machines, and/c combines contracts for each property
tested. Recall that delta depends on start given that only start
may generate € in a rg and that #: rejects depends on all required
arguments because the grammar must be constructed to test words.
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4.2 Ordering of Errors and Design Recipe Steps

Observe that the ordering of the stanzas in contracts for machine
and grammar constructors guarantee that errors for required ar-
guments are thrown before optional arguments. For the required
arguments, further observe, that errors for arguments without de-
pendencies are thrown before errors for arguments with depen-
dencies and that errors for arguments with dependencies are only
thrown if no errors are detected with arguments that do not have
dependencies. Finally, the last error thrown is for testing after no
errors are detected in all other arguments.

This framework does not always report errors in the same order
that corresponds to the order in which the steps of the design recipe
are listed. For example, testing errors for machines, related to step
2 of the design recipe for state machines, are thrown after errors
for arguments with dependencies that are always associated with a
latter design recipe step. Unfortunately, this is unavoidable given
that it is impossible to report testing failures until the machine
is successfully constructed. To the extent possible, however, an
effort is made to report errors detected following the order of the
arguments expected by the constructors.

4.3 Contract Sharing

The contracts for several constructor arguments have checks in
common. For instance, machine-constructor contracts need to de-
termine that the arguments given for the states, the alphabet, the
final states, the rules, and the stack alphabet have no duplicates.
Similarly, grammar-constructor contracts need to determine this for
the arguments given for the nonterminals, the input alphabet, and
the production rules. In addition, the step of the design recipe that
is not successfully completed depends on the component tested:
states Step3 machine alphabet Step 1
final states Step 3 machine rules Step 4
nonterminals Step 2 grammar alphabet Step 1
stack alphabet Step 1 grammar rules Step 3
Instead of writing a tailor-made contract to test for no duplicates
for each of these arguments, contracts may be shared by abstract-
ing over the argument tested and the step of the design recipe not
successfully completed.

To illustrate the abstraction, consider the implementation dis-
played in Figure 7 to test for no duplicates. The contract takes as
input the component tested, type, and a design recipe step, step,
that is unsuccessfully completed upon failure. The error message is
formatted using step, the values duplicated (i.e., the value returned
by return-duplicates), and type. We note that Racket’s contract
system automatically highlights the code where the error occurs.

4.4 Contracts without Dependencies

These contracts test properties of the given argument without re-
gard for other arguments. For instance, the argument provided for
the nonterminals of a grammar is tested to determine that the argu-
ment is a list, that each element is valid (as defined in Section 2.2.2),
and that it contains no duplicates. If any of these conditions are
not met then the programmer is informed that step 2 of the design
recipe for grammars has not been successfully completed. The con-
tract stanza for nonterminals in a grammar contract is implemented
using and/c as follows:
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(define (no-duplicates/c type step)
(make-flat-contract
#:name
(string->symbol (format "distinct-list-of-~a" type))
#:first-order (A (vals) (not (check-duplicates vals)))
#:projection
(A (blame)
(A (vals)
(current-blame-format format-error)
(if (not (check-duplicates vals))
vals
(raise-blame-error
blame
vals
(format "Step ~a of the design recipe has not
been successfully completed. The
following values, ~a, are duplicated
in the given ~a"
step
(return-duplicates vals)

type))))))

Figure 7: The shared contract to determine no duplicates.

[nts (and/c (is-a-list/c "nonterminals" "two")
(valid-listof/c
valid-nt?
"nonterminal”
"list of nonterminals"
#:rule "two")
(no-duplicates/c "nonterminals" "two"))]

Three contracts are combined. The first determines if the given
argument is a list and on failure constructs a message indicating
that the argument for the nonterminals must be a list and that step
2 of the design recipe has not been successfully completed. The
second determines that the argument is a valid list of nonterminals.
The predicate valid-nt? is used to determine if a given list element
is a valid nonterminal. Finally, the third, as described in Section 4.3,
determines if there are no duplicates. The choice to use a string
to indicate the unsuccessfully completed design recipe step upon
failure comes from our classroom experience. Students consistently
expressed that the use of a string, instead of a number, makes the
error message clearer®.

To illustrate a debugging session related to arguments without
dependencies, consider the misuse of make-rg:

(define abstar (make-rg '(S a S) '(a B)
"((S > €) (S -> aA) (A -> bS))
's)
Evaluation yields the following error message:
Step two of the design recipe has not been successfully
completed. The following: (a) are not valid nonterminals
in the given list of nonterminals: (S a S).
5 Admittedly, we are not sure why. We speculate that since the design recipe is English

prose, using words brings a student’s mind back to thinking about the text in the error
message instead of code.
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The reader can appreciate that the message is succinct, includes
the unsuccessfully completed design recipe step, is not prescriptive,
and reports a single error. Upon reading the message, the student
changes the lowercase a in the list of nonterminals to uppercase.
Reevaluation generates the following error message:

Step two of the design recipe has not been successfully
completed. The following values, (S), are duplicated in
the given nonterminals: (S A S).

Once again, the message focuses the student on a single error. The
student deletes the duplicate S and upon reevaluation gets:

Step one of the design recipe has not been successfully
completed. The following: (B) are not valid lowercase
alphabet letters in the given input alphabet: (a B).

Upon changing B to lowercase in the alphabet argument, the gram-
mar is successfully constructed.

4.5 Contracts with Dependencies

These contracts test properties of the given argument using argu-
ments with no dependencies that have been vetted for their required
properties. For instance, the argument provided for pda transition
rules is tested to determine that it is a list, that each rule has the
right structure, that each rule only refers to elements in the argu-
ments provided for the states, the input alphabet, and the stack
alphabet, and that there are no duplicated rules. If any of these
conditions fail then step 4 of the design recipe for state machines
has not been successfully completed. The contract stanza for pda
rules is:

[rules (states sigma gamma)

(and/c (is-a-list/c "machine rules" "four")
correct-ndpda-rule-structures/c
(correct-ndpda-rules/c states sigma gamma)
(no-duplicates/c "rules" "four"))]

The first contract determines if the argument is a list and is given
two strings for the component and the recipe step not successfully
completed. The second checks if the rule structure is correct (i.e.,
a list containing a sublist of length 3 and a sublist of length two).
This contract is only used to test pda rules and is not shared and,
therefore, has no inputs. The third determines if each rule properly
refers only to the states, the input alphabet, and the stack alphabet.
This contract is only used for pda rules and, therefore, does not
require input to identify the component nor the design recipe step
not successfully completed upon failure. Finally, the fourth contract
determines if there are no duplicated rules.
To illustrate a student debugging session consider:

(define wew*r
(make-ndpda '(SP QF) '(@abc) '(@ab) 's '(F)
'(See) Pe)) ((Pae (P (a)))
((Pbe)y (P (b)) ((Pc)y Qe
(Qa (@) Qe Qv (b)) (qe€))
Qe e) (Fe

Evaluation yields the following error message:

Step three of the design recipe has not been
successfully completed. The given starting state:
s is not a valid state.
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Upon capitalizing s and reevaluating, the generated error message
is:

Step four of the design recipe has not been
successfully completed. The following rules have
structural errors:
Rule ((P c) (Q €)):
The first part of the rule, (P c), does not have
the correct structure. It must be a list with
three elements.

The student has omitted the list of elements to pop from the stack.
In this instance, the student does not want to pop anything off the
stack. Upon changing (P c¢) to (P ¢ ()) and reevaluating, the
following error message is obtained:

Step four of the design recipe has not been
successfully completed. The following rules have
structural errors:
Rule ((Q v (b)) (g €)):
The first element in the second part of the rule, q,
is not a valid state.

Reading the error message makes the student realize that q must
be capitalized. Reevaluating produces the following error:

Step four of the design recipe has not been
successfully completed. The following rules have errors,
which make them invalid: Rule ((Q v (b)) (Q €)): v is
not in the given input alphabet.

The student realizes the typo: v instead of b. Upon fixing it, the pda
is successfully constructed.

5 Incorporating Testing into FSM Contracts

To assist students and instructors to more easily validate machines
and grammars, contracts are leveraged to easily test the expected
result for given words. In addition, when these testing facilities
are used the result is a validated machine/grammar. The syntax for
machine/grammar constructors allows for two optional keyword
parameters: a list of words that ought to be rejected/not-generated
(the rejects list) and a list of words that ought to be accepted/gener-
ated (the accepts list). The contracts for these arguments are listed
last and, therefore, only report an error, if any, after the contracts
for all other machine/grammar components are satisfied and the
machine/grammar may safely be built. This approach results in
three advantages. First, it cuts down on the amount of coding re-
quired by the programmers as they do not have to write boilerplate
testing code for each word (but still may if they so desire). Second,
the user gets one error message listing the words that do not pro-
duce the expected result instead of multiple test failure reports (i.e.,
one for each word that causes a test to fail). Third, it simplifies how
instructors may use their own test suites during grading by simply
plugging in their own accepts and rejects lists.

The contracts for these optional arguments follow the same
general design based on three (sub)contracts. The first tests that the
argument is a list of words and takes as input a string identifying if
the tests are for accepts or for rejects. The second tests that the
given words only contains elements in sigma. It is given the input
alphabet argument and, to build the error message upon failure,
a symbol to identify the list tested. In this manner, students are
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(define ALOM
(make-ndfa
'(SABC) '"(@bc) 'S'"(ABO)
'((SeA) (SeB) (SeC) (AbA) (AcA)
(BaB) (BcB) (CacC) (ChbcC)
#:accepts '((@aac) (@abc) (babbc) (bx))
#:rejects '((c a a) (s b))))

Figure 8: An ndfa for words missing at least on of (a b c).

explicitly warned about invalid testing words. The third takes as
input all the arguments needed to build the machine/grammar and
a Boolean to identify if the words ought to be accepted/generated
or not. This contract builds the machine/grammar and accumulates
words that do not produce the expected result to build the error
message. For example, the #accepts and #rejects contract for
make-ndfa are implemented as follows:

(#:accepts [accepts (states sigma start finals rules)
(and/c
(listof-words/c "accepts")
(words-in-sigma/c sigma 'accepts)
(ndfa-input/c states sigma start finals rules #t))]
#:rejects [rejects (states sigma start finals rules)
(and/c
(listof-words/c "rejects")
(words-in-sigma/c sigma 'rejects)
(ndfa-input/c states sigma start finals rules #f))]

To illustrate a debugging session around testing lists, let ¥=(a
b c¢) and consider the ndfa displayed in Figure 8 to decide the
language containing all words that have at least one input alphabet
letter missing. The first error message generated is:

Step two of the design recipe has not been
successfully completed. The following words
in the accepts list contain symbols not
included in sigma: ((b x)).

The student corrects the typo by changing x to c. The next error
message generated is:

Step six of the design recipe has not been
successfully completed. The constructed machine
does not accept the following words: ((a b c)
(babbc)).

Upon moving the two words that ought to be rejected to the rejects
list the next error generated is:

Step two of the design recipe has not been
successfully completed. The following words in
the reject list contain symbols not included
in sigma: ((s b)).
Here the student mistyped s instead of a. Upon correcting the typo,
the error message generated is:

Step six of the design recipe has not been
successfully completed. The constructed machine
does not reject the following words: ((c a a)

(a b)).
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Q1 | Q2 Q5 | Q6
I 38 35 |35|37 39| 39
eta 4 4 4 4 4 4
Mo | 4 4 4 4 4 4

Table 1: Descriptive Statistics.

The student now sees that the two identified words clearly ought to
be accepted and moves them to the accepts list. Upon reevaluation
the machine is successfully constructed validated.

6 Empirical Data

This section presents empirical data collected from students at
Seton Hall University and Worcester Polytechnic Institute over
three offerings of the course: 2 at Seton Hall University (Spring
2024 and Spring 2025) and 1 at Worcester Polytechnic Institute
(Spring 2024). The courses enrolled 117 students and 63 volunteered
to participate in an anonymous survey. Seventeen respondents
identified as female, forty-three as male, one as nonbinary, one
as agender, and one did not respond this question. The age of all
respondents is between 18 and 23. All respondents were taking
their first FLAT course and, with the exception of one pursuing a
Mathematics degree, are majoring in Computer Science. None of the
respondents received any benefit or compensation for participating
in the study.

The survey includes questions measuring student perceptions
about the debugging usefulness and properties of RBEs. Students
indicate agreement with a statement using a Likert scale [36]: [1]
Strongly diasgree...Strongly agree [5], including, [3], a
neutral response option. The survey includes the following six
questions:

(1) O1 Recipe-based errors are useful in debugging

(2) Q2 Recipe-based errors are clear

3) Recipe-based errors are informative

(4) Recipe-based errors cut down my debugging time

(5) Q5 The length of recipe-based errors is appropriate

(6) Q6 Associating a step of the design recipe with an error
message is useful

In the presentation of the data, we describe responses 4 and 5 as
“tend to agree” and responses 1 and 2 and “tend to disagree”

The distribution of responses is displayed in Figure 9 and sum-
mary descriptive statistics, mean (u), median (), and mode (Mo),
for each question are displayed in Table 1. For all questions, we
observe a fairly normal distribution (i.e., p~n=Mo) indicating that
responses around the mean are more frequent that responses away
from the mean. All distributions are slightly negatively skewed
indicating that the majority of responses are above the mean (i.e.,
responses 4 and 5).

For Q1, we observe that a majority of respondents, 63%, tend to
agree that RBEs are useful in debugging. A small minority, 10%, tends
to disagree, but not strongly. This suggests that the primary goal of
RBEs, to be useful in the debugging process, has been achieved. A
little over a quarter of the respondents (27%), however, feel neutral
about this statement. A cohort of neutral students is always ex-
pected for many different reasons. For example, there are students
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that ignore the steps of the design recipe, students that rather con-
sult the documentation, and students that make no effort to debug
their designs. Nonetheless, we feel that there is likely more that
may be done to reduce the neutrality cohort. For example, having
one or more lectures whose sole purpose is to illustrate how to
debug using RBEs may help make RBEs useful for an even larger
cohort of students.

The responses for Q2-05 shed some light on why RBEs are useful
in debugging. A majority tends to agree that RBEs are clear (Q2,
55%) and informative (03, 51%)). Thus, suggesting that students
understand the error messages. A majority finding that RBEs cut
down on debugging time (04, 59%) suggests that RBEs effectively
hone students onto the cause of a bug. Finally, a majority responding
that the length of RBEs is appropriate suggests that the messages
are succinct, which encourages students to read them.

For Q6, we observe that a majority of respondents, 66%, tend to
agree that associating a design recipe step with an error is useful.
We also observe that a very small minority, 13%, tends to disagree.
This is a very encouraging result, because it suggests that the design
recipe step included in an RBE helps students in their debugging
efforts. It is also noteworthy that at 21% this question exhibits the
smallest neutral cohort among all survey questions. Thus, suggest-
ing that students in general value the information that a design
recipe step conveys.

7 Related Work

There is evidence in the literature that difficult-to-read error mes-
sages impact a programmer’s performance [2]. Despite decades of
research on error messages systems, a 2019 ITiCSE working group
report found that error messages continued to be described as in-
adequate, useless, frustrating, cryptic, confusing, and a barrier to
progress [4]. They recommended a set of guidelines for developers
of error messaging systems that include making error messages
comprehensible using a positive tone and providing relevant con-
text to help understand the error. FSM’s error messaging system has
adopted these recommendations and introduces a new dimension
in the context to understand the cause of an error: a failed design
recipe step. A two-fold approach is taken to make error messages
comprehensible using a polite tone. On the one hand, FSM error
messages match the language found in the textbook used for in-
struction and purposely avoid faulting, blaming, or demeaning the
programmer as suggested by the literature [10, 14, 42, 66]. On the
other hand, instructors are encouraged to use in the classroom the
vocabulary found in the textbook for instruction and in FSM error
messages. To provide further relevant context to help understand
the error, FSM error messages highlight the location of the error
and provide information about the values and the types related to
the error as suggested by the literature [20].

The negative consequences on novices stemming from error
messages that are not easily comprehended are well-documented
[28, 32-34, 40]. Messages that are not easily comprehended also
have consequences for instructors that must invest time and effort
explaining them to enable students to correct their mistakes [12, 23,
62]. To address this problem several error-messaging systems offer
more informative and/or enhanced error messages [12, 17, 31, 59,
65]. For example, Rust [30, 39] offers extended error explanations
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Figure 9: Data distribution for survey questions.

by including unique error codes in error messages that may be
consulted by the programmer [64]. On the other hand, E1m [13, 61]
and Clang [63] offer helpful hints to fix errors. In contrast, FSM
enhances error messages by associating them with a design recipe
step.

Marceau et al. first suggested that making error messages com-
prehensible goes beyond what is generated by a compiler or an
interpreter [38]. They suggest to treat error messages as an integral
part of course design, to make error messages nonprescriptive, and
to phrase error messages using the vocabulary employed in the
classroom. The work done with the FSM error messaging system
expands on this idea by putting forth that the language employed in
error messages and in the classroom ought to match the language
in the textbook used for instruction and by including the step of
the design recipe not successfully completed.

8 Discussion

We discuss the work’s implications and lessons learned. The first
two subsections specifically address our research questions. The
remaining subsections address openness towards non-mainstream
programming languages and study limitations.

8.1 RBEs and the Debugging Interaction Loop

We answer RQ1, Are RBEs useful in debugging?, based on the results
obtained for Q1-Q6. Majorities tend to agree with all questions
and these majorities are substantially larger than the dissenting
minorities. Thus, our answer to RQ1 is a strong affirmative answer
supported by the context provided by the results obtained by Q2-
Q6.

Though further research is needed to confirm how RBEs are
useful. We hypothesize that RBEs are useful through the debugging
interaction loop:

while (code throws an RBE)
read RBE
revise code

Code revisions present students with a huge range of potential ac-
tions to choose from. That is, if an unguided code revision process
is followed then there is an arbitrary number of code editions a
student may perform. We observe this every semester. Students
get stuck when confronted with a large action space. This is espe-
cially true of students that ignore following the steps of the design
recipe. Such students expend long periods of time on undirected
experimentation (a.k.a. hacking or tinkering). Reading the RBE is
a feedback step, software’s opportunity to assess the user’s past
actions in an effort to guide future user actions during code revision.
Thus, we explain the key intended benefit of RBEs as a feedback
mechanism: RBEs scaffold the broad action space of program-
ming around a much narrower action space, the steps of the
design recipe. When students are stuck, software and instruc-
tor alike can encourage them to revisit a specific design recipe
step and address a specific issue within it, simplifying their search
space for a correct solution. The ability of RBEs to provide this
encouragement in real time is critical to its success: a study using a
previous-generation design-recipe approach reported that students
typically did not return to earlier design recipe steps during debug-
ging in the absence of such encouragement [11]. RBEs directly offer
such encouragement by highlighting a design recipe step unsuc-
cessfully completed. Furthermore, RBEs are a specific instance of
a broader strategy within error message research: automatically
hinting programmers toward potential solutions [4].

8.2 RBEs are a Key Quality Factor

RQ2, Why are RBEs useful?, is directly addressed by Q2-06. Majori-
ties agree with all questions, substantially more than those who
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disagree. Neutral answers are substantial, but less common than
agreeing answers. Notably, the most agreed survey question is 05
addressing RBEs’ length appropriateness. This result is noteworthy
because message length has been consistently identified as an im-
portant challenge in the literature [4, 5, 15, 26, 27, 31, 35, 58]. The
second most agreed survey question is Q6 assessing the usefulness
of design recipe steps in RBEs. Thus, indicating that design recipe
step numbers are critical to the debugging interaction loop. Our
answer to RQ2 is that RBEs are useful, because students find them
clear, informative, and of the proper length as well as a factor in
reducing debugging time.

We further reflect on perceived usefulness to answer, “Is a de-
sign recipe step useful in an error message?, RQ3. In our context,
usefulness is fundamentally tied to pedagogy. The importance of
message vocabulary choice is well-cited [4], including alignment
with classroom vocabulary. We ensure our classroom vocabulary
is consistent with FSM, which requires instructor familiarity with
FSM. Marceau argues that error message design is essential to cur-
riculum design [38]. In this light, we see RBEs as a first step to-
ward strengthening integration between the debugging loop and the
program-by-design methodology as a whole. When a student sees a
design recipe step number in a message, this number has meaning
in their textbooks, lectures, interactions with course staff, and men-
tal models. Our goal is that once a student identifies which step
has an issue, they can review classroom examples to understand
how the same step was approached for different applications. RBEs
aim to encourage their reader to retrieve their knowledge about a
step, which they learned from the textbook or from the lectures.
Therefore, we offer a strong affirmative answer for RQ3.

8.3 Openness to Less-Used Languages

The work described is part of a larger programming-based effort to
develop a new curriculum approach for FLAT courses. Throughout
this larger project, language choice has been a common topic, with
potential instructors asking whether students are discouraged by
the use of a domain-specific language embedded in Racket. Such
questions are appropriate, as students in one Racket-based intro-
ductory programming class cited the language choice as a primary
source of discontent [8].

Our survey results suggest high approval of the Racket-based
FSM language in the context of a FLAT course (e.g., error message
quality is rated favorably). We hypothesize that this approval is ex-
plained by differences in context. At both institutions, introductory-
level Racket courses are prerequisite to the FLAT course, meaning
that students have familiarity with Racket as a language. Familiar-
ity with existing tools is known to be a decision-making factor for
programmers [41], so we designed our questions with familiarity
bias in mind. For example, we asked students about a specific FSM
feature which is not present in vanilla Racket. Familiarity may still
play a subtler role: because our students have already become fa-
miliar with Racket, they need not repeat the growing pains of first-
time Racket programmers and, thus, have greater opportunity to
engage with FSM’s specifics as intended. During instructor-student
interactions, several students proposed another theme: their lan-
guages preferences differed between courses. Though these specific
students perceived Racket to be detached from programming tasks
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in industry, they also perceived FLAT courses as theory-focused.
When their course goal was to strengthen theoretical understand-
ing instead of building software, they were open to the use of a
programming language which they also viewed as abstract.

8.4 Limitations

A notable limitation is that our evaluation is not a controlled trial
(i.e., we do not divide into control and test groups). Though this
limitation is nontrivial, it is relatively common in education-related
research. Classrooms cannot be controlled like laboratory envi-
ronments, varying greatly depending on instructor, students, and
environment. Furthermore, most universities, including ours, are
unlikely to approve offering differing quality of instruction among
sections of a course for the purpose of conducting a study. Moreover,
our questions were part of a larger survey studying the FSM teach-
ing approach overall for the first time. In this context, where RBEs
are tightly integrated with FSM pedagogy, creating control and test
groups would effectively require running two parallel, substantially
different courses.

Tight integration between course software and pedagogy is itself
a limitation. Software needs maintenance over time. We reduce this
concern by building on the Racket language, whose DrRacket [20]
teaching environment is historically well-maintained. The effects of
RBEs are unclear outside classroom environments, but we argue this
limitation is appropriate. Scaffolding builds expertise; as expertise
matures, programmers become more effective at debugging without
scaffolds [56]. Likewise, a study of programmer sense of belonging
found scaffolded errors mattered most at the novice level [16].

Our evaluation is exclusively quantitative. Though this approach
scales well to large class sizes, it leaves out the details of individual
experiences. In our classroom experience, students are often able to
vocalize their experiences in narrative form, highlighting specific
moments of success or struggle. Future work can use qualitative
methods to elicit narrative student experiences, drawing out details
beyond our quantitative data.

Our evaluation considers specific student populations at specific
moments and places, leading to diversity limitations. Our two in-
stitutions provide a diversity of academic background. One is a
technical university where Computer Science is the largest major.
The other is a liberal arts university where Computer Science is
a medium-sized major. However, both institutions are located in
the same geographic region and Computer Science students are
mostly male European Americans. Thus, our sample population
may not be representative of the broader and diverse Computer
Science student population.

9 Concluding Remarks

This article puts forth a novel error messaging system that encour-
ages thinking of errors in terms of design. The error messaging
system is implemented as part of FSM—a functional DSL developed
for the Formal Languages and Automata Theory classroom. It in-
tegrates the steps of the design recipe with which students learn
to design and implement state machines and grammars, and inte-
grates unit tests—an essential step in the design process—to generate
error messages. Empirical data collected from two US-based uni-
versities suggests that students find that the generated messages
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clear, useful, succinct, and successfully help reduce debugging time.
Furthermore, the data suggests that students find the association
of design recipe steps with error messages useful. In summary, the
novel error messaging system is well-received by students. In part,
we attribute the success of the system to using the same language
in the classroom, in the textbook of instruction, and in the error
messages.

Future work includes performing more empirical studies on the
impact of including testing as part of the error messaging system
and on the impact the error messaging system may have on female
and on minority students. Future work also includes extending the
work presented to the construction of multitape Turing machines.
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Abstract

More intuitive abstractions for software development are made
possible by domain-specific languages. Although the use of domain-
specific languages has proliferated, the sound software practice of
testing (programs written in a DSL) has not kept up with the pace
of development. Many domain-specific languages do not provide
syntax to express unit tests nor do they provide the infrastructure
for test evaluation. This article presents a set of design principles
to guide the development of a unit testing infrastructure within a
domain-specific language. These principles embrace domain knowl-
edge and put forth a much neglected aspect: the user evaluation of
the offered abstractions. The design of a unit testing domain-specific
language using these principles is outlined and its implementation
is described. In addition, the results of a small formative study sug-
gest that the developed domain-specific language for unit testing is
well-received by its users.
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1 Introduction

The beginning of the domain-specific languages (DSLs) era is usually
attributed to to Peter J. Landin [37]. In his seminal paper, The Next
700 Programming Languages [16], Landin argues for a diversity of
languages to service a diversity of application areas. Since Landin,
the number of DSLs has mushroomed and they have become a
common tool for a myriad of domains. For example, GraphViz’s
DOT language [10] is a DSL for representing abstract graphs, HTML
[33] and CCS [25] are DSLs for web page design, SQL [6] is a DSL for
managing data in a relational database, iTask [30] is a DSL for task-
oriented programming, funQ [2] is a DSL for functional quantum
programming, and FitNesse is a DSL for test-driven development
in a .NET environment. In fact, the cited DSLs are only a minuscule
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part of the DSLs in existence today, which may be in the thousands
[20].

Unlike a general-purpose programming language (GPL) that tar-
gets problem solving in all application domains, a DSL targets a
specific application domain [7, 12, 24, 35-37]. Typically, this leads
to gains in expressibility that reduce the distance between a prob-
lem as a domain expert understands it and a program [12]. In turn,
this enables domain experts, that may not be programmers, to con-
tribute to software customization. This is achieved by raising the
abstraction level to capture commonalities in the problem domain
that may be reused and added as concepts in a DSL [37] to more
clearly specify solutions to problems and communicate the intent
of a program [7, 13].

Given the level of abstraction a DSL provides, a great deal of
domain logic is hidden in the implementation. Therefore, it is im-
portant to test its implementation [37]. Such testing is done mostly
in two ways. In the first, unit tests may be written in the host GPL
to validate an embedded DSL’s implementation [36]. This approach
likely excludes domain experts that are not programmers and pro-
grammers that are not familiar with the host GPL. In the second,
unit tests are written in the DSL [36]. This approach adds some
complexity to DSL implementation, because syntax and dynamic
semantics need to support, respectively, expressing and executing
unit tests. This approach is attractive, because it allows program-
mers that use the DSL to validate their programs through testing.
Providing unit testing to DSL programmers, in part, inspires the
work presented in this article.

Surprisingly, it is not uncommon for DSL implementations to
fail to include unit testing facilities (e.g., GraphViz’s DOT and HTML).
Given that testing is an integral part of software development, we
argue that DSLs need to provide syntax and dynamic semantics
to express and execute unit tests. This must be done, however, in
a manner that is meaningful and useful to programmers as well
as to domain experts. Otherwise, it is unlikely to de adopted by
either stake holders. To this end, this article makes the following
contributions:

Proposes design criteria for unit-testing DSLs

Illustrates the unit testing interface satisfying the outlined
criteria using a sample target DSL

Outlines the implementation of the unit-testing DSL for the
sample target DSL

Presents the results of a formative human factors study eval-
uating the unit testing DSL

The article is organized as follows. Section 2 describes the pro-
posed design criteria for unit-testing DSLs. Section 3 briefly de-
scribes the target DSL. Section 4 presents the interface for the unit-
testing DSL for the target language. Section 5 outlines the imple-
mentation of the unit-testing DSL. Section 6 presents the empirical
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data collected from a small formative study to ascertain the useful-
ness of the unit-testing DSL. Section 7 compares and contrasts with
related work. Finally, Section 8 presents concluding remarks and
directions for future work.

2 Design Principles for Developing a Unit
Testing DSL

Given that DSLs are used to develop software, programmers and
domain experts ought to be able to perform testing. Inevitably, this
requires designing and implementing a DSL for expressing tests.
That is, unit tests have their own syntax and semantics and, thus,
may be thought of as a domain-specific programming language.

Every DSL implementation may be divided into 5 core aspects
[20, 36, 37]:

Concrete Syntax Defines what programmers write and is
typically described using a context-free
grammar

Abstract Syntax Defines the representation of a program
in computer memory

Static Semantics Defines the static properties of programs
Dynamic Semantics Defines how programs are evaluated
Design Environment Defines services provided to assist with

program writing and refinement

Of these, the most relevant to domain experts and programmers
using a given DSL are the concrete syntax, the static semantics, the
dynamic semantics, and the design environment. Rarely, if ever, are
the users of a DSL concerned with abstract syntax.

Conspicuously absent from the core aspects of DSL implementa-
tion outlined above is evaluation. The development of a DSL goes
beyond technical achievements that work. Considering that the
main purpose of a DSL is to offer expressibility and abstractions that
ought to make program development easier for both programmers
and non-programmers, it is necessary to conduct human factors
studies to ascertain if the offered abstractions meet this goal. Thus,
we add a sixth core aspect for DSL implementation:

Determine user satisfaction and impres-
sions

User Evaluation

We further expand on these core aspects relevant to users with a
focus on the development of a DSL to express unit tests.

The concrete syntax ought to make writing and reading unit test
relatively easy for all DSL users. To this end, the concrete syntax
ought to:

o use domain jargon, not GPL or generic jargon

e casily express domain abstractions

e be concise

e clearly communicate the purpose of a test to a domain expert

Such characteristics make a unit tests easy to write, read, and un-
derstand. As a consequence stake holders are likely to learn and
adopt the language for unit tests. When a variety of unit testing
categories are offered, a balance must be struck between language
cacophony (i.e., the number of DSLs) and the size of a DSL (i.e., the
DSL ought not become a GPL) [7].

The static semantics aid in correctly writing unit tests. In essence,
constraints need to be defined that programs must conform to.
These constraints may include:

Morazan and Garced

o the correct writing of unit tests (e.g., the correct number of
expressions are provided for testing)
e unit tests are properly typed

Such characteristics help ensure that unit testing “vocabulary” is
properly used. It assists all stake holders in writing tests that are
correct and prevent errors at interpretation/compile time.

The dynamic semantics aid in understanding how unit tests are
evaluated. This includes the handling of errors. The characteristics
that important for unit testing are:

o test evaluation needs to make sense to domain experts, not
just programmers

o the reason for a failed test needs to have meaning to a domain
expert

o failed test reports use domain jargon

o failed test reports should not prescribe solutions

o failed test reports are concise and succinct

Such characteristics help prevent DSL programmers from being
overwhelmed, exhausted, or discouraged trying to pinpoint the
reason a test fails. Like some error messaging systems (e.g., [21,
39]), failed test reports should not prescribe solutions. Prescribing
solutions may lead stake holders down unfruitful refinement paths.
In addition, careful attention to the length of failed tests reports is
important to encourage programmers and domain experts to read
them. If such reports are too long, a tendency to ignore them may
take root.

The design environment ought to provide services that aid pro-
grammers and domain experts to correct failed unit tests. These
services ought to present a low extraneous cognitive load to make
them easy to understand. Some of the services the design environ-
ment may provide related to unit testing are:

o failed test location in the program
o failed test syntax highlighting in the program
o reinforce the failed test report as accurately as possible

Like done by error messaging systems that pinpoint where in the
program an error occurs [1], pinpointing the location of failed tests
assists programmers to quickly focus on debugging. Reinforcing the
failed test report means that, for example, instead of highlighting an
entire test, only the values that cause the test to fail are highlighted.
This is possible, for instance, when the syntax allows to express
multiple test values in a single unit test.

User evaluation is important, because it can help the evolution
of a unit testing DSL. Human factors studies can help determine DSL
abstractions that are considered useful and ought to be kept as well
as abstractions that are difficult to use and need to be refined. Such
studies may be performed through the use of surveys, interviews,
and observational sessions.

3 Target DSL

To illustrate the implementation of a DSL for unit testing, FSM
(Functional State Machines) [28] is used as the target language
in which to embed such a DSL. The DSL developed for unit test-
ing is referred to as FSMt (FSM testing language). FSM itself is a
domain-specific language, embedded in Racket [5], for the Formal
Languages and Automata Theory (FLAT) classroom. It is used to
harness CS student interest in programming to make FLAT topics
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more palatable. For the purposes of this article, we target the sub-
set of FSM that is used to build state machines (i.e., deterministic
finite-state machines (dfas), nondeterministic finite-state machines
(ndfas), pushdown automata (pdas), Turing machines (tms), and
multitape Turing machines (mttms)), and to build grammars (i.e.,
regular (rg), context-free (cfg), and unrestricted (urg)). Briefly,
state machines are used to decide or semidecide languages'. Given
a word, a machine either accepts or rejects. Grammars are used
to derive words. Given a word, a grammar returns a derivation
or indicates that the word is not in the grammar’s language. In
this article, we endeavor to use examples that are easy to follow.
Readers seeking more details on these models on computation are
referred to any standard FLAT textbook (e.g., [17, 19, 22, 27, 31, 32]).

Formerly, to write unit tests, FSM programmers needed to use
RackUnit [38]-a unit testing framework for Racket. Specifically,
tests were written using check-equal?, which requires two expres-
sions to evaluate. By convention, the first is the expression to test
and the second expression is for the expected value. If these are
equal the tests passes and no failed test report is generated. Other-
wise, the test fails and a failed test report is printed to the terminal.

To briefly illustrate programming in FSM, we present an example
of building a state machine and an example of building a grammar.
For each, unit testing is highlighted.

3.1 FSMState Machine Example

Figure 1a displays the FSM implementation for a dfa to decide
the language of all words with an even number of as and an odd
number of bs over the alphabet {a, b}. The machine has four states
that are described as follows in terms of the read input:

S An even number of as and an even number of bs have been
read. This is the starting state.

N An even number of as and an odd number of bs have been
read. This is the only final state

M An odd number of as and an odd number of bs have been
read.

P An odd number of as and an even number of bs have been
read.

The transition function defines how the machine changes states
upon reading the next element in the input word. For instance,
consider the transition rule (M b P). This transition states that
if the machine is in state M and reads a b then it moves to state P.
Observe this transition is correct. When the machine is in M, an
odd number of as and an odd number of bs have been read. If a b
is read, then an odd number of as and an even number of bs have
been read, which is the condition that P represents. The transition
diagram for EVEN-A-ODD-B is displayed in Figure 1b.

To test state machines, the FSM primitive sm-apply is used. It
takes as input a state machine and a word, applies the machine
to the word, and returns a symbol for the result: either 'accept
or 'reject. In Figure 1a, the unit tests for EVEN-A-ODD-B are dis-
played on lines 13-34. Each test uses check-equal? to test a single
word. Running the code in Figure 1a yields that all tests pass and
no test failure reports are printed.

1In this article, we do not concern ourselves with tms and mttms that, instead of
deciding or semideciding a language, compute a function.
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1 (define EVEN-A-0ODD-B
(make-dfa

: "(SMNP)

) '(a b)

; 'S

6 "(N)

5 "((SaP) (SbN) (MaN) (MbP)
) (NaM) (NbS) (PasS) (PbM)

1 'no-dead))

15 (check-equal? (sm-apply EVEN-A-ODD-B '())

14 'reject)

15 (check-equal? (sm-apply EVEN-A-ODD-B '(a b b a))

16 'reject)

17 (check-equal? (sm-apply EVEN-A-ODD-B '(b a b b a a))
18 'reject)

v (check-equal? (sm-apply EVEN-A-ODD-B '(a b))

20 'reject)

21 (check-equal? (sm-apply EVEN-A-ODD-B '(a b b b b))
'reject)

s (check-equal? (sm-apply EVEN-A-ODD-B '(b a b b a a b))

4 'reject)

s (check-equal? (sm-apply EVEN-A-ODD-B '(b))

26 'accept)

27 (check-equal? (sm-apply EVEN-A-ODD-B '(b b b))

28 'accept)

2 (check-equal? (sm-apply EVEN-A-ODD-B '(a b b a b))

3 'accept)

51 (check-equal? (sm-apply EVEN-A-ODD-B '(a a b))

32 'accept)

55 (check-equal? (sm-apply EVEN-A-ODD-B '(a a a b a b b))

3 'accept)

(a) FSM implementation.

(b) Transition diagram.

Figure 1: An FSM dfa for L={w|w has an even number of a and
an odd number of b}.

To illustrate test failure reports, consider changing the expected
value for each test in Figure 1a from 'accept to 'reject and vice
versa. A subset of the 11 failed test reports in displayed in Fig-
ure 2. Each error report includes the actual and expected values,
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Q FAILURE

I-editor:15:0

Figure 2: Failed test reports for state machines.

the location of the failed test, and the failed test predicate (i.e.,
check-equal?). Clicking on the icon in the top left corner of each
failed test reports causes the failed test to be highlighted in the
program window. For instance, clicking on the icon for the second
failed test report (for the test on lines 15-16 in Figure 1a) yields:

b a))

abbaa))

Observe that the entire unit test expression is highlighted.

3.2 FSM Grammar Example

Figure 3 displays the FSM implementation for a cfg to derive
the language of all words containing an arbitrary number of as

Morazan and Garced

(define a2nb2n
(make-cfg '(S)
‘(a b)
(S = e
(S — asSh))
"S)

(check-equal?
(grammar-derive a2nb2n '(a b a))
v "(a b a) is not in L(G).")
(check-equal?
(grammar-derive a2nb2n '(b b b))
"(b b b) is not in L(G).")
(check-equal?
(last (grammar-derive a2nb2n '()))
1 '€)
(check-equal?
(last (grammar-derive a2nb2n '(a b)))
'ab)
o (check-equal?
(last (grammar-derive a2nb2n '(a a b b)))
'aabb)
(check-equal?
(last (grammar-derive a2nb2n '(a a a b b b)))
'aaabbb)
¢ (check-equal?
(last (grammar-derive
a2nb2n
'@aaaabbbbhb)))
'aaaaabbbbb)

Figure 3: An FSM cfg for L=a"b".

followed by the same number of bs over the alphabet {a, b}. That
is, the grammar’s language is L=a"b". The grammar has a single
syntactic category (i.e., nonterminal symbol) described as follows:

S Derives a word in a"b"

The production rules define how a nonterminal on the left-hand side
may be substituted with the amalgamation of symbols on the right-
hand side. For instance, consider the production rule (S — aSb).
This rule states that the nonterminal symbol S may be substituted
with aSb to advance the derivation of a word. Observe that this
production rule is correct. If S generates a word in L, then this rule
generates aa"b"b, which is also in L.

To test grammars, the FSM primitive grammar-derive is used. It
takes as input a grammar and a word and returns a derivation for
the word or a string indicating that the word is not in the grammar’s
language. In Figure 3, the unit tests for a2nb2n are displayed on
lines 8-30. Each use of check-equal? tests a single word derivation.
Running the code in Figure 3 yields that all tests pass and no test
failure reports are printed. If the tests were changed so that they all
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<test>

::= (check-reject? <machine> <word>*)
(check-accept? <machine> <word>")
(check-reject? <machine> (<word> <head-pos>)*)
(check-accept? <machine> (<word> <head-pos>)*)

(a) FSMt concrete syntax for state machine tests.

<test> ::= (check-not-derive? <grammar> <word>")
(check-derive? <grammar> <word>*)

(b) FSMt concrete syntax for grammar tests.

Figure 4: FSMt concrete syntax.

fail, the resulting failed test reports look similar to those in Figure 2.
In the interest of brevity, they are omitted.

4 The FSMt Interface

Even a cursory look at the FSM code in Figure 1a and Figure 3 reveals
that writing unit tests is tedious, repetitive, and verbose. In fact,
this is a reason why a significant cohort of students invariably com-
plains every semester. Much to their credit, they are not mistaken.
The unit tests in Figure 1a are all very similar. They all differ by
only two elements: the word being tested and the expected value
expression. All the unit tests in Figure 3 are also very similar. They
all differ by three elements: the word being tested, the expected
value expression, and the test expression. This strongly suggests
that an abstraction is needed that hides (the repetitive) testing logic.
This is exactly what DSLs excel at and this section describes the
interface for FSMt. The description is divided into four parts based
on four of the elements relevant to all DSL users as identified in
Section 2: the concrete syntax, the static semantics, the dynamic se-
mantics, and the design environment. We note that user evaluation
is discussed in Section 6.

4.1 Concrete Syntax

The concrete syntax to write unit tests for state machines is dis-
played in Figure 4a. There are four varieties of unit testing expres-
sions. The first two are used for dfas, ndfas, and pdas. The first is
to test words that ought to be rejected by a given machine. The sec-
ond is to test words that ought to be accepted by a given machine.
Each requires a machine and an arbitrary number of test words.
The second two varieties are used to test tms and mttms. For these
varieties, each requires a machine and an arbitrary number of pairs.
Each pair contains a word and the machine’s initial head position.

The concrete syntax to write unit tests for grammars is displayed
in Figure 4b. There are two varieties of unit testing expressions. The
first is used to test words that should not be derived by the given
grammar. The second is used to test words that ought be derived
by the given grammar. Each requires a grammar and an arbitrary
number of test words.

Observe that each unit-testing expression uses domain jargon.
For instance, accept, reject, derive, and not-derive are used
instead of the generic term equal found in Figure la and Figure 3.
This helps to clearly communicate to domain experts and DSL pro-
grammers the purpose of the test. In addition, the abstraction is
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easily expressed. There is no longer a need, for example, to refer to
sm-apply or grammar-derive. Finally, observe that unit tests may
now be written concisely without sacrificing clarity. The unit tests
from Figure 1a are refactored as follows:

(check-reject? EVEN-A-ODD-B
'O '(abba) '(babbaa)
'(ab) '"(@abbbb)
'(babbaab)
(check-accept? EVEN-A-ODD-B
'(b) '(bbb) '(@abbab)
'@ab) '"(@aaababhb))

The unit tests from Figure 3 are refactored as follows:

(check-not-derive? a2nb2n '(b b b) '(a b a))
(check-derive? a2nb2n
'O '(aabb) '(@aaabbb)
'@b) '(@aaaaabbbbhb))

The reader can appreciate the striking difference in length and
domain-specific expressibility.

4.2 Static Semantics
The FSMt syntax is checked for several static constraints:

o At least two expressions are provided
o The first expression provided has the following type:
— a state machine for machine tests
- a grammar for grammar tests
o All but the first provided expressions have the following
type:
— a word for grammar, dfa, ndfa, and pda tests
— atest pair for tm and mttm tests
o A test pair contains a word and a valid index into the word
e A word is a list of symbols all of which are contained in the
machine’s alphabet or the grammar’s alphabet, respectively,
for machine and grammar tests

Checking these static constraints prevents writing improper
unit tests (e.g., testing grammar using sm-apply) that is possible
using a GPL testing framework such as RackUnit. Checking the
type of the first given expression guarantees that the provided
syntax is not used with the incorrect computation model, thus,
reinforcing the domain knowledge. That is, a machine either accepts
or rejects a word and a grammar either derives or does not derive a
word. The constraints on words guarantee that only valid words
are tested. Assume the alphabet of a state machine or a grammar
is 2. These static constraints on words guarantee that machines
are only applied to and grammars are only used to try to derive
words in X*. Such a constraint makes intuitive sense to domain
experts (e.g., think of a FLAT Professor that is not a programmer)
and precludes attempting to use arbitrary words that are not valid
for a given machine or grammar. For instance, a machine whose
alphabet is {a, b} can not be tested with a word that contains a c.

4.3 Dynamic Semantics

The dynamic semantics are described as follows (assuming static
checks have passed):
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e For machine tests, the given machine is applied to every
given word or test pair using sm-apply

e For grammar tests, the given grammar is applied to every
given word using grammar-derive

o A single failed test report is generated for all test words that
fail to produce the expected result

o Every failed test report contains text similar to a recipe-based
error message [3, 29] indicating the step of the design recipe
[27] not successfully completed and the words that fail to
produce the expected result

The dynamic semantics fulfill the expectations of domain experts.
That is, machines are used to determine word membership in a
language and grammars are used to derive words in a language.

To illustrate how a failed test report has meaning to a domain ex-
pert (in our case, students in a FLAT course), consider the following
FSMt expression for the grammar displayed in Figure 3:

(check-derive?
a2nb2n
'(ba) '(d) '(@aaaabbbb) (b))

The generated fail test report is:

Step 6 of the design recipe has not been successfully
completed. The constructed grammar, a2nb2n, does not
derive the following words: (b a) (a) (b)

The step of the design recipe unsuccessfully completed (i.e., the
step that requires writing unit tests) has meaning for the domain
experts from lectures and the textbook [27] used for instruction.
Observe that a failed test report contains the grammar/machine
used in the tests. In this manner, the report has immediate meaning
when several grammars/machine are defined in the same program
file.

Finally, to illustrate that failed test reports are succinct and con-
cise, consider the reports generated for:

(check-reject?
EVEN-A-0DD-B
'(b) '(bbb) '(@abbab) '(aab)
'@aaababhb))

(check-accept?
EVEN-A-ODD-B
') '"(abba) 'babbaa) '(ab)
‘@b bbb) '(babbaab))

These are the same unit tests that generate the 11 failed test reports
partially displayed in Figure 2. The use of FSMt as illustrated above
generates:

Step 6 of the design recipe has not been successfully
completed. The constructed machine, EVEN-A-ODD-B, does
not reject the following words: (b) (b bb) (abbab)
(aab) (aaababhb)

Step 6 of the design recipe has not been successfully
completed. The constructed machine, EVEN-A-ODD-B, does
not accept the following words: () (a b b a)
(babbaa) (a@ab) (abbbb) (babbaab)

Morazan and Garced

Undoubtedly, it is preferable to read these two succinct and concise
failed test reports rather than 11 generic failed test reports that
carry no domain-specific knowledge produced by the GPL’s testing
framework

4.4 Design Environment

The DrRacket IDE [4] is used to provide the failed test locations and
syntax highlighting in a program’s file. To this end, for every failed
test report only the tested words that cause the FSMt expression to
fail are highlighted. Programmers can jump and see the highlighted
results by clicking on the icon included in the report (i.e., the same
icon discussed in Section 3.1).

To illustrate the use of highlighting, consider, once again, the
following FSMt expression first used in Section 4.3:

(check-derive?
a2nb2n
'(ba) '@ '(@aaaabbbb) (b))

The generated report inside the DrRacket IDE is displayed as fol-
lows:

Clicking on the icon in the top left corner leads to the following
display in the program’s definition window:

'(b))

As can be observed, only the words not derived by a2nb2n are
highlighted. Thus, precisely identifying the locations and reasons
for the failed tests report.

5 Implementation

This section describes the implementation of FSMt. The presenta-
tion is also organized around 4 of the 6 core implementation aspects
identified in Section 2: concrete syntax, static semantics, dynamic
semantics, and design environment. Given that the target domain
is unit testing for FSM, FSMt never throws an exception (e.g., as is
usually done when a static constraint is violated). Instead, it always
generates a warning when a static constraint is violated or a test
fails. When a static constraint is violated, the tests are not evaluated.

5.1 Concrete Syntax

FSMt is implemented using Racket macros [5, Chapter 16]. Racket
macros are the right tool for the job for two reasons. The first is
that they provide a straightforward means for implementing the
concrete syntax described in Section 4.1. The second is that they
provide access to syntax objects that are used to implement code
highlighting when a warning report is generated (e.g., as described
in Section 4.4).

To manipulate syntax at runtime, the syntax object must be
encoded as a runtime value at compilation time to provide access to
information such as the syntax type (e.g., the expression type) and
the source location in the program’s file. This information is used
to customize failed test reports and to correctly target expressions
for highlighting.
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1 (define-syntax (check-in-lang? stx)
(syntax-parse stx
[(check-in-lang?)
#'(handle-no-vals (val-stx-pair stx #'stx))]
5 [(check-in-lang? vall)
6 #'(handle-one-val
7 vall
8 (val-stx-pair stx #'stx))]
9 [(check-in-lang? vall w ...)
10 #' (execute-rt-checks
1 #t
12 (val-stx-pair vall #'vall)
13 (list (val-stx-pair w #'w) ...))1))

Figure 5: Primary FSMt macro.

One of the two primary FSMt macros is displayed in Figure 5. This
macro generates code for testing words that ought to be accepted
by a state machine or ought to be generated by a grammar. There
is an analogous macro, check-not-in-1lang, for words that ought
to be rejected by a state machine or ought to not be generated by a
grammar. The macro in Figure 5 implements generic syntax used
to expand the FSMt syntax check-accept? and check-derive?. It
dispatches on whether or not the static requirement of providing
one FSMvalue and at least one test value is met. Based on this, there
are three different cases to pattern match:

(check-in-lang?) No expressions are provided for the test
(check-in-lang? val1l) Only one expression is provided for the
test

(check-in-lang? vall w ...) At least two expressions are pro-
vided for the test

When zero or one expression is provided to a test, a warning mes-
sage is displayed, respectively, by the macro-generated function call
to handle-no-vals (line 4) and handle-one-val (line 6). When
the proper number of expressions is provided to a test, static con-
straints violations and failed test reports, if any, are displayed by the
macro-generated function call to execute-rt-checks. If no static
errors are detected, this function is responsible for running all the
tests. Each of these functions manipulates both runtime values and
syntax objects. A value is associated with the syntax that generates
it through the use of, val-stx-pair, a structure that contains the
runtime value (e.g., val1 and w) and its corresponding syntax object
(e.g., #'vall and #'w).

To illustrate how these functions are implemented, consider
the implementation of execute-rt-checks displayed in Figure 6.
This function dispatches on the type of FSM value tested (i.e., state
machine or grammar), which is extracted from the val-stx-pair
instance provided for it as input?. If the given FSM value is not a
state machine or grammar, a warning is thrown and the tests are
not executed. Otherwise, the tests are executed by a test-checking
function (e.g., check-grammar), which checks if the elements in
wlist are valid. If they are not valid, a warning is thrown and the

2Unlike dfas, ndfas, and pdas, a separate stanza for tms is used, because the tested
value are not just words. They also contain the head’s starting position.
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(define (execute-rt-checks accept? fsmval wlist)
(cond

[(tm? (val-stx-pair-val fsmval))

(check-tm accept? fsmval wlist)]

[(fsa-pda? (val-stx-pair-val fsmval))

(check-machine accept? fsmval wlist)]

[(grammar? (val-stx-pair-val fsmval))

(check-grammar accept? fsmval wlist)]

[else

(display-fsmt-warning
(warning:invalid-fsmval fsmval))1))

Figure 6: Top-level function to run tests.

tests are not evaluated. Otherwise, the tests are evaluated and, if
necessary, failed test reports are generated.

Finally, FSMt concrete syntax is transformed to check-in-1lang?
syntax as follows:

(define-syntax check-accept?
(make-rename-transformer #'check-in-lang?))

(define-syntax check-derive?
(make-rename-transformer #'check-in-lang?))

In essence, any use of check-accept? and check-derive? syntax
is rewritten as check-in-lang? syntax. An analogous transforma-
tion is done from check-reject? and check-not-derive? syntax
to check-not-in-lang? syntax.

5.2 Static Semantics

Static tests are performed at runtime in FSMt to create more in-
formative warning reports. Before any tests are evaluated, static
properties are validated. Each static property tested is represented
using a property-check structure that has 4 characteristics: a pred-
icate, test values, a constructor for a structure that represents a FSMt
warning, and an FSM value (i.e., a state machine or a grammar). The
predicate must hold for all test values. If it does not, then a warning
structure is constructed. This structure is eventually used to gener-
ate the string containing the test values that cause the predicate to
fail. The FSM value is used in the displayed warning message when
the syntax value that it is generated from is an identifier. That is,
if the machine or grammar is bound to a name, then this name is
used in the warning message.

To illustrate how checks are implemented, consider the imple-
mentation of check-machine displayed in Figure 7. Recall that this
function is called by the FSMt top-level function to run tests dis-
played in Figure 6. It takes as input a Boolean to indicate if the
given words are tested for acceptance or rejection, a val-stx-pair
structure for a state machine (i.e., a dfa, an ndfa, or a pda), and a list
of val-stx-pairs for the words. There are three static properties
that are validated. The first check validates that each of the given
expressions for words is a list of symbols (line 3). The second check
validates that each word is formed by elements in the given ma-
chine’s alphabet (line 4). The third check performs the tests (lines
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i (define (check-machine accept? M words)
(run-property-checks

Morazan and Garced

(property-check (listof symbol?) words warn:fsmt:app:sm:invalid-word M)
(property-check (valid-word-elems/c (val-stx-pair-val M)) words warn:fsmt:app:sm:invalid-sigma M)

(if accept?

(property-check (word-accepted? (val-stx-pair-val M)) words warn:fsmt:app:sm:accept M)
(property-check (word-rejected? (val-stx-pair-val M)) words warn:fsmt:app:sm:reject M))))

Figure 7: Implementation of check-machine.

i (define (run-p-checks .

(for

([p-check (in-list p-checks)]
#:do [(define errvals
(accumulate-err-vals
(property-check-contract p-check)

7 (property-check-testVals p-check)))]
8 #:final (not (null? errVals)))
9 (when (not (null? errVals))
10 (display-fsmt-warning
11 ((property-check-errType p-check)
12 (property-check-fsmVal p-check)
13 errVals)))))

p-checks)

Figure 8: Implementation of property validation.

5-7). This last check uses the given Boolean to determine if tests
for accepting or rejecting the words are being evaluated.

5.3 Dynamic Semantics

The order in which the tests are performed by check-machine (and,
similarly, for check-tm and check-grammar) implements an impor-
tant dynamic feature: the precedence of warnings. For machines,
first every word argument must be a list, second every word must
only contain machine-alphabet elements, and third every word
needs to produce the expected test outcome. The precedence of
warnings is important to create an accurate warning message and
avoid misleading programmers towards a symptom of a mistake
rather than to the source of the mistake. For example, testing a
word for acceptance/rejection before (or without determining) that
the word is valid input to the machine would generate a failed test
warning. This may not be incorrect, but it is not accurate enough.
The source of the mistake is not that the test using this word failed.
Instead, it is that the word is not valid input for the machine. In
essence, the precedence of errors helps guarantee that more accu-
rate warnings or failed test reports are generated.

To illustrate how the static checks and the tests are performed,
the implementation of run-p-checks is displayed in Figure 8. For
each property checked, the predicate in the property-check in-
stance is applied to all the values being tested, which are also con-
tained in the property-check instance. The values for which the
property fails are accumulated. If any such values exist for a given

o warn:fsmt
- warn:fsmt:test

* warn:fsmt:test:no-cases

* warn:fsmt:test:no-fsm-val

* warn:fsmt:test:no-testvals

* warn:fsmt:test:invalid-fsm-val

— warn:fsmt:app

* warn:fsmt:app:gmr
- warn:fsmt:app:gmr:invalid-word
- warn:fsmt:app:gmr:invalid-terminal
- warn:fsmt:app:gmr:derive
- warn:fsmt:app:gmr:not-derive

* warn:fsmt:app:sm
- warn:fsmt:app:sm:accept
- warn:fsmt:app:sm:reject
- warn:fsmt:app:sm:invalid-elem
- warn:fsmt:app:sm:invalid-word

* warn:fsmt:app:tm
- warn:fsmt:app:tm:invalid-arity
- warn:fsmt:app:tm:invalid-head-pos
- warn:fsmt:app:tm:invalid-head-pos-index
- warn:fsmt:app:tm:no-left-hand-marker
- warn:fsmt:app:tm:invalid-word
- warn:fsmt:app:tm:invalid-elem
- warn:fsmt:app:tm:accept
- warn:fsmt:app:tm:reject

Figure 9: Warning structure inheritance hierarchy.

check, the remaining properties are not checked and a warning
is generated by display-fsmt-warning using the structure repre-
senting the instance of the warning type, the FSM value, and the
accumulated values. This is how a single warning is dynamically
generated for multiple values, thus, avoiding such a generation for
each individual value.

FSMt warning messages are created using a generic interface
that abstracts over the warning structure hierarchy displayed in
Figure 9. To briefly describe this hierarchy, we note that there are
two variants for FSMt warnings: test and app. The test variant is
used for static checks to validate that the FSMt syntax is correctly
used (e.g., at least two expressions are provided). It has 4 variants
(from top to bottom) for when no values are provided, when no
FSM value is provided, for when no test words are provided, and
for when an incorrect FSM value is provided. The app variant is
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(define-generics fsmt-warning
(named-multi-failure fsmt-warning)
(named-single-failure fsmt-warning)
(anon-multi-failure fsmt-warning)
(anon-single-failure fsmt-warning)
(create-warning-str fsmt-warning)
(display-fsmt-warning fsmt-warning)
#:fallbacks
[(define (create-warning-str warning)
(cond [(warn:fsmt:app? warning)
(if (identifier?
(val-stx-pair-stx
(warn:fsmt-fsm-expr warning)))
(if (single-warning? warning)
(named-single-failure warning)
(named-multi-failure warning))
(if (single-warning? warning)
(anon-single-failure warning)
(anon-multi-failure warning)))]
[(warn:fsmt? warning)
(if (identifier?
(val-stx-pair-stx
(warn:fsmt-fsm-expr warning)))
(named-single-failure warning)
(anon-single-failure warning))]
[else
(raise-user-error
"Invalid error type raised.")1))1)

Figure 10: Generation of FSMt generics.

used for all other static constraints and for test evaluation. It has 3
variants: one for grammars (gmr), one for non-tm state machines
(sm), and one for tms (tm). Each of these has variants. For example,
the gmr has variants (from top to bottom) for when a word is not
a list, for when a word contains elements not in the grammar’s
alphabet, for when a word that ought to be derived is not, and for
when a word that ought to not be derived is derived. In the interest
of brevity, the variants of smand tm are not described.

This generic interface allows for different implementations to be
defined per structure variant for the same generic function. This is
important, because it allows for the generation of customized warn-
ing messages inspired by recipe-based error messages (discussed in
Section 4). Such an approach has two benefits: the first is that all
message generators for a warning type are encapsulated within the
definition of its structure. The second is that the generic functions
abstract away the use of structures to display a warning.

An abbreviated version of the implementation of this generic
interface is displayed in Figure 10. The first expression is an identi-
fier that defines the name of the interface (i.e., fsmt-warning). The
following expressions define the headers for the generic functions.
The keyword argument #: fallbacks allows for the definition of
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default implementations of the generic functions. In this exam-
ple, only a default function for create-warning-str is provided
(hence, the abbreviated nature of the figure). This function gener-
ates the string that is used in a warning message. It dispatches on
the structure variant of warn: fsmt given as input. For each variant,
the syntax that generated the given FSM value is tested to determine
if it is an identifier. If so, the generation of the warning makes use
of it. Otherwise, the warning message generated is anonymous.
In addition, for a warn: fsmt: app instance, the warning structure
(i.e., warning) is tested to determine if it represents a single check
failure or multiple check failures and, accordingly, the grammar
used in the warning message is adjusted.

5.4 Design Environment

The DrRacket IDE is used to highlight syntax when warnings are
raised and to prevent the FSM programmer from examining the
trace stack, which contains information that is not relevant to
understanding the warning. To implement both features, Racket
exception structures are used.

To display FSMt warning messages, Racket error output ports
are used through the error-display-handler function. This func-
tion takes as input a Racket exception structure that must include
the warning string and a list of source locations to highlight. The
warning string is generated by the generic functions discussed in
Section 5.3 (see Figure 10). The source locations are generated by the
FSMt macros (e.g., see Figure 5), which are stored inside generated
val-stx-pair instances.

To make the trace stack inaccessible to FSMt programmers, FSMt
warnings use the Racket exception variant exn: fail:user. When
such a variant is provided to error-display-handler, the stack
trace is not displayed to the programmer. This is important, because
it prevents FSM programmers from ignoring the highlighted syntax
and looking for the reason for the warning in the FSMt implemen-
tation. In essence, providing access to the trace stack violates the
abstraction provided by the FSMt interface.

6 Human Factors Formative Study

This sections presents the results obtained from a small formative
study. First, the empirical data is presented. Second, the limitations
and threats to validity are discussed.

6.1 Empirical Results

To measure perceptions about FSMt, Seton Hall University’s spring
2025 undergraduate Formal Languages and Automata Theory course
students answered an anonymous survey. All of its 10 students
volunteered to participate. The students are all 3" or 4*" year Com-
puter Science majors between the ages of 20 and 23. The sample
consists of 30% females and 70% males. No student received any
benefit or compensation for their participation.

Using a Likert scale [18] to respond, 1 (Strongly disagree) to 5
(Strongly agree), with 3 as a neutral response, the survey presents
the following statements:

Q1.1 Writing tests using check-equal? is straightforward
Q1.2 Writing tests using check-accept? and check-reject? is
straightforward
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Figure 11: Data distribution for anonymous survey.

Writing tests using check-derive? and check-not-derive?
is straightforward
Q1.4 Iprefer to use check-accept? and check-reject? over check-
equal? to write unit tests for state machines
Q1.5 I prefer to use check-derive? and check-not-derive? over
check-equal? to write unit tests for grammars

The distribution of responses is displayed in Figure 11. For Q1.1, we
observe that an overwhelming majority of respondents, 90%, tend
to agree (responses 4 and 5) that writing tests using check-equal?
is straightforward. There is a small minority, 10%, that tends to
disagree (responses 1 and 2), but not strongly. This result establishes
a high bar for FSMt to meet.

The distribution of responses for Q1.2 and reveal that 100%
of respondents tend to agree (responses 4 and 5) that test writing
using FSMt is straightforward. These are very encouraging results,
because they suggest that the conciseness and use of domain jargon
is well-received by the respondents. This result is also somewhat
surprising given that the book of instruction [27] utilizes check-
equal? to express unit tests. Our expectation was that some cohort
of students would feel that it is more straightforward to emulate
the textbook.

The distributions of responses for Q1.4 and Q1.5 reveal a bit more
nuanced picture. For both, we observe that 50% of the respondents
tend prefer (responses 4 and 5) to write unit tests using FSMt over
check-equal?. For each distribution there is, however, a significant
proportion, 40%, that feels neutral and a small minority, 10%, that
disagrees but not strongly. This result is extremely positive. We
have that half the respondents prefer to write unit tests using a
technology that is new to them (i.e., FSMt) for which they have no
further guide but lectures and the FSM documentation [26]. Our
expectation was to see a much larger cohort tending to disagree
(responses 1 and 2). Instead, we observe that this larger cohort feels
neutral. Our expectation is that as documentation improves (and
when a new edition of the textbook is released), we ought to see an
even larger cohort tending to agree.

6.2 Limitations and Threats to Validity

We acknowledge that the study presented has limitations and
threats to validity. An obvious threat to validity is the small sample
size. In addition, the sample was drawn from a mostly homogeneous
population. That is, the overwhelming majority of Computer Sci-
ence students at SHU are European American men. Therefore, it is
unclear if the same results would be observed using a larger sample
chosen from a more diverse Computer Science student population.
To address these problems, future iterations of the SHU course shall
be studied and efforts will be made to make it a interuniversity
study.

Another limitation of the study is its quantitative nature. Quanti-
tative studies fail to capture the personal experiences of participants
and, therefore, fail to capture the instances when respondents felt
FSMt was useful or a hindrance. To address this limitation, future
work includes the use of open-ended survey questions and obser-
vational studies.

In many social and physical sciences, it is common to study a
population by comparing a control and an experimental group. In
our case, the experimental group would use FSMt (i.e., the inde-
pendent variable) and the control group would only use RackUnit.
Since this was not possible, we cannot claim that the independent
variable is fully isolated. It is unclear if we can address this issue.
University officials would raise ethical questions about providing
different educational experiences to students for the sake of a study.

Finally, the formulation of the survey is a limitation. In retrospect,
it is obvious that the survey does not address some important issues
such as the length and the quality of fail tests reports, and whether
the use of domain jargon was a strength or a hindrance. To address
this shortcoming, future studies will include statements about fail
test reports that address these characteristics.

7 Related Work

Several efforts have been made to develop DSLs for expressing tests.
We briefly describe some of these efforts. jMock is a DSL for test-
driven development using Mock Objects in Java [8, 9]. This DSL
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eases the construction on Mock Objects that are used for testing
purposes. One of the achievements obtained is that code reads like a
declarative specification instead of an imperative APL In this regard,
jMock and FSMt are similar. In contrast, the work presented does not
need to mimic (i.e., mock) machines or grammars that have not (yet)
been written. Neither jMock’s web presence (http://jmock.org/) nor,
to the best of our knowledge, the use of other Mock-based DSLs
(e.g., [11]) have reported the results obtained from user studies.

FitNesse is an acceptance testing DSL [23]. In FitNesse, tests
are expressed as tables of input data and expected output data. This
language facilitates the creation of these test tables. Like FSMt, how
tests are evaluated is hidden in the language’s implementation. In
contrast, FSMt and jMock do not use tables to express tests in a
declarative style. To the best of our knowledge, no user studies
have been conducted.

Wu, Grey, and Menik develop a DSL testing framework by lever-
aging the testing framework of an underlying GPL [40]. Their sys-
tem maps DSL tests to GPL tests and report the results at the DSL
level (i.e., the domain expert is only aware of the testing at the DSL
level). In contrast, FSMt does not map unit testing to the testing
framework of the host language (i.e., Racket). Instead, it keeps the
evaluation of the tests within the context of the target language (i.e.,
FSM). In further contrast, Wu et al. do not present an user feedback.

Juhnke and Tichy explored the development of automotive test-
ing DSLs [14]. They conclude that a generic testing DSL is not suit-
able and that system specific DSLs are needed. They focus on the
systematic development of testing DSLs that extract domain-specific
concepts from automotive test case specifications. They do not
present, as the work cited above, any user feedback. In contrast,
the work presented in this article focuses on a single DSL and on
improving and reporting the testing experience for the DSL users.

Providing support for testing in DSLs is considered by many a
costly and challenging task [15]. To address this challenge, a generic
Test Description Language standard, TDL [34], has been developed
by ETSI (European Telecommunications Standards Institute). TDL
allows test descriptions to be specified which, in turn, are used to
implement concrete tests in a DSL. Given its generic nature, TDL
does not address domain-specific knowledge required to write tests
in an executable DSL and does not include execution facilities [15].
To address these shortcomings, Khorram et al. developed a generic
DSL testing framework based on a refinement of TDL that extracts
domain knowledge from a target DSL and on the implementation of
a TDL interpreter for test execution [15]. Their evaluation reports
success with generating a testing framework for some DSLs and
also highlights some shortcomings associated with time-dependent
behavior. No user feedback is reported.

8 Concluding Remarks

This article presents design principles for the development of em-
bedded unit-testing domain-specific languages. It advocates 5 de-
velopment aspects, directly related to DSL users, that need to be
addressed: concrete syntax, static semantics, dynamic semantics,
design environment, and user evaluation. The first four must be
informed by domain knowledge to capture necessary abstractions
and make them part of the language implementation. Given that
unit-testing domain-specific languages are about making it easier
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for humans, both programmers and non-programmers, to read and
write tests, the need for user evaluation is necessary. Poorly cap-
tured abstractions, complicated syntax, and unclear semantics, for
example, may derail the adoption of a unit-testing domain-specific
language. Human studies can inform developers of problem areas to
improve as well as features that work well and ought to be kept. In
addition, this article presents FSMt—a unit-testing domain-specific
language for, FSM, a language developed for the Automata and For-
mal Languages classroom. Its development is outlined through the
lens of the 5 identified development aspects and its macro-based
implementation is illustrated. The collected empirical data from a
formative study suggests that FSMt was well-received by its users
on its maiden voyage.

Future work includes extending the developed language to en-
compass the testing of FSM regular expressions. In addition, future
work also includes performing larger empirical studies over several
iterations of the course to increase sample size and performing in-
teruniversity studies to increase population diversity. Finally, future
work also includes development of macro-generated contracts for
FSM primitives to offer better error messages.
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Abstract

ALEA is a domain-specific declarative language for stochastic ex-
periments. The language has clean and simple semantics for two
evaluation modes: a static one for calculation of the probability
distribution of outcomes, and a dynamic one for pseudo-random
sampling. The reference implementation is an interpreter written in
Java which follows the presentation of semantics closely, strongly
prioritizing clarity over performance. Here, we describe the key
requirements and concepts for an optimizing compiler to JVM byte-
code, and evaluate the performance impact of compilation.
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1 Introduction

ALEA [11] is a domain-specific language for modeling manually
performable random experiments. The language is intended for both
educational and recreational use, in the teaching of stochastics, in
simulations and in the design, analysis and play of games of chance.

To this end, ALEA is essentially a purely functional expression
language with syntax and semantics that very closely mimic the
conventions of elementary mathematics, extended orthogonally
with randomness primitives. The language constructs are chosen
such that typical informal specifications of ‘educational’ random
experiments can be formalized rigorously and concisely. An ALEA
program can be either analyzed statically, calculating the exact
probability distribution of outcomes, or executed dynamically for
pseudo-random sampling and simulation.
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Figure 1: Example Distribution, n = 4

1.1 Motivating Example

Before language features are discussed in more technical detail, the
following example shall give a characteristic first impression.
Consider the informal specification:

“Roll n identical six-sided dice, and sum only the odd
values.”

Note that without the qualifier “odd” the result is described by a
known distribution [1], but with it there is no such result. A for-
malization that is also an effective implementation in ALEA (except
for the value of the parameter n) can be given as follows:

dice := ( ~uniform{1..6} | _ « [1..n] );
score := (#)( d « dice | d\\ 2=1)

(See Figure 1 for a probability distribution computed by the ALEA
system, and visualized with an R script.)

ALEA has exact (unbounded precision) rational numbers as prim-
itive data; here only naturals are used. Besides, there are three kinds
of collections distinguished by bracket shape: Square [] for (finite)
lists; curly {3 for (finite) sets; angled () or baggy {§ for bags (finite
multisets).

Simple collections are given by enumeration or as an interval.
{1..6} denotes the set of the natural numbers from 1 to 6, both
inclusive. Likewise, [ 1. .n] denotes the list of (one occurrence each
of) the natural numbers from 1 to n.

By design, ALEA avoids both notoriously partial operations such
as indexed element access, and higher-order functions. Collections
are processed with comprehensions (effectively map and filter op-
erations) and monoid morphisms (effectively reduce operations).

In the example above, the expression assigned (let-bound) to
dice is a map-like comprehension that iteratively draws values
from the list [1..n], assigns each to an anonynmous variable _,
evaluates the random expression ~uniform{1. .6} (the uniformly
distributed choice from the given set) repeatedly and independently,
and collects the results in a bag, forgetting the iteration order.

The expression assigned to score is a filter-like comprehension
that retains only the odd elements of dice, which is then reduced
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with the monoidal operation +. Reduction is notated by applying
a nominally binary function to a collection instead. The binary
function must obey algebraic laws on the element type [3]: It must
be associative for all kinds of collections, commutative for bags and
sets, and idempotent for sets. Furthermore, a neutral element must
be known if the collection is possibly empty.

If a final let binding (here for score) is not followed by another
expression, it determines the overall value.

The example gives an ALEA program in a single expression, al-
beit structured with let bindings, that refers to predefined primi-
tive/library operations. Indeed, in the current version of the lan-
guage, there are no user-defined abstractions. While the language
is planned to grow and be equipped with user-level function defini-
tions and other means for reuse, the current simple state suffices
to cover many typical real-world examples, and to exhibit many
interesting implementation challenges.

1.2 Contributions
In the present paper, we address the following topics:

e Aspects of the semantic design of ALEA that are relevant to
compilation (section 2);

o the reference interpreter, and how its direct implementation
of the semantic structures causes overhead in several ways
(section 3);

e compilation tactics that derive from the preceding observa-
tions (section 4);

e empirical evaluations that, even with a small set of bench-
marks, both corroborate the compilation tactics and expose
their limitations (section 5).

The major findings can summarized thus:

e There is significant ‘impedance mismatch’ between a declar-
ative source language with monadic data structures and
semantics, and an imperative target language.

o This issue can be addressed tactically by marrying the declar-
ative optimization technique of deforestation to the impera-
tive builder pattern for incremental buildup of complex data
structures without temporaries.

e The employed techniques deserve a more rigorous and ab-

stract treatment, for verification and broader application, re-

spectively. The present paper reports on experimental work
that may serve as a proof of concept; more research is needed
in the future.

Ironically, data structures other than lists (sets and bags)

prove valuable at the source level for mitigating combinato-

rial explosion, but limit the benefits of optimizing compila-
tion, for the same reasons.

2 Semantics

We summarize definitions of ALEA semantics, as far as they are
relevant for the following discussion. See [11] for more details.

2.1 Evaluation Semantics

The semantics of core ALEA, after elimination of syntactic sugar,
follows the approach of Moggi [7]: Syntax-directed rules for big-
step evaluation are given, and together form an evaluation function,
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as a morphism in the Kleisli category of a monad that captures the
effects of evaluation. Thus, the two evaluation modes of ALEA (static-
probabilistic and dynamic-sampling) are quite similar, sharing most
of the framework and rules, but differ in the underlying monad.

Since ALEA is not Turing-complete, and generally forbids partially
defined, divergent or recursive expressions, the category of sets
and total functions suffices as a base. Furthermore, the ‘administra-
tive’ natural transformations associated with the semantic monads
are all computable. Hence ALEA programs are always amenable to
brute-force evaluation: Not only dynamic, but also static evalua-
tion is complete, even though combinatorial explosion may lead to
practically intractable complexity.

For static evaluation to a probability distribution of outcomes, the
finitely supported rational-valued distributions are the appropriate
effect monad. They come with rather beneficial algebraic properties;
namely, they form a commutative strong (or symmetric monoidal)
monad that yields a unique canonical interpretation of terms, and
all of the monad operations are straightforwardly computable.

For dynamic evaluation to a pseudo-random sample, a state
monad that contains a pseudo-random number generator (PRNG)
is the appropriate effect monad. This one is not commutative, such
that the actually sampled outcome depends on the order of evalua-
tion of non-overlapping subterms. Thus, the evaluation function
takes a random seed (initial state) as an additional parameter and
is finitely set-valued. However, given an ideal PRNG, the proba-
bility of outcomes averaged over all seeds would converge to the
statically calculated distribution.

2.2 Types and Functions

A strong and rich but mostly implicit type system ensures that
evaluation of ALEA expressions does not go wrong. The (sub-)type
system is organized as a lattice with top and bottom types, and
generally structural subtyping rules. Expressions are assigned a
most specific type by simple bottom-up inference.

2.2.1 The Type Hierarchy. There is a hierarchy of four number
types, namely rationals, integers, naturals and Booleans, Q 2 Z 3
N O B. The unbounded number types include a special not-a-
number value NaN for undefined arithmetics, with IEEE 754-like
semantics. The Booleans are just the numbers {0, 1}.

For aggregate data, there are homogenenous finite collection
types. They are distinguished by kind (list, bag, set), nonemptiness,
and element type. Subtyping among collections is structural; for
example, the type [N+] of nonempty lists of naturals is a proper
subtype of the type [Zx] of possibly empty lists of integers.

Non-recursive algebraic datatypes can be constructed freely from
record and tagged union types. The empty record type () serves
as the unit type. A tagged union of units serves as an enumerated
type. Subtyping among records and tagged unions is structural; for
example the record type (x:N, y: N, z: N) is a subtype of (x: N, z: Q),
whereas the enumerated type {@one(), @many()} is a subtype
of {@one(), @two(), @many() }. The latter rule implies that tags
can be used ad-hoc, without committing to a particular algebraic
datatype; the most specific type of a tagging expression @t (a) is
the singular union {@t(A)} where A is the most specific type of
the argument a. However, tags are marked syntactically with @ to
distinguish them from variable/function identifiers.
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The semantics of ALEA types is set-theoretic. Every type T is
assigned an extension [[T]| € P(U), a subset of the untyped data
universe U, and the subtype relationship is sound; it entails the
subset relationship of extensions:

TCU = [T]  [U]

2.2.2  Function Type Signatures. Functions in ALEA are overloaded
in the sense that they may admit more than one type signature in
various ways. For example, the operation + is highly overloaded.
On the one hand, as arithmetic addition it exhibits homomorphic
overloading [9] on the number types. On the other hand, as list
concatenation it exhibits parametric overloading on the element
type T, as well as nonemptiness overloading in the sense that a
concatenated list is possibly empty only if both constituents are.

(+):NxN - N (+) : [T+] X [T+] — [T+]
(+):ZXZ—1Z (+) : [T#] X [T+] — [T+]
+:Q0xQ—-Q () : [T+] X [T*] — [T+]

In order to make type inference in the presence of function
overloading tractable, ALEA requires overloaded functions to be
coherent and compact:

Coherence means that each function identifier f is associated
with a single partial function on the untyped universe, f : U - U.
Each type signature f : A — Bis merely a contract that the function
f is total on the extension of the domain type A, and yields values
from the extension of the range type B:

ae [[A] = f(a) € [[B]

Compactness means that for each function f a procedure is
known that, for each concrete application with known argument
type, selects a finite set of matching type signatures that capture
all relevant information. To be precise, given an argument a with
most specific type A’, find n type signatures f : Ay — By, ...,
f : Ay — By that all match (on the domain side) in the sense
A’ € A;. Then assign the application f(a) the greatest lower bound
of ranges B’ = A\ B, since all of the contracts apply simultaneously.
In order for B’ to be most specific, there must not be another set of
matching type signatures, finite or infinite, that results in a more
specific bound B” C B’.

Together, coherence and compactness cover the most common
cases of polymorphism: Functions with disjoint domains can be
combined unambiguously in ad-hoc overloading by taking their
union. A family of functions with parametric overloading can be
realized by giving a natural implementation [12]; since all type ex-
pressions are covariant, the unique most specific type instantiation
is easy to find. Functions in homomorphic overloading over a chain
of types (subalgebras) can be realized by giving the just largest
implementation.

A consequence of coherent homomorphic overloading is that
ALEA cannot have exact division on rationals and truncated division
on integers as overloaded variants of the same operator: A function
that has both type signatures f : ZXZ - Zand f : QxQ —» Q
must not distinguish an argument of integer type and an argument
of rational type that is accidentally an integer. Therefore, ALEA
writes exact division as / and truncated division as //, similar to
dynamically typed languages such as PYTHON, albeit for different
reasons.
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3 Reference Implementation

The reference implementation of ALEA reflects the structure of
evaluation semantics faithfully. By traversal of an abstract syntax
tree (AST) for a core ALEA program, either a probability distribution
of outcomes or a pseudo-random sample (with side effects on the
supplied PRNG) can be calculated.

The host language is Java. The interpreter uses the Java standard
library in a straightforward way to implement ALEA data: Exact
numbers are built on java.math.BigInteger, with rationals repre-
sented as fractions, and collections use the framework java.util,
with bags represented as positive integer-valued maps.

While the reference interpreter is useful as proof of concept and
for simple demonstrations, there are some evident performance
issues that arise from its naively puristic approach. Performance
is problematic for both evaluation modes in different ways: Cal-
culating the probability distribution of all possible outcomes of a
complex program is a potentially rather long-running computation.
By comparison, pseudo-random sampling is a much simpler task,
but one that would have to be repeated very often if used in Monte
Carlo simulations or game engines.

Clearly, getting rid of interpretation overhead is desirable in
each scenario. Hence an optimizing compiler is being developed.
We envision the use of compiled ALEA for scalable applications,
while retaining the reference interpreter for tracing and debugging
purposes, and as a light-weight test oracle.

3.1 Causes of Overhead

We have identified a number of issues with a naive interpretation
that follows the semantic rules literally. Some of these are theo-
retical in nature, others technical. A few are worthwhile to solve
directly as refinements to the reference interpreter, whereas the
majority require deep optimizations best left to a compiler.

3.1.1  Node Classification. The most obvious technical overhead of
an interpreter based on AST traversal is its data-driven control flow:
At each step, the current AST node must be classified dynamically,
in order to select the appropriate evaluation rule. This classification
may not be a particularly expensive operation when done once (for
example, if the interpreter builds on the double-dispatch Visitor
pattern [2], classification amounts to two nested virtual method
calls), but needs to be repeated every time that particular expression
is evaluated. Since ALEA deals heavily with iterative constructs in
both explicit (collections) and implicit (distributions) form, that
cause the same subexpression to be evaluated many times, the
overhead from naive AST node classification is significant.

3.1.2  Function Overloading Resolution. Type inference only checks
that all possible argument values for a function application are
within the domain of the untyped coherent implementation. In
practice, functions may come with ad-hoc polymorphism, and dif-
ferent code may need to be executed for different classes of values;
thus a dynamic classification of the untyped argument is required
for selecting the appropriate code variant.

This issue is similar to those faced by implementations of dynam-
ically typed languages, since the concept of coherent overloading
imposes a statically untyped view. Here, it could be resolved by
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proactively changing the binding of a function name to a specialized
implementation during type inference.

3.1.3  Constant Expressions. For the most part, ALEA is purely func-
tional, deterministic and strongly terminating. The exceptions, ran-
dom primitives, are syntactically marked. Thus it is both safe and
easy to fold (evaluate) constant expressions ahead of time.

This cause of overhead can and should reasonably be addressed
already in the reference interpreter. Since both constant folding
and type inference are strictly bottom-up, they can even operate
in lockstep, such that a folded constant expression can be assigned
a more specific type by examining its actual value. For example,
(-4)/(-2) could be recognized post hoc as a natural number, and
in general the need for complex literals would be greatly reduced.
Since type refinement changes the set of well-typed programs, the
rules for constant folding need to be explicit. We plan to specify and
mandate constant folding in an upcoming version of the language.

3.1.4 Bag Multiplicities. Bags are an intermediate collection kind
between lists and sets: Like lists, they account for multiple occur-
rences of the same element, but like sets they do not account for
element order. [5] Bags play a central role in many typical applica-
tions for ALEA, much more so than for other functional program-
ming languages. A composite random experiment often performs
several simpler ones and aggregates the results. If the order is of
no importance, as in “roll identical dice”, then using bags instead of
lists can remove a lot of combinatorial overhead, in particular from
static analysis. For example, the rolls (2,2, 5), (2,5, 2) and (5, 2, 2)
are equivalent and can be lumped together as a single possible
outcome.

Furthermore, map, filter and reduce operation on bags can ex-
ploit the knowledge that some element occurs multiple times. For
simplicity, consider a bag that contains just one element n times:

b={c...,c)
———
n

Filtering this bag asin ( x < b | p ) requires just one evalu-

ation of (x := c; p) in any case.
Likewise, mapping over this bagasin ( e | x « b ) requires
just one evaluation of (x := c; e),if e is deterministic; otherwise,

if e contains randomness primitives, such as ~uniform in the in-
troductory example, the evaluation is to be repeated n times with
stochastically independent outcomes.

Reducing this bag as in f(b) requires O(log n) applications of f.
Since all operations eligible for reduction must be associative, the
result can be computed efficiently using the algorithm known as
‘exponentiation by squaring’.

3.1.5  Monad Semantics for Comprehensions. Comprehension no-
tation is provided as syntactic sugar in ALEA. The reduction to core
constructs follows the approach of Wadler [14], recognizing that
each collection kind is a monad with zero. While quite elegant
as theoretical semantics, in practice this approach suffers from
the issue that a great number of small intermediate collections is
implied.

Generator clauses are reduced to an iteration primitive, a first-
order counterpart of HASKELL’s monad binding operator >>=. We
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write it in the following form, with the appropriate bracket shape
for the desired kind of collection and marked with !:

[es | x « C ]!

In primitive form, there is exactly one generator clause, no filter
clause, and an expression on the left hand side that yields not a
single element, but a subcollection of arbitrary size. The semantics
can be explained in terms of the collection monad multiplication
operation join which concatenates a collection of collections:

~ join [(x := vi; es), ..., (x := vp; es)]
Consider the first line of the introductory example:
dice := ( ~uniform{1..6} | _ <« (1..n) )

The comprehension expression is already nearly in primitive
form; only the singular element-forming expression needs to be
wrapped in a singleton bag:

dice := ( (~uniform{1..63}) | _ « (1..n) )!

Interpreted naively, this translation prescribes the (avoidable)
creation of n intermediate singleton bags. The situation is even
worse for filter clauses. Consider the second line of the introductory
example:

score := (+)( d « dice | d\\ 2 =1)

This notation uses some syntactic sugar to mimic the conven-
tions of mathematical set-builder notation. In HASKELL-style com-
prehension notation, the generator is placed to the right of the bar,
with a trivial implied element expression remaining on the left:

score := (#)( d | d « dice; d\\ 2=1)

The reduction to core ALEA represents filter clauses as if-then-else
expressions:

score := (P)( (d\\ 2=1)?2(d) : () | d « dice )!

As a result, every odd element of dice gets wrapped in a single-
ton bag while every even one gets replaced with an empty bag, and
then the resulting bags, of average size between zero and one, are
concatenated.

3.1.6 Immediate Reduction. Several idioms in ALEA encourage the
building of a collection with a comprehension, only to reduce it
immediately with a monoid operation. In the second line of the
introductory example, a bag is constructed and used only to sum
its elements.

An even more drastic waste of intermediate data structures arises
in counting: Since the Booleans are just the numbers {0, 1}, it is
natural in ALEA to express the counting of elements that satisfy
a Boolean property as the sum of mapped (not filtered!) property
results, seen as natural numbers:

count := (#)( d\\ 2 =1 | d « dice )

A niive interpretation replaces every even/odd element of dice
by the constant bag (@)/(1), respectively, concatenates the bags,
and sums the elements; the number of intermediate data structures
exceeds the result value even in the best case.
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4 Compilation

The newly developed compiler complements the ALEA reference
interpreter and is currently hosted in the same IDE. It acts as a just-
in-time compiler, translating an AST on the fly to JVM bytecode,
the executable format of the host platform. This bytecode is initially
interpreted at a lower level by the JVM, but for long-running or
often-repeated computations it is bound to become ‘hot’ eventually,
and attract the attention of the JVM just-in-time compiler to native
machine code.

For generating the bytecode, and loading and instantiating the
newly defined class right away, the embedded DSL LLJAavA-LIVE [10]
is used. This ensures that no external tools or storage are required;
code generation operates entirely on pure Java libraries and local
JVM heap memory.

4.1 Causes of Overhead Revisited

This section parallels section 3.1, and describes how compilation
can address each cause of overhead.

4.1.1 Node Classification. By generating code from an AST, the
issues of dynamic traversal and node classification are of course
eliminated entirely, and reduced to the native control flow of the
target language, JVM bytecode. The whole AST structure and the
traversal glue code are flattened into a sequence of JVM instructions
that define a single monolithic method.

4.1.2  Function Overloading Resolution. The ALEA compiler uses
the results of type inference to rebind library function applications
to specialized variants, if available. This eliminates not only the
runtime overhead of choosing between ad-hoc polymorphic vari-
ants, but allows allows for primitive data, particularly numbers,
to be encoded in more native and less boxed ways than as mere
subsets of the untyped universe.

Fully rolled out, this optimization comes at a steep price: In-
terpreted and compiled code require technically different, but se-
mantically equivalent library implementations. This is further com-
pounded by constant folding during compilation, which does not
truly belong to either world. In the current stage of development of
the prototype compiler, library functions are being specialized in-
crementally as required by examples, while for the rest the untyped
implementation is used as a suboptimal fallback.

4.1.3  Constant Expressions. For some expressions, constant folding
during the type inference phase is of dubious value. Consider a com-
prehension of the form [e | x « 1], where e is a complex expres-
sionand1l = [vy, ..., vy]isaconstantlist of somelengthn > 1.
While it is theoretically sound to replace the comprehension with
the ‘folded’ expression [(x := vi; €), ..., (x := vp; e)], this
substitution amplifies the complexity of e n-fold.

The compiler is free to hoist such constant-valued but unfolded
expressions out of the regular execution path, and compute and
store their value ahead of time or lazily on demand. Thus, the
collection value can be computed using iteration concepts of the
target language, without having to literally replicate the element-
forming expression e; but its value, once computed and stored, need
not be recomputed for repeated evaluations of the whole.
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4.1.4 Bag Multiplicities. The optimizations for multiple occur-
rences of an element in a bag processed by filter and reduce opera-
tions are local in nature, and hence easily implemented already in
the reference interpreter. The optimization for map requires infor-
mation about deterministic subexpressions. These can be identified
by simple bottom-up propagation, implemented as an additional
analysis pass in the compiler.

4.1.5 Monad Semantics for Comprehensions. The reduction of com-
prehension expressions to natural monad operations is not intrin-
sically bad. If the implementations of collections in the target lan-
guage are fractal in nature, such that the natural and efficient way
to form a larger data structure is to compose smaller ones, then
there is no clear case for optimization. However, this is decidedly
not the case for the JVM backend, or any other translation to an
object-oriented target language for that matter.

Collections in OO languages are essentially mutable, and hence
optimized for individual-incremental construction: Creating a new
collection object may incur a substantial overhead, whereas adding
elements one by one to an existing collection is fairly cheap on
average. The translation scheme used by a compiler needs to take
such characteristics into account in order to generate efficient target
code. In the OO case, side effects on a context-defined collection
object are vastly preferable to masses of subcollections containing
at most one element each.

Fortunately, the structure of ALEA core allows for a general op-
timization strategy that covers the patterns resulting from com-
prehensions, and possibly other expressions that are accidentally
similar. Positions of subexpression in the abstract syntax can be
classified as either argument or result positions: The branches of
(Boolean, other numeric, and tagged) case distinctions, the bodies
of let expressions, and the left hand sides of iteration primitives are
result positions, all other are argument positions. Note that result
positions are called so because they may determine (parts of) the
result of the containing expression, and are hence necessarily of
the same type.

For subexpressions in argument positions, the compiled code
must inject the result value into the data flow. On the JVM, this
generally means pushing the value onto the operand stack. For
subexpressions in result positions, the default action is the same.
However, when compiling code for an iteration primitive, a different
behavior can be set and propagated downwards to transitive result
positions: If the subexpression result is a collection (necessarily of
the same kind and element type) whose size and element-forming
expressions are statically known, then these are added one-by-one
to a collection-under-construction (CuC) created for the iteration
primitive. Otherwise, the subcollection is computed and copied to
the CuC one-by-one using a loop (or a framework method addA11l).
The former clause of this strategy eliminates all the synthetic sub-
collections of size one, or even zero, incurred by map and filter
operations, while the latter is a safe fallback for other subexpres-
sions.

Figure 2 shows a simple example computing the non-decreasing
subset of the Cartesian product of two sets L and R: The evident user-
level expression (A) is reduced to ALEA core (B). For clarity, imple-
mentations on the target platform are exemplified for deterministic
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evaluation only; both probability distributions and pseudo-random
sampling require some extra machinery.

A naive Java-pseudocode implementation (C) is given (the ac-
tual compiler generates JVM bytecode directly), which follows the
structure of the core AST one to one. It summarizes the effective
computation run by the reference interpreter, dynamic AST tra-
versal and related technical issues aside; an optimizing compiler
should not produce code that performs worse than this baseline.

For contrast, an optimized, context-aware imperative implemen-
tation (D) is given, which creates a CuC for the outermost itera-
tion primitive, and propagates the task of adding elements to all
transitive argument positions. Thereby the singleton and empty
subcollections arising from map and filter clauses, respectively,
are entirely eliminated. Since, for safety reasons, collection values
should not be mutable after they have been computed, a Builder
pattern [2] is used to separate the (mutable) construction phase
from the (immutable) use phase of the collection.

4.1.6  Immediate Reduction. If a collection created from a compre-
hension is used only once for a reduction, then the intermediate
data structure can be eliminated altogether. This situation can be
detected locally, if the comprehension expression is literally nested
within the reduction expression. We assume that let bindings that
are used at most once are eliminated by means of substitution; this
reduces most realistic cases of single use to literal nesting.

Imperative elimination of reduced collections works by preempt-
ing the rule described in the preceding section: Instead of having
subexpressions in result positions contribute to a CuC, make them
update an accumulator using the binary reduction operation. If
the source collection is possibly empty, initialize the accumula-
tor with the appropriate neutral element; otherwise, initialize the
accumulator with the first element.

Figure 3 shows the compilation scheme applied to the introduc-
tory example, in analogy to Figure 2. The optimized implementation
exemplifies the hoisting of the loop-invariant constant value s1
as discussed in section 4.1.3, as well as the replacement of a bag
builder with the accumulator accu3 for immediate reduction.

4.2 Compiling for Pseudo-Random Sampling

The state monad underlying the semantics for dynamic pseudo-
random sampling causes no essential effort in an imperative im-
plementation. Merely holding a reference to a fixed PRNG object,
which encapsulates its own mutable state, throughout the evalua-
tion, and tapping into randomness as a side effect, is sufficient.

Note that the semantics are not deterministic; the order of calls
to the PRNG from independent subexpressions or from iterations
on unordered collections is unspecified. Thus, interpreted and com-
piled code may differ in the samples that are actually produced,
even for the same random seed. The two are only guaranteed to be
equivalent in ideal probability (running a perfect PRNG with truly
random seed).

4.3 Compiling for Static Analysis

The distribution monad underlying the semantics for static analysis
is significantly more complex. Fortunately, it is similar enough to
the collection monads for the same basic optimizing compilation
techniques to be applied.
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In a typical ALEA expression, only a few subexpressions are
truly random; most operations are determistic in nature. A naive
implementation would calculate probability distributions locally
for all AST nodes, wrap the results of deterministic computations
in ‘singleton’ Dirac distributions, and combine the distributions
for disjoint subexpressions stochastically independently (by cross-
multiplication).

A strategy that is better adopted to the target environment al-
locates a distribution-under-construction (DuC), and has all non-
iterative subexpressions, also those in argument positions, con-
tribute probability-weighted results. Instead of multiplying distri-
butions out after creation, the probability tree is traversed only
virtually, accumulating multiplicative local probability values along
the path. For every random subexpression, there needs to be a loop
over the possible outcomes and their local probabilities, with the
remainder of evaluation nested within the loop body. For all of
the deterministic operations, however, the loop is known to have
exactly one iteration (with probability one), and can be eliminated.

Figure 4 shows the compilation scheme applied to a simple exam-
ple that computes the average of two dice. The optimized implemen-
tation exemplifies the loops introduced for random subexpression,
and the linear code for deterministic follow-up computations.

For iterative subexpressions (comprehensions), the situation is
more complicated: A collection of distributions (of elements) must
be transposed into a distribution of collections. In theory, this op-
eration is specified naturally by a distributive law between the
respective monads for lists and bags; see [6] for a recent presen-
tation. By contrast, for sets there is no such law [15]. This fact
matches well with semantic requirements for expressions that are
not referentially transparent: Set iteration []! is handled as if it
were about bags at first, and only the result coerced to a set by
forgetting multiplicities. For instance, in an expression

{ {~uniform{1..63}, ~uniform{1..6}} | i « S }!

there should be exactly two stochastically independent die rolls for
each element of S, whereas a naive set reading would (wrongly)
imply both that identical element expressions could be unified
before evaluation, and that the same element expression could be
re-evaluated idempotently.

In practice, a statically optimized implementation as above is not
quite straightforward, since the number of nested loops required
depends on the size of the collection. The current ALEA compiler
uses a dynamic iterative auxiliary function; possibly more efficient
approaches are a topic for future research.

5 Empirical Measurement

The compilation strategy has been evaluated in practice on a num-
ber of examples. Since the compiler is currently under construction,
‘compiled’ ALEA programs have been simulated by manual coding
in JAvA. For a fair comparison, the hand-written code uses only opti-
mizations that are realistically expected to be applied automatically
in the compiler.!

The ALEA compiler is designed to produce JVM bytecode that
can be optimized further by the JVM just-in-time compiler (JIT). In

'We expect to be able to substitute actual compiled code in time for the post-
proceedings publication of this paper.
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A: User-Level Expression
{ (@ b)la«L;b«R;a<b}

B: Core Expression

{{(@=<b)?{(@ b)}:{}I bR} |aeL}7

C: Monadic Implementation (Pseudo-Java)

return bind(L, a — bind(R, b — leq(a, b) ? singleton(tuple(a, b)) : emptySet()));

D: Imperative Implementation (Pseudo-Java)
SetBuilder(Pair(Rational)) cuc = new SetBuilder()();
for (Rational a : L) {
for (Rational b : R) { // result positions
if (leq(a, b)) {
cuc.add(pair(a, b)); // singleton

3
else { // empty

}

}

return cuc.build();

Figure 2: Compiling a Filtered Cartesian Product

A: User-Level Expression

dice := ( ~uniform{1..63} | _ « (1..n) );
score := (+)( d « dice | d\\ 2 =1)

B: Core Expression

W 2=1) 2 : )| de ( (~uniform{1..6}) | _ « (1..n) ! )

C: Monadic Implementation (Pseudo-Java)
return reduce(Natural::add, 0,
bind(bind(bagRange(1, n), __ — uniform(setRange(1, 6))),
d — eq(mod(d, 2), 1) ? singleton(d) : emptyBag()));

D: Imperative Implementation (Pseudo-Java)
Set(Natural) s1 = setRange(1, 6); // hoisted constant
BagBuilder(Natural) cuc2 = new BagBuilder()();
for (Natural _tmp2 : bagRange(1, n)) {
cuc2.add(uniform(s1));

3
Bag(Natural) s2 = cuc2.build();
Natural accu3 = 0; // immediate reduction
for (BagElement(Natural) d : s2) {
if (eq(mod(d.getValue(), 2), 1)) { // boolean to Natural
accu3 = accu3.add(1 * d.getMultiplicity());
3
else {
// accu3 = accu3.add(@ * d.getMultiplicity());
¥
}

return accu3;

Figure 3: Compiling an Immediate Reduction
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A/B: User-Level/Core Expression
(~uniform{1..63} + ~uniform{1..63}) / 2

C: Monadic Implementation (Pseudo-Java)
return product(uniformDistr(setRange(1, 6)),
uniformDistr(setRange(1, 6)))
.map(Rational: :add)
.map(x — x.divide(2));

D: Imperative Implementation (Pseudo-Java)

DistributionBuilder(Natural) duc = new DistributionBuilder{)();

Set(Natural) s1 = setRange(1, 6);

for (Natural v1 : s1) { // random

Probability p1 = 1/6;

for (Natural v2 : s1) { // random
Probability p2 = p1 x 1/6;
Natural v3 = vl.add(v2); // deterministic
Probability p3 = p2; // omit * 1
Natural v4 = v3.divide(2); // deterministic
Probability p4 = p3; // omit * 1

duc.add(v4, p4);

3
return duc.build();

Figure 4: Compiling a Probability Distribution

particular, the ALEA compiler keeps the target code small by realiz-
ing complex operations as static method calls to a runtime library,
which are expected to be inlined by the JIT. We have measured only
the performance of the overall result.

All measurements have been performed on a machine with a
Core i7-12700H 20-core CPU and 16 GiB of RAM, running Ubuntu
24.04.02 and OpenJDK 21.0.7. Reported times are wallclock times
measured with System.nanoTime precision, for ALEA running on
aJVM as a single thread, and thus utilizing a single CPU core.

For each test case, the JIT has first been warmed up by running
the program under test repeatedly for several seconds. Then, timing
data for the same number of repetitions are collected. To mitigate
the influence of outliers caused by rare events such as large-scale
garbage-collection (GC) pauses, robust statistics are used: All re-
ported figures are median values, and the dispersion of data has
been controlled by median absolute deviation (MAD), which is less
than 6% for each data set.

We have observed some metastable variability between runs of
the experimental setup. Without detailed investigation, it is unclear
whether this is due to the JIT, the GC, and/or the heavy use of hash
tables in ALEA data. However, the resulting dispersion is typically
less than 10%, and does not invalidate any of the findings below.

5.1 Motivating Example Revisited

Figure 5 summarizes the measurements for a family of instances
of the introductory example. The size parameter n (the number of
dice) ranges from 1 to 10. The program is fixed; code has not been
specialized for a particular value of n.

The top row shows measurements for the dynamic evaluation
mode, the computation of a single pseudo-random sample. Both
interpreted and compiled code show the expected linear growth of
running times. Speedup by compilation is consistently between 12
and 15.

The bottom row shows measurements for the static evaluation
mode, the computation of the overall probability distribution of
outcomes. Note the logarithmic time scale. Speedup by compila-
tion is only significant for small instances; for n = 10 it is down
to a meagre 1.04. Nevertheless, this is not actually disappointing,
considering the particular nature of the example:

e For larger n, the effort is dominated by the construction of
all possible values of dice. The interpreter and the compiler
use not only the same algorithm, but also essentially the
same implementation. The overhead of traversing the tiny
program is negligible; hence measurable speedup can only
come from the subsequent summing operation.

The growth curve in logarithmic scaling is apparently flatten-
ing, due to the fact that there are significantly less bags than
(the exponentially many) lists of n dice rolls; permutations
are collapsed into a single representative. While this reduc-
tion of combinatorial pressure is beneficial for the theoretical
complexity of an ALEA program, it compresses the potential
for optimization in a compiler. In particular, approaches that
try to eliminate intermediate bags by recursive enumeration
of elements are generally doomed, since they operate on
virtual lists and cannot straightforwardly benefit from the
collapsing of duplicates up to permutation.
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Figure 5: Compiling the Introductory Example

5.2 Complex Example

To evaluate the effect of more complex deterministic computations
applied to a combinatorial bag situation, we have generalized the
motivating example from [11]:

Roll n ten-sided dice. For every die that shows a ten,
roll another and add it to the pool. Count the number
of dice that show values greater than five. Compare to
the number of dice that show a one. If the difference is
positive, you win by that amount. If the difference is
zero or negative, you lose. If there are no values greater
than five but there is a one, you lose badly.

See Figure 6 for the ALEA source code. Figure 7 summarizes the
measurements. The observed behavior is qualitatively similar to the
previous case, but slightly more favorable to the compiler. Sampling
receives a consistent speedup of about 15 from compilation. The
calculation of distributions is improved significantly only for small
instances. As expected, the speedup stagnates at a higher level than
for the previous case; for n = 7 the interpreted time is 14.66 s, and
the compiled time is 6.65s, so the speedup is still 2.2. Note that
compilation is expected to take less than 0.1s; it easily pays off
even with a single use.

5.3 Highly Optimizable Example

As an example where optimizing compilation is expected to make
a dramatic difference, consider the average of two random integers
chosen uniformly from {1,...,n}, a parametric generalization of
the example discussed in section 4.3.

dicel = ( ~uniform{1..10} | _ <« (1..n) );
tens = (d| de« dicel; d =10 );
dice2 = ( ~uniform{1..10} | _ « tens );
dice = dicel + dice2;

succs = (#)(d>5]d«dice );

fails = (+)(d=1]d « dice );

diff = succs - fails;

verdict := diff > 0 ? @win(diff)
(succs = 0 && fails > 0
? @botch : @lose)

Figure 6: Complex Bag-of-Dice Example [11]

(~uniform{1..n} + ~uniform{1..n}) / 2

Figure 8 summarizes the measurements for a family of instances.
For pseudo-random sampling, the speedup is consistently greater
than 20. For larger n, the naive running time is dominated by the
creation of the set {1. .n}. The compiler evaluates it entirely during
constant folding, and sets up a lookup array for constant-time
sampling. (In the upcoming version, the interpreter will also be able
to benefit from mandatory constant folding at type-checking time.)

For static calculation of distributions, the compiler can eliminate
intermediate distributions of size O(n?) which empirically take
about O(n?) to construct. The resulting drop in the exponent of
growth can be seen in the doubly logarithmical bottom-left plot.
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5.4 Resource Use During Compilation

Since the compiler is not yet fully operational, there are no actual
measurements of the running time of compilation. However, from a
case study using the same code generator library LLJAvA-LIVE [10],
we can infer that compilation of a simple program completes on
the order of a few milliseconds (when the compiler is warmed up).

6 Conclusion

We have investigated the implementation of ALEA, a functional
domain-specific language for stochastic experiments. ALEA stands
out among stochastic languages due to its computable static seman-
tics, which favors systematic bottom-up calculation over computer
algebra heuristics. We have demonstrated how the structural sub-
type system and various monads structure the formal semantics of
the language, in which ways naive interpretation of the semantic
rules is inefficient, and how to tackle these issues in a compiler.

Empirical measurements show consistent speedups for pseudo-
random sampling of at least 10-20. In this evaluation mode, com-
pilation pays off predictably if a large number of samples is to be
served.

For the static evaluation mode resulting in overall distributions,
results are more nuanced. Programs with a large proportion of de-
terministic computation can be optimized to great effect, whereas
ironically, using bags as data structures squeezes out a lot of op-
timization potential already at the source level. The facts that the
interpreter and compiler share the workhorse routines for inter-
changing collections and distributions, and that the same JIT acts
on both environments, leave little room for improvement.

6.1 Related Work

There is a vast number of experimental languages that employ
probabilistic constructs in some way. See [11] for an assessment of
the unique position of ALEA in the design space.

6.1.1 Deforestation. The idea that intermediate data structures
arising from playing by the rules of a functional language can
and should be eliminated is not new at all; it has been studied as
deforestation [13]. In typical presentations [4, 8], deforestation is
conveniently formulated as a rewriting procedure, where source
and target language are of the same nature.

In the ALEA compiler, the optimization is coupled with the para-
digm shift to a target platform with imperative data structures. We
feel that this makes the technique a bit less clear, but at the same
time even more urgently required.

6.1.2 Java Stream Framework. The JAVA stream framework is an
approach to object-oriented data structures that takes a leaf out of
the functional book: In this framework, streams are abstract element
sources. A stream can retrieve data elements from a collection or
compute them on the fly. Stream computation is organized into
linear pipelines with map and filter operations. Batch computations
are performed lazily element-by-element, and possibly in parallel.
Streams are consumed and either collected in a new collection, or
reduced to a result value.

Converting a collection to a stream, performing computations
that abstract from storage, and deciding on a target collection or

IFL ’25, October 01-03, 2025, Montevideo, Uruguay

reduction operation only in the end is also a way to get rid of in-
termediate data structures. It differs from deforestation in so far as
streams just enumerate elements without further structure infor-
mation; lists and sets are straightforward to handle by enumeration,
but bags (elements with multiplicities) and distributions (elements
with probabilities) are not.

6.2 Future Work

The development of the syntax and semantics of ALEA, as well as
the reference interpreter and the compiler, are in progress.

6.2.1 User-Defined Abstractions. The current version of ALEA pro-
gram syntax is restricted to expressions that invoke predefined
library operations. The addition of user-defined deterministic func-
tions and random distributions is foreseen to pose additional prob-
lems for a compiler, such as stable ABI design and inter-procedural
optimization.

6.2.2  Modular Optimization Passes. The current prototype of the
ALEA compiler is, apart from the AST-constructing frontend that
is shared with the interpreter, essentially a single pass. While this
makes for a simple and compact software architecture, it is techni-
cally difficult to isolate the various optimization techniques, and
quantify their individual impact independently. A refactored, more
modular compiler, acting on one or more intermediate representa-
tions, would improve not only maintainability, but also empirical
measurability.

6.2.3  Parallel Evaluation. Even though JAva streams are no direct
match for the needs of ALEA, due to their lack of direct support
for the most prominent data structures, bags and distributions,
their ability to parallelize batch computations under the hood is an
attractive feature. The current ALEA interpreter and compiler do
not support the usage of more than one core, but the majority of
ALEA iterations are in fact embarassingly parallel, and that situation
should be exploited somehow.

6.2.4 Nested Collections. In the sense of section 4.1.5, generator
clauses of a comprehension are not result positions. As a conse-
quence, comprehensions nested to the right are not subject to de-
forestation (compare also section 4.1.3). This may be surprising,
because for lists, which are the dominant collection shape in most
functional programming languages, there is no obvious reason.
A nested list comprehension

[e| xe« [f]ly«L]]
can be flattened with no downsides:
[ (x:=f;e) |ye«L]1]

The situation for bags and sets, however, is more complicated:
The intermediate collection can be significantly simpler than the
original source L, if the element-forming expression f happens
to be non-injective. For bags, duplicate intermediate elements are
lumped together and can benefit from the optimizations discussed
in section 3.1.4 when it comes to the iterated evaluation of e. For
sets, duplicates are even eliminated altogether by idempotence. See
also the discussion on the number of possible collections in sec-
tion 5.1. For deciding which cases are improvable by deforestation,
or perhaps by specialized techniques, more research is needed.
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Abstract

This paper advocates for the broader application of SMT solvers
in everyday programming, challenging the conventional wisdom
that these tools are solely for formal methods and verification. We
claim that SMT solvers, when seamlessly integrated into a com-
piler’s static checks, significantly enhance the capabilities of ordi-
nary type checkers in program composition. Specifically, we argue
that refinement types, as embodied by Liquid Haskell, enable the
use of SMT solvers in mundane programming tasks.

Through a case study on handling binder scopes in compilers,
we envision a future where ordinary programming is made sim-
pler and more enjoyable with the aid of refinement types and SMT
solvers. As a secondary contribution, we present a prototype im-
plementation of a theory of finite maps for Liquid Haskell’s solver,
developed to support our case study.

CCS Concepts

« Software and its engineering — Software verification; Auto-
mated static analysis; Formal software verification; « Theory
of computation — Program verification; Program analysis.
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1 Introduction

SMT solvers are useful to the ordinary activity of programming.
This is what we would like to convince the reader of. More pre-
cisely, our claim is that an SMT solver, well-integrated in a com-
piler, complements an ordinary type checker and can, in fact, be
used much in the same way. SMT solvers and type checkers are
good at enforcing different kinds of properties, broadening the
ways in which we can design our programs.

SMT solvers, when it comes to their application to program-
ming, are usually paired in the literature with terms like “formal
methods” or “verification” [1, 3, 4, 11, 19, 24]. We would like to
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challenge the wisdom that we reach for SMT-solver-based tools
when we need formal methods. We would benefit from using SMT
solvers in mundane programs. Not because it makes programs more
correct, but because it helps us write the programs we want.

We will be arguing, in particular, that refinement types, in the
guise of Liquid Haskell [21], let you do just that. Even though Lig-
uid Haskell is also usually invoked together with phrases like “for-
mal methods” or “verification” [9, 10, 16, 20].

Through a case study, we will argue for a future where program-
ming, ordinary programming, is made easier and more pleasant
thanks to refinement types and SMT solvers, even though the tech-
nology is not ready yet, as we discuss in Section 4. Our case study
will be the handling of binders’ scopes in compilers. We distill from
the experience a set of principles that were useful to us and which
could apply to other scenarios with this programming style. A sec-
ondary contribution is a prototype implementation of a theory of
finite maps for Liquid Haskell’s solver, to support our case study,
and which we discuss in Section 3.5.

2 Capture-avoiding substitutions

Binding scope management is recognized as a persistent annoy-
ance when writing compilers. It is easy to get wrong and it is a
source of mistakes to the point that many have proposed disci-
plines to prevent mismanagement of scopes. The canonical mistake
example is name capture in substitutions like (Ax.y)[y := t]. The
result of this substitution is Ax.t. Thus (Ax.y)[y := x| is Ax.x. An
easy mistake!

Compiler authors have proposed many disciplines to help make
scope more manageable. The GHC Haskell compiler, for instance,
uses an approach to avoid name capture called the rapier [15]. All
term-manipulating functions carry an additional scope set contain-
ing all the variables that appear free in its arguments. This set is
used both to decide what to rename a binder to, in order to avoid
name capture, and it is also used to skip renaming a binder if it
would not capture any free variables. Figure 1 shows an implemen-
tation of substitution for the untyped lambda calculus.

2.1 The foil

The rapier was not enough, however, for Maclaurin et al. [12] who
report that despite using the rapier they struggled with frequent
scope issues in their compiler. They set out to enforce the scope
properties of the rapier with Haskell’s type system. A stunt that
has often been attempted, but Maclaurin et al.’s approach, that they
name the foil, is probably the first to succeed at enforcing such in-
variants without incurring an unreasonable amount of boilerplate.
In Section 2.3, we will argue that we can achieve similar guarantees
more economically with SMT solvers.

Here is our distillation of the properties that Maclaurin et al. set
out to guarantee (see also [12, Section 4]):
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data Exp = Var Int | App Exp Exp | Lam Int Exp
substitute :: Set Int -> Subst Exp -> Exp -> Exp
substitute scope s e@ = case e@ of
Var i -> lookupSubst s i
App €0 el -> App (substitute scope s e@) (substitute scope s el)
Lam i e
| member i scope,
let j = freshvar scope ->
Lam j $ substitute (insert j scope) (extendSubst s i (Var j)) e
| otherwise ->
Lam i $ substitute (insert i scope) (extendSubst s i (Var i)) e

Set Int —> Int
freshvar s = case lookupMax s of Nothing -> @; Just i -> i + 1

freshvar ::

Figure 1: Rapier style substitution

(1) Every traversed binder must be added to the scope set, oth-
erwise its name could be accidentally used later where a
fresh name was intended.

(2) Every traversed binder must be renamed if it is already a
member of the scope set, because this name could other-
wise be captured as above.

(3) When renaming a binder, the new name must not belong
to the scope set.

(4) When renaming a binder, the occurrences of the old bound
variable need to be substituted with the new name.

(5) The initial scope set must contain the free variables in the
input term and in the range of the substitution to apply.

These properties are exigent, though they do not ensure that we
can only write correct substitution functions. For instance, with
all these properties it’s possible to write a function which takes
(x y)[x = x] to (y x). But as anticipated in the introduction, we
are not concerned with full correctness.

Maclaurin et al. propose a library with types Scope n, Name n,
and NameBinder n 1. A value of type Scope n is a set of names,
where the type index n is the name of the set at the type level.
A value of type Name n is a name that belongs to the scope set n.
A value of type NameBinder n 1 is a name b such that adding b to
scope set n results in the scope set 1. These types are to be used in
the abstract syntax tree of terms:

data Exp n = Var (Name n)
I App (Exp n) (Exp n)
| forall 1. Lam (NameBinder n 1) (Exp 1)

Then the operations and type checking on the new types will
guide the user into respecting the scope requirements when imple-
menting substitution.

substitute :: Distinct o => Scope o -> Subst Expr i o -> Expr i -> Expr o

This type signature says that no names shadow each other in the
scope set o. It also says that the substitution will take an expression
with free variables in a scope set i and produce an expression with
free variables in a scope set o.

There are mechanisms to check that a scope set is a subset of an-
other, to assert that no name shadows another one in a given scope
set, to reason that expressions with free variables in one scope (Exp
n) can be coerced to expressions with free variables in a superset
(Exp 1), and to introduce scope sets that extend others with freshly
created names. They also provide an implementation of maps of

Facundo Dominguez and Arnaud Spiwack

variables to expressions, that is the substitutions to apply, with an
interface that uses the new types as well. There is for instance the
following function to produce fresh variables:
withRefreshed
: Distinct o

=> Scope o

-> Name i

-> (forall (o' ::

=>r

S). DExt o o' => NameBinder o o' ->r)

Using the constraint DExt, this type signature says that scope
set o' extends the scope set o with the given NameBinder o o'. This
binder may have the same name as the provided Name i if it was not
present in o, otherwise it will be a fresh name. As another example,
the following function always produces a fresh name.
withFresh

: Distinct n

=> Scope n
-> (forall 1 .
->r

DExt n 1 => NameBinder n 1 ->r )

With ingenious engineering and design, the foil meets its rather
ambitious goal. But it is unfortunate that the authors needed to
be ingenious. All things equal, we prefer program components to
be straightforward. Because ingenious solutions take time, and be-
cause straightforward solutions are easier to adapt when the pa-
rameters of the problem evolve.

2.2 A Liquid Haskell primer

We will turn next to Liquid Haskell as our proposed solution, but
first let us introduce Liquid Haskell briefly. Liquid Haskell is a
plugin for Haskell which statically checks that programs respect
signatures provided by the programmer. There are two key differ-
ences between Liquid Haskell signature checking and a classical
type checker:

e The checking process consists in generating logical con-
straints or proof obligations which are then fed to an SMT
solver, leveraging the powerful capabilities of SMT solvers
to reason about numbers, arrays, strings, and other sorts.

e Signatures are expressed with refinement types of the form
{x:b | p}, which denote values of base type b that satisfy
predicate p. We will write sometimes b<p> to denote {x:b
| p x}. Refinements are subject to subtyping in the same
way as subsets in set theory, so that we have
{-@ f :: {x:Int | x > 1} => {x:Int | x > 0} @}

f :: Int -> Int
fx=x

Liquid Haskell reads refinement type signatures and other anno-
tations from inside special Haskell comments {-@ .. @-}. We will
skip them in our snippets when it is unambiguous.

The predicates in the refinement types are in a language of ex-
pressions referred to as the logic language. For the sake of this pa-
per, we can regard it as a subset of Haskell, except that predicates
are assembled both from regular Haskell functions and functions
that are only available in the logic language.

We will use sparingly the following form of refinement type
signature.

{-@ idInt :: forall <p :: Int -> Bool>. Int<p> -> Int<p> @-}
idInt :: Int -> Int
idInt x = x

175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193

194

196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232



233
234
235
236
237
238
239
240
241
242
243
244

246
247
248
249

250

259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289

290

Refinement-Types Driven Development: A study

We say that p is an abstract predicate, and it is inferred by Liquid
Haskell depending on the context in which idInt is used.

A function like member, which comes from the module Data. Set
in the containers package, is linked by Liquid Haskell to the SMT
solver’s theory of sets.
import Data.Set
assume member :: Ord a

=> x:a -> xs:(Set a) -> {v:Bool | v <=> Set_mem X xs}
Refinement type signatures starting with the assume keyword de-
clare that the corresponding Haskell function honors the signature,
but it is not checked. In this case, it is because Data. Set is an exter-
nal dependency that Liquid Haskell can not check. But it can also
be applied to our own functions.

Here Set_memis a symbol that Liquid Haskell maps to the theory
of sets in the SMT solver. While Liquid Haskell does not check
that member behaves as declared in the refinement type signature,
it will assume the property in the return refinement type whenever
member is used in a program.

Notice how the predicate on the return type mentions both ar-
guments. Liquid Haskell lets us express refinement types which
relate arguments with each other, and with the result in this man-
ner. This obviates the need to give a type-level name to arguments
using existential quantification.

To define a function only available to use in Liquid Haskell an-
notations, we can use the measure keyword, such as:
measure listElts :: [a]l -> Set a

listElts [] = {v | (Set_emp v)}

listElts (x:xs) = {v | v = Set_cup (Set_sng x) (listElts xs) }
Here Set_cup and Set_sng are predefined functions to express the
union of sets and the singleton set respectively.

It is also possible to define uninterpreted symbols by simply
omitting the definition. It would look like this

measure listElts :: [a] -> Set a

The meaning of the function would then be given by assume refine-
ment type signatures on other functions. See for instance the use
of the domain function in the following section.

2.3 The rapier, refined

We argue, next, that using Liquid Haskell to enforce the require-
ments from Section 2.1 is more straightforward than using the type
checker alone. The code presented in this section is available in the
file Subst1.hs!.

We define a function freeVars in the same module as substi-
tute, which collects the free variables of an expression. We note
that this function is only used in refinement type signatures, and
in particular, it is not evaluated when calling to substitute.

freevVars :: Exp -> Set Int
freeVars e = case e of
Var i -> singleton i
App el e2 -> union (freeVars el) (freeVars e2)

Lam i e -> difference (freeVars e) (singleton i)

Next, we need to give the following refined signature to the
freshvar of Figure 1:

{-@ assume freshVar :: s:Set Int -> {v:Int | not (member v s)} @-}

Lhttps://github.com/tweag/if12025-liquidhaskell/blob/main/src/examples/Subst1.hs

Conference’17, July 2017, Washington, DC, USA

This signature is assumed rather than checked. We could choose
to check it, but Liquid Haskell does not have a good built-in un-
derstanding of the lookupMax function that we use. So instead, we
choose to assume the signature. This is our first principle of pro-
gramming with refinement types:

PrINcIPLE 1. Typically, refinement types allow you to reduce the
trusted code base, but they also offer you a choice. When it is easier
to prove a result by hand than with the SMT solver, you can assume
the property and justify it informally.

In this article, by trusted code base, we mean the portion of a
codebase where the programmer must prove the desired properties
herself rather than relying on static checks to enforce said proper-
ties. Tooling like compilers, type checkers, SMT solvers, and oper-
ative systems are excluded from this definition.

It is good discipline to justify systematically why assumptions
should hold. An incorrect assumption could make Liquid Haskell
accept programs that do not meet the properties we mean to check.
The consequences range through the whole gamut from incorrect
results, to security vulnerabilities and crashes, depending on the
kind of checks.

Finally, we will take as a parameter a datatype representing sub-
stitutions (i.e. finite maps of variables to terms). To represent this
parameter in our study we take an abstract type and assume the nec-
essary properties that a substitution type needs to respect. Since
this is ordinary programming, not a verification project, we need
to test our code, and we provide a concrete type for that sake. But
using an abstract type ensures that we can support any efficient
substitution type.

data Subst t -- opaque

{-@ measure domain :: Subst e -> Set Int @-}

assume lookupSubst
:: forall <p :: Exp -> Bool>.
s:Subst Exp<p>
-> {k:Int | member k (domain s)}
-> Exp<p>

assume extendSubst
: s:Subst a
-> i:Int
->a
-> {v:Subst a | union (domain s) (singleton i) = domain v }

Notice that the logical function domain, which stands for the set
of variables that the substitution defines, is uninterpreted. It must
be since it is an assumption.

That’s it, this is the entirety of our trusted code base for this
example. For the most part, it required thinking about what prop-
erties we wanted to enforce, but not much about how they ought
to be enforced.

In order to deal with scope checks, we define a type alias ScopeExp
S, that is the type of all expressions whose free variables are in the
set S%.

{-@ type ScopedExp S = {e:Exp | isSubsetOf (freevVars e) S} @-}

Functions like isSubsetOf and difference come from the Data. Set
module. We can give now the following signature to substitute

%In type aliases, Liquid Haskell expects parameter names corresponding to terms (i.e.
not types) to start with an uppercase letter.
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{-e
substitute
11 scope:Set Int
-> s:Subst (ScopedExp scope)
-> ScopedExp (domain s)
-> ScopedExp scope
e-3

substitute :: Set Int -> Subst Exp -> Exp -> Exp

Remarkably, this implementation for substitute, where we check
static scopes, is unchanged from the implementation of Figure 1.
This will not always be the case, but this exemplifies how using
Liquid Haskell to enforce invariants tends to create less boilerplate
than a type-based approach.

The refinement type signature of substitute is a direct transla-
tion of the Haskell type signature used by the foil.

substitute :: Distinct o => Scope o -> Subst Expr i o -> Expr i -> Expr o

The foil’s Scope o type becomes aregular set scope:Set Int of names,
there’s no need for the type parameter o, which the foil uses as
a type-level name for the scope, since we can directly refer to
scope in terms. The foil’s Subst Expr i o type becomes s:Subst
(ScopedExp scope), the parameter i is omitted and referred to as
domain sinstead. The foil’s Expr i type becomes ScopedExp (domain
s), which still requires the free variables of the input expression to
be in the domain of the substitution. And finally, both return types
Expr oand ScopedExp scope require the free variables of the output
to be in the given scope set.

Figure 1 uses that a substitution s :: Subst (ScopedExp scope)
also has (refined) type s :: Subst (ScopedExp (insert i scope)),
as there are recursive calls like

substitute (insert i scope) (extendSubst s i (Var i))

which requires
extendSubst s i (Var i) :: Subst (ScopedExp (insert i scope))

which in turn requires

s :: Subst (ScopedExp (insert i scope))

This kind of subtyping is trivial with refinement types. It is the
default behavior. Whereas with an ML type system, subtyping is
not a typical feature. The foil, for instance, needs an explicit func-
tion to cast substitutions when extending a scope. This is our next
principle:

PRINCIPLE 2. Refinement types add a layer of subtyping on top of
your type system. When your program is best modeled with subtyp-
ing you should consider refinement types.

The type of lambda terms is also unchanged, as the well-scoping
invariant is applied to a whole term at once. A nice consequence of
it is that functions that do not benefit from all the scope checking
business can simply take a naked term and ignore it. The freevars
function, for example, is implemented on naked terms.

2.4 A hybrid approach

Our refinement type signature of substitute follows the type sig-
nature of Maclaurin et al. to the letter. Yet we can introduce the fol-
lowing bug in substitute from Figure 1, where we omit the fresh
binder j:

Lam i e
| member i scope ->
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Lam i $ substitute (insert i scope) (extendSubst s i (Var i)) e
| otherwise -> ...
Liquid Haskell flags no errors but the program will still misbehave
as follows (in pseudo-Haskell).

substitute {x} (Ax.y)[y = x] = (Ax.x)

What is going on? The binder i is now capturing free variables
in the range of the substitution. The signature is, in fact, indifferent
to whether the binder i is already present or not in the scope set.
There is no mechanism to prevent adding a binder that is already
present in the scope set. That is, we fail to enforce Property (2)
from Section 2.1. And, more to the point, how could we? “Never
add a binder to the scope set that is already present” is not a set
theoretical property. It is not even a functional property. It is a kind
of temporal invariant.

Such temporal invariants are not naturally expressed in the logic
of Liquid Haskell. But they are quite easy to implement with ab-
stract types. So let us use an abstract type. What we need to do
is to ensure that whenever we see a new binder it must be tested
against the scope, and that this test is packaged together with fresh
name generation.

We follow the foil and introduce an abstract type Scope and a
function withRefreshed. The types are a little simpler because we
do not need existential quantification to reflect value-level objects
at the type level, but otherwise these are the same functions and
types as in Section 2.1.
newtype Scope = UnsafeScope { unsafeUnScope ::

-e
éredicate Member E S = Set.member E (unsafeUnScope S)

(Set Int) }

withRefreshed :: s:Scope -> i:Int
-> {p:(Scope, Int) |
not (Member (snd p) s) && fst p == union s (singleton (snd p))}
o
wiihRefreshed :: Scope -> Int -> (Scope, Int)
withRefreshed (UnsafeScope s) i

| Set.member i s = let j = freshvVar s in (UnsafeScope (insert j s), j)

| otherwise = (UnsafeScope (insert i s), i)

We needed to add a refinement type signature to withRefreshed
to serve as glue with the Liquid Haskell world. This refinement
type signature tells Liquid Haskell precisely that withRefreshed
does both membership checking and fresh variable call: the vari-
able returned by withRefreshed is not in the old scope but is in the
new scope.

We make the type Scope abstract to enforce that binders are al-
ways refreshed when traversed, as withRefreshed is the only way
to test for membership and to extend a scope. This is why we define
a Member predicate alias, only available in the logic, but provide no
member function in Haskell for Scopes. The full code for this example
can be found in the file Subst2.hs®.

This is our next principle for refinement types:

PRINCIPLE 3. Refinement types and abstract types are best at en-
forcing different kind of properties. You should use the simpler solu-
tion for each property that you need, as refinement types and abstract
types mix well.

3https:/github.com/tweag/if12025- liquidhaskell/blob/main/src/examples/Subst2 hs
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3  Unification

Now that we have established the refined rapier interface, let us
show how it can be applied to a more realistic example: solving
first-order equational formulas. Specifically, we will be solving a
form of Horn clauses in the Herbrand domain. This is the sort of
unification problem which can show up when type-checking pro-
grams with GADTs [17]. Scope management in such a solver is a
much trickier business than in the case of mere substitutions and,
in the authors’ experience, something where any help from the
compiler is welcome. The source code of this section can be found
in the file Unif.hs*.

In addition to variables, still represented as integers, we have
unification variables. Unification variables have their own scopes:
the formula 3x.Vy.x = y does not have a solution. It will be reduced
to a formula of the form f, = y where f; is a unification variable;
we very much don’t want this unification problem to succeed: we
shall make it so that y is not in the permissible scope for f;.

Furthermore, the unification algorithm will perform substitu-
tions. Substitutions are blocked by unification variables as we do
not know what they stand for yet. So a unification variable, in our
syntax, is a pair (f, [xo := fo,..., % = t,]) of a unification vari-
able proper and a suspended substitution. Where {xo,...,x,} is
the scope of f. Such a pair is akin to a skolem function application
f(to, ..., t,). Notice in particular, how the solution of f can only
have free variables in {xo, ..., x,}, but (f, [x0 = to,..., % = tn])
may live in a different scope altogether. This type of unification
problem is tricky because there are multiple intermingled scopes
to manage, rather than one like in the case of substitution (Sec-
tion 2).
type Var = Int
type SkolemApp = (Var, Subst Term)

This way, our formula 3x.Vy.x = y willbe reduced to (f, []) =y
which does not have a solution. On the other hand Vx.3y.x = y
becomes x = (f, [x := x]) so x is a solution for f; and the formula
is solvable.

Our unification algorithm is a first-order variant of pattern uni-
fication [13] sufficient to eliminate equalities to the left of implica-
tion in the style proposed by Miller and Viel [14]. The main func-
tions, sans refined signatures, can be found in Figure 2. Unifica-
tion algorithms can get pretty finicky, for the sake of simplicity
our algorithm is not as complete as it could be and will miss some
solutions®.

At the heart of the algorithm is substitution inversion [23]: when
encountering an equality of the form

(ﬁo [y =a,z:= b]) =u

If there is a solution, we want it to be
fr=ula=yb:=z]

This is the same as pattern unification, except that it does not need
terms to contain functions. The inverseSubst function is responsi-
ble for this inversion.

4 https://github.com/tweag/if12025- liquidhaskell/blob/main/src/examples/Unif.hs
5We have, on the other hand, tried to make the algorithm correct, so if it finds unsound
solution it is a bug and we apologize.
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We are choosing a language of term with both regular variables
(representing variables bound by universal quantifiers), skolem ap-
plications representing unification variables with their substitu-
tions, and sufficient constructors to encode arbitrary terms. Here
is the concrete type of term, as well as that of formula where the
only thing to remark is that the left-hand side of implications is a
single equality.

data Term
=V Var | SA SkolemApp | U | L Term | P Term Term

data Formula

= Eq Term Term -- equality

| Conj Formula Formula -- conjunctions

| Then (Term, Term) Formula -- a=b => f

| Exists Var Formula -- existential quantification
| Forall Var Formula -- universal quantification

In Figure 2, the function unify takes a rapier scope parameter
containing all the variables that can appear free in the input for-
mula. This set is used to rename Forall binders when doing substi-
tutions. For instance, unifying the following formula

Vx.Vy.3z.y=L(x) = Vx.y=z

reduces to unifying

Vx.Vy.3z.(Vx.y = 2) [y := L(x)]

and the substitution needs to rename the inner binder x.

In a preceding pass (Section 3.1), existential quantifiers are re-
placed with skolem applications, so in unify we assume that there
is no existential quantifier. We have functions substituteFormula
and substitute to apply substitutions in formulas and terms re-
spectively, and substituteSkolems to substitute unification vari-
ables in formulas. We have a function skolemSet to collect the skolem
applications of a term. And a function fromListSubst to construct
a substitution from a list of pairs [(Var, Term)].

The functions substEq and unifyEq are simplified here for the
sake of presentation. They handle more cases in the reference source
code, but these cases are not essential to our discussion.

The function unifyEq defines what a good solution should be.
One of the conditions is that whatever term t' is proposed as so-
lution for a skolem i, it needs to have as free variables only those
in the domain of the substitution defining the skolem application
(scope check). For instance, in (fy, [x = y]) = P(y,y), P(x,x) is
a solution that satisfies the scope check, but P(x,y) would be a
solution that doesn’t since y is not in the domain of [x := y].

Another condition is that the skolem i should not occur in the
solution t' (occurs check). For instance, in the previous example
fx == P(x, f;) is a solution that doesn’t pass the occurs check. In
addition, since we are inverting a substitution to find t', we might
not find solutions if we cannot invert the substitution. This imple-
mentation only inverts substitutions where variables are mapped
to variables. That is, we solve (f, [z := x]) = L(L(x)) to get the
solution f := L(L(z)) but we do not try solving, say, (f, [z :=
L(x)]) = L(L(x))).
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unify :: Set Int -> Formula -> Maybe [(Var, Term)]
unify s (Forall v f) = unify (Set.insert v s) f
unify s (Exists v f) = error "unify: the formula has not been skolemized"
unify s (Conj f1 f2) = do

unifyF1 <- unify s f1

unifyF2 <- unify s (substituteSkolems f2 unifyF1)

return (unifyF1 ++ unifyF2)
unify s f@(Then (to, t1) f2) =

let subst = fromListSubst (substEq t@ t1)

i

=]

unify s (substituteFormula s subst f2)
unify s (Eq t@ t1) = unifyEq to t1

substEq :: Term -> Term -> [(Var, Term)]
substEq (V i) t1 = [(i, t1)]

substEq to (V i) = [(i, t@)]

substEq _ _ =[]

unifyEq :: Term -> Term -> Maybe [(Var, Term)]
unifyEq t@ t1@(SA (i, s))
Just s' <- inverseSubst $ narrowForInvertibility (freeVars t@) s
, let t' = substitute s' t@
not (Set.member i (skolemSet t'))
Set.isSubsetOf (freeVars t') (domain s)
= Just [(i, t")]
unifyEq tO@(SA _) t1 = unifyEq t1 to@
unifyEq _ _ = Nothing

-- | @narrowForInvertibility vs s@ removes pairs from @s@ if the
-- range is not a variable, or if the range is not a member of @vs@.
narrowForInvertibility :: Set Var -> Subst Term -> Subst Term
narrowForInvertibility vs (Subst xs) =

Subst [(i, V j) | (i, V j) <- xs, Set.member j vs]

inverseSubst :: Subst Term -> Maybe (Subst Term)

inverseSubst (Subst xs) = fmap Subst (go xs)
where
go [1 = Just []
go ((i, V j) : xs) = fmap ((j, V i) :) (go xs)
go _ = Nothing

Figure 2: Conditional unification

3.1 A look at skolemization

Figure 3 shows the function to replace existential quantifiers with
unification variables. This example is interesting because the com-
plexity of managing the scopes for both universal and existential
quantifiers considerably exceeds the canonical example of the rapier.

The skolemize function takes a set sf as an argument as well as
a finite map m as the state of a state monad. The set sf is the scope
set of variables that have been introduced with universal quantifi-
cation, and can appear free in the input formula. The finite map m
contains the variables that have been introduced with existential
quantification together with their own scopes, that is, the univer-
sally quantified variables in scope at the original existential binder.

We pass the map m as a monadic state, because we do not want
to generate the same unification variable for existential binders ap-
pearing on different subformulas, since unification variables scope
over the entire formula. For instance, the following formula

Vx3Jyx=yAVzIyz=y
should produce unification variables like

Vxx =y[x :=x] AVzz=w[x =x,2z:=2]

Facundo Dominguez and Arnaud Spiwack

skolemize :: Set Int -> Formula -> State (IntMap (Set Int)) Formula
skolemize sf (Forall v f) = do
m <- get
put (IntMap.insert v sf m)
f' <- skolemize (Set.insert v sf) f
pure (Forall v f')
skolemize sf (Exists v f) = do
m <- get
let u = if IntMap.member v m then
freshvar (Set.fromList (IntMap.keys m))
else
v
m' = IntMap.insert u sf m
put m'
let subst = fromListSubst [(v, SA (u, fromSetIdSubst sf))]
skolemize sf (substituteFormula sf m' subst f)
skolemize sf (Conj f1 f2) = do
f1' <- skolemize sf f1
f2' <- skolemize sf f2
pure (Conj f1' f2')
skolemize sf f@(Then (t@, t1) f2) = do
f2' <- skolemize sf f2
pure (Then (to, t1) f2')
skolemize _ f@Eq{} = pure f

Figure 3: Skolemization

It would be a mistake to call both unification variables y and w the
same. Their occurrences even have different scopes!

We expect the set sf to be a subset of the keys in m. This is to
reflect the fact that, for debugging purposes, we do not want uni-
fication variables to be called the same as universally quantified
variables. It is not a strict requirement, but one that makes the out-
put of skolemize considerably easier to read.

Yet, we do need to keep the scope set sf separate from the monadic
state because it is needed to construct the skolem function appli-
cations where existential variables are found.

Here is the refinement type signature of skolemize.

type ScopedFormula S = {f:Formula | isSubsetOf (freeVarsFormula f) S}

assume skolemize
;1 sf:Set Int
-> f:ScopedFormula sf
-> State
<{\m@ ->
isSubsetOf sf (IntMapSetInt_keys mo)
&& consistentScopes mo f

}

, {\m0 vm->
consistentScopes m v
&& existsCount v = @
&& isSubsetOf (freeVarsFormula v) sf
&& intMapIsSubsetOf m@ m
»
(IntMap (Set Int)) Formula

&

This type signature is, admittedly, a bit involved. However while
we were designing this case study, skolemize stayed without a re-
fined signature until pretty much the very end. This is possible
because the inherent subtyping of refinement types makes it easy
to use unrefined and refined functions together. Of course this pre-
vented us from having guarantees for the program end-to-end, but
it is fine to add guarantees only where you need them. What you
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choose to harden will not have to infect the rest of the program.
Which leads us to our next principle

PRINCIPLE 4. Functions with refined signature and without mix
well. You should first use refinement types on function with the best
power-to-weight ratio. You can incrementally add stronger types on
more functions as your program evolves.

Liquid Haskell helpfully lets us treat the state monad as equipped
with a Hoare logic State<pre,post>. The supporting code for the
refined state monad is not readily available in Liquid Haskell. It
probably should be, but in the meantime, it can be found in Liquid
Haskell’s test suite, so we simply copied it in the file State.hs®.

The main conjuncts of the postconditon are consistentScopes m
v and existsCount v = 0, the rest are invariants used by the recur-
sive calls of skolemize.

e existsCount v = @ means that skolemize returns a formula
without existential quantifiers. As it is a requirement of
unify.

e consistentScopes m v means that skolemize returns a for-
mula F such that all the occurrences of any unification vari-
able i in F have an attached substitution whose domain is
the scope of i as reported by m. This is our main scope in-
variant for this section.

While it is possible to define skolemize with a set of unification
variables in the state instead of a finite map, the map choice makes
easier to express the consistency of the unification scopes. Chang-
ing the functions to make them easier to explain is a topic which
we will find again later on.

This signature for skolemize cannot be checked with Liquid Haskell
today due to a bug, so we ended up assuming the refinement type
signature in keeping with Principle 1. The rest of the code does not
benefit less because of it.

3.2 The theory of unifykq

Let us now turn to the unifyEq function, which is a traditional unifi-
cation function: it takes an equation and returns definitions for its
unification variables. The refined signature that we give to unifyEq
statically enfoces scope checks, occurs checks, and the consistency
of scopes in the result and in the arguments.

type ConsistentScopedTerm S M =
{t:Term | isSubsetOf (freeVars t) S && consistentScopesTerm M t}

unifyEq
11 s:Set Int

m:IntMap (Set Int)

t0:ConsistentScopedTerm s m

t1:ConsistentScopedTerm s m

(VAR

4

\Z

-> Maybe
[(v::Var
, {t:Term

consistentScopesTerm m t}
&& isSubsetOfJust (freeVars t) (IntMap.lookup v m)
&& not (Set.member v (skolemSet t))
2l
The predicate consistentScopesTerm m t is only used in refine-
ment types, and checks that the domains of the unification vari-
ables’ substitutions in a term t are the scopes given by m.

6https://gilhub,com/tweaxg/iﬂZO25- liquidhaskell/blob/main/src/examples/State.hs
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IntMap (Set Int) -> Term -> Bool
consistentScopesTerm m (V _) = True
consistentScopesTerm m (SA (i, s)) =

IntMap.lookup i m == Just (domain s)

consistentScopesTerm ::

&& consistentScopesSubst m s
consistentScopesTerm m U = True
consistentScopesTerm m (L t) = consistentScopesTerm m t
consistentScopesTerm m (P t@ t1) =

consistentScopesTerm m t@ && consistentScopesTerm m t1

consistentScopesSubst :: IntMap (Set Int) -> Subst Term -> Bool
consistentScopesSubst m (Subst xs) =

all (\(_, t) -> consistentScopesTerm m t) xs

We would like to draw the reader’s attention to the parameters
of s and min the refinement type signature of the unifyEq function,
conspicuously absent in the implementation of Figure 2. This is be-
cause, in the source code, we have extended the implementation
of unifyEq and many other functions with these parameters. We
could reconstruct these scope assumptions in the functions’ pre-
conditions, but it is more involved, and requires a great deal more
lemmas to convince the SMT solver.

PRINCIPLE 5. It is easier to express properties and to use an SMT
solver when assumptions are explicit rather than reconstructing as-
sumptions that are implicit. Do not hesitate to pass assumptions as
arguments to functions, even if those arguments are not used by the
function.

Note that compilers typically remove such obviously unused ar-
guments during compilation. GHC certainly does. So there is es-
sentially no computational cost to these extra arguments anyway.

3.3 Totality and unify

There is not much more to add for the unify function, but let us
take this opportunity to talk about the totality requirement. Here
is its signature.
unify
: s:Set Int
=> m:IntMap (Set Int)
-> {f:ConsistentScopedFormula s m | existsCount f = 0}
-> Maybe
[(v:: Var
, { t:Term |
consistentScopesTerm m t
&& isSubsetOfJust (freeVars t) (IntMap.lookup v m)
&& not (Set.member v (skolemSet t))
3
)1 / [formulaSize f]

Notice the precondition existsCount = 0. It is not optional. In-
deed, the Exists case of unify in Figure 2 raises an error. Liquid
Haskell, however, requires functions to be total. We need this pre-
condition so that Liquid Haskell can prove that this case never oc-
curs.

This totality requirement is not necessary to refinement types
in general. However, in the case of Haskell, laziness lets us write
{-@ bad :: () -> { false } @-}
bad :: () > O
bad _ = let {-@ f :: { false } @-}

f = error "never happens"
in (\_ > ) f
It may seem that Liquid Haskell could accept this function because
f appears to prove false. In a strict language this would not be a
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big problem as bad would loop and any attempt at using bad would
diverge. But bad is actually a total function. Liquid Haskell rejects
bad because it fails to prove that f is total, hence refuses to accept
its signature.

This is also why the signature of unify ends with / [formulaSize
1. Liquid Haskell needs to prove that unify terminates and, be-
cause of the substitutions, unify is not a structurally recursive func-
tion. So Liquid Haskell needs a little help in the form of a termina-
tion metric. We use here the number of connectives in the argu-
ment formula, which is unaffected by substitution since we only
substitute inside terms.

3.4 Lemmas in Liquid Haskell

In the previous sections we have seen that the refined implemen-
tation can be different from the classical version by adding compu-
tationally irrelevant arguments. Another way in which they could
differ is with the addition of lemmas.

Take, for instance, the unifyFormula function which ties together
skolemize and unify, it differs from its classical implementation as
follows:

unifyFormula ::
unifyFormula s m f =
let m' = addSToM s m
- skf = skolemize s f
+ skf = skolemize s f ? lemmaConsistentSuperset m m' f
(f'', m"') = runState skf m'
in unify s m'' f'

This idiom e?p means “use lemma p when checking e”. Lemmas
are not used automatically, this is how Liquid Haskell is instructed
to use them with parameter values supplied by the user.

Lemmas, in Liquid Haskell, are ordinary functions. Proofs by
inductions arise from ordinary (total!) recursion. In the case of
lemmaConsistentSuperset the proof is entirely straightforward

{-e
lemmaConsistentSuperset
: m@:IntMap (SetInt)
-> {m1:IntMap (Set Int) | intMapIsSubsetOf m@ m1}
-> {f:Formula | consistentScopes m@ f}
-> {consistentScopes m1 f}
e-3
lemmaConsistentSuperset
:: IntMap (Set Int) -> IntMap (Set Int) -> Formula -> ()
lemmaConsistentSuperset m@ m1 (Forall _ f) =
lemmaConsistentSuperset m@ m1 f
lemmaConsistentSuperset m@ m1 (Exists _ f) =
lemmaConsistentSuperset m@ m1 f
lemmaConsistentSuperset m@ m1 (Conj f1 f2) =
lemmaConsistentSuperset m@ m1 f1
? lemmaConsistentSuperset mo m1 f2
lemmaConsistentSuperset m@ m1 (Then (t0, t1) f2) =
lemmaConsistentSupersetTerm m@ ml t@
? lemmaConsistentSupersetTerm m@ ml t1
? lemmaConsistentSuperset mo m1 f2
lemmaConsistentSuperset m@ m1 (Eq t@ t1) =
lemmaConsistentSupersetTerm md ml t@
? lemmaConsistentSupersetTerm m@ m1 t1

So straightforward, in fact that the proof was largely written
by Al-based code completion. Since lemmas do not have computa-
tional content ({p} is a shorthand for {_: () | p }), we only care

Set Int -> IntMap (Set Int) -> Formula -> Maybe [(Var, Term)]
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about the existence of a proof, making code completion particu-
larly useful. Liquid Haskell understanding the theory of finite maps
(see Section 3.5) is crucial in making this proof so terse.

The lemma lemmaConsistentSuperset uses an analogous lemma
lemmaConsistentSupersetTerm for terms, whose proof ultimately de-
pends on the following lemma which we must assume of the substi-
tution data type. Unsurprisingly, the substitution interface needs
to satisfy more properties than in Section 2.3 to accommodate uni-
fication variable scopes.

assume lemmaConsistentSupersetSubst

tromo:_
=> {ml:_ | intMapIsSubsetOf m@ m1}
-> {s:_ | consistentScopesSubst m@ s}

-> {consistentScopesSubst m1 s}

3.5 Extending Liquid Haskell to support intMap

Our unification case study uses the theory of finite maps. Liquid
Haskell, however does not support a theory of finite maps’. It is
possible to do without it. In a first approximation we did much of
this study in vanilla Liquid Haskell. But we lost out on automation:
we got more lemmas to prove and pass around. Properties like the
scope check, or the lemma lemmaConsistentSuperset, involved op-
erations on finite maps and were more convoluted.

To support this study, we implemented the theory of finite maps
for Liquid Haskell. It is not ready to integrate in future release yet,
for one thing: we only support finite maps with Int as their do-
main and Set Int as their codomain. It could easily be adapted for
any fixed domain and codomain types, but it is not yet a general
solution that can be instantiated at any domain or codomain type.
But our ultimate intent is to upstream these changes. Our modi-
fications can be found in the file if125-1iquidhaskell.patch® and
the file if125-1iquid-fixpoint.patch®.

The theory of finite maps is a good example of a theory that
Liquid Haskell wants to support: it is both powerful, and widely
applicable. Pragmatically, it is also one that is reasonably easy to
support with SMT solvers by translating it to the theory of arrays.

On the syntax front, Liquid Haskell allows to link a Haskell type
with a particular representation in the SMT solver.

{-@ embed IntMap * as IntMapSetInt_t @-}

Here we are indicating that IntMap b must be represented as
IntMapSetInt_t in the logic. IntMapSetInt_t is an alias for Array
Int (Option (Set Int)).An array is an entity that associates keys
with values, and which has an equality predicate, and it is defined
as one of the theories in SMT-LIB, the standard interface to SMT
solvers [2]. The keys in this case are integers, and the values are
either None if the key is not in the map, or Some s if the key maps
to a set s. The Option type is a copy of Haskell’s Maybe. We do not
reuse Maybe as Liquid Haskell’s framework to connect to the SMT
solver is reused for other languages (e.g. [8]), and we prefer to keep
the implementation free of language specific details. Here is the
declaration of the Option data type in SMT-LIB.

(declare-datatype Option (par (a) (None (Some (someVal a)))))

"Issue to support maps in the Liquid Haskell repository: https://github.com/ucsd-
progsys/liquidhaskell/issues/2534
8https://github.com/tweag/iﬂZOZ57liq\.\idhaskell/blob/main/src/patches/iﬂZSfliquiclhaskell.patch
9https://github,com/twealg/iﬂZO25-liquidhaskell/blob/main/src/patches/ileS-liquicl-fuq)oint.patch
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We arranged for Liquid Haskell to include this declaration in
the preamble of any queries to the SMT solver. The types Array,
Int, and Set are already known to the tooling. It does not matter
what type b is instantiated to, the embed annotation will always set
the same representation for IntMap b, and this is a limitation that
would need to be addressed to support maps properly.

The array theory allows to describe how to retrieve the value
associated with a key, and how to update the value. On the Haskell
front, we link these operations to those of the IntMap b type.

define IntMap.empty = (IntMapSetInt_default None)
define IntMap.insert x y m = IntMapSetInt_store m x (Some y)
define IntMap.lookup x m =
if (isSome (IntMapSetInt_select m x)) then
(GHC.Internal.Maybe.Just (someVal (IntMapSetInt_select m x)))
else
GHC.Internal.Maybe.Nothing

The operations IntMapSetInt_default, IntMapSetInt_store, and
IntMapSetInt_select are aliases that we implemented in Liquid
Haskell to call to the array operations. In the case of lookup, we
translate the Option type to Haskell’s Maybe.

The implementation of union, intersection, difference, and sub-
set checks for maps, however, need operations beyond the stan-
dard interface, and not all SMT solvers can support them. In our im-
plementation we used the map operation of the Z3 SMT solver. The
following snippet contains the implementation of intMapIsSubsetOf
in SMT-LIB, and we also feed these declarations to the SMT solver
in a preamble to the queries.

; Similar to do {a@ <- 0a@; al <- oal; guard (a@ /= al); pure ad}
(define-fun difference_strict_p2p
((0a@ (Option (Set Int)))
(oal (Option (Set Int))))
(Option (Set Int))
(match oa@
((None None)
((Some a@) (match oal
((None 0a®)
((Some al) (ite (= a@ al) None 0a0))))))))

; Similar to: empty == zipWith difference_strict_p2p xs ys
; where zipWith applies the function pointwise to the values in the
; arrays
(define-fun IntMapSetInt_isSubsetOf

((xs (Array Int (Option (Set Int))))

(ys (Array Int (Option (Set Int)))))
Bool
(= ((as const (Array Int (Option (Set Int)))) None)
((_ map IntMapSetInt_difference_strict_p2p) xs ys)))

Besides the limitation of the embed annotation, another barrier
for proper support is that old versions of SMT-LIB require user
defined functions to have monomorphic types. This means, for in-
stance, that the type of IntMapSetInt_isSubsetOf cannot be gener-
alized to work on any IntMap.

While newer versions of the standard allow for polymorphic
types, these still need to be implemented by SMT solvers. Until the
implementations catch up with the standard, feeding operations
with monomorphic types will require Liquid Haskell to be smart
about generating these operations with the appropriate types, in-
stead of putting them in a preamble once and for all queries.

Conference’17, July 2017, Washington, DC, USA

4 Evaluation

The substitution case study of Section 2 allows for a direct compar-
ison between type methods and refinement type methods. We can
see that the trusted code base of the Liquid Haskell version of Sec-
tion 2.3 is quite small compared to that of the foil [12] (reviewed
in Section 2.1). This is in large part because refinement types can
enforce invariants without the need for abstract types, and such
an open interface can be extended by the user. Contrast with the
abstract-type approach where you have to design, upfront, a set of
invariant-preserving operations sufficient to express downstream
programs. None of these functions will benefit from the abstract
types invariant, hence will be part of the trusted code base. Even
when we mix refinement and abstract types as in Section 2.4, we
do not have quite as large a trusted code base to consider.

This is not to mean that refinement types are superior to type ab-
stractions. They are best at enforcing different types of invariants,
as discussed in Section 2.4.

When the invariants of a program naturally involve mathemat-
ical objects such as arithmetic or sets, refinement types are likely
to be more approachable, requiring less careful a design than com-
ing up with an encoding inside and ML-like type system. Propos-
ing refinement type signatures requires determining appropriate
invariants for a task, which is a requisite for any static checking
approach. But it doesn’t impose the burden of encoding the invari-
ants with lower-level constructs. On the other hand, when a pro-
gram needs a theory that Liquid Haskell, say, does not have sup-
port for, it may not be that clear and the program author may need
to mobilize comparable effort for refinement types as she would
have for an abstract-type encoding.

Error reporting. A type-checker approach, however, is likely to
produce error messages that are easier both to understand and to
fix, provided that the user goal is feasible. The user is guided into
correcting the errors by the types and the operations of the sup-
porting library. With SMT solvers, there is always the question of
whether a goal is provable or not in the theories at hand. Is there
some additional lemma that is necessary about the user defined
functions? The user has to figure it out on her own. How are the as-
sumptions insufficient to prove the goal? The user has to compute
it on her own too, although it is plausible that counterexamples or
better location information [22] can be offered when the tooling
matures.

But there are informative error messages too. Let us consider
the lemma lemmaConsistentScopesSubst discussed in Section 3.2. If
we drop this lemma from the definition of unifyEq, we get the fol-
lowing error message (heavily edited for presentation):
publications/ifl25-rtdd/examples/Unif2.hs:580:18: error

Liquid Type Mismatch
The inferred type
: Subst {v :

Set_com Set.empty == domain ss'}
is not a subtype of the required type

ss' : {ss' Term | consistentScopesTerm m v}

VV : {VV : Subst Term | consistentScopesSubst m VV}
in the context
?g : {?g : Maybe (Subst Term) |

?g == Just ss'
&& ?g == inverseSubst s m
(narrowForInvertibility (freeVars t1) ss)}
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t0 : {to : (Int, (Subst Term)) | t@ == SA (i, ss)
isSubsetOf (freevars t0) s
&& consistentScopesTerm m t0}
t1 : {t1 : Term |
isSubsetOf (freevVars t1) s
&& consistentScopesTerm m t1}

i Int
: Set Int
: IntMap (Set Int)
ss : Subst Term
Constraint id 168
|
578 | , let t' = substitute (freeVarsSubst ss') m ss' t1

| AAA

3 o0

We can get quickly that the predicate in the required type is one
of the conjuncts in the refinement type of a parameter of substitute.
That is ConsistentScopedSubst, a type alias we declared in the same
module, and in this case expands as follows.

{ss':Subst Term |
isSubsetOf (freeVarsSubst ss') (freeVarsSubst ss')
&& consistentScopesSubst m ss'
}

To get at the missing lemma, in this case we only need to con-
nect the predicates in the inferred and the required refinement
types. Let us prune the irrelevant bits from the error message first.

The inferred type
ss' : Subst {v :
is not a subtype of the required type
VW oo {W

Term | consistentScopesTerm m v}

Subst Term | consistentScopesSubst m VV}

And then we can substitute VV by ss' in the goal, which gives
pretty much the lemma statement.
The inferred type
ss' : Subst {v :
is not a subtype of the required type
: {ss' : Subst Term | consistentScopesSubst m ss'}

Term | consistentScopesTerm m v}

ss

When there are static check failures, insight is often necessary
to identify a missing lemma or a missing precondition. Recursive
functions like skolemize start with a core set of conjuncts that
sometimes needs to be grown as static checks reveal the need of
stronger postconditions for the result of the recursive calls.

Maturity. Maybe relatedly, the maturity of refinement type check-
ers in general, and Liquid Haskell in particular, is rather lacking
still. We have encountered a non-negligible number of bugs (18) in
the Liquid Haskell tooling and usability issues while conducting
our study. Our source code contains comments explaining the de-
fects where we were affected. The sources of most of these defects
seem to locate in the Liquid Haskell implementation rather than
the SMT solver, and there was an issue encountered in the SMT
solver??. Fortunately, none of them look very difficult to address,
but they do have a severe impact on user experience in aggregate.

Besides, Liquid Haskell lacks support for many standard fea-
tures of Haskell. In our code we have been using the simplest pos-
sible style of programming. There are no GADTs, no type families,
and minimal use of type classes (since Liquid Haskell has some
support for type classes [10]). At the moment, pushing for more

1We found a problem in the Z3 SMT solver, which sprung some follow up issues
further linked in the original issue: https://github.com/Z3Prover/z3/issues/7770
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demanding programming patterns is likely to surface more incon-
veniences. Aiming for the simplest style is, therefore, a pragmatic
constraint of the current implementation. For further insight on
the challenges of using Liquid Haskell, Gamboa et al. [6] report on
a study that collects the voices of its users.

On the performance front, all of the SMT-LIB queries in the uni-
fication example run in 11 seconds, 0.04 seconds for Subst2.hs, and
0.03 seconds in Subst1.hs. That is sometimes faster than compil-
ing a module with the GHC compiler. Where things get slower
is when measuring Liquid Haskell end-to-end, which spends sev-
eral seconds checking the examples and interacting with the SMT
solver (3 minutes when checking unification, 4 seconds checking
Subst2.hs, 1.5 seconds checking Subst1.hs). The authors deem that
performance of Liquid Haskell can be improved to approach that
of the SMT solver queries, and probably further by reducing the
number of queries.

Composability. Perhaps one of the biggest compromises when
encoding properties in the type-checker is that one needs to nar-
row the expressible properties to a feasible set that allows to write
a supporting library. If we wanted to have static checks like those
of the unification example, we would need new type encodings. Or
in other words, new type indices need to be conceived to relate the
parameters of our functions.

skolemize :: Scope sy ...sp
— Formula fi ... f;
— State t; ...t (Scope ey ...e) (Formulao; . ..op)

Then there would be the effort of writing a library, and later
on there would be the effort of composing the encodings of dif-
ferent libraries when more than one such is needed. Suppose we
started with the static checks to avoid name captures as in Sec-
tion 2, and we wanted to add the scopes checks required to deal
with unification variables. With refinement types we need to add
the corresponding conjuncts to the refinement types, and perhaps
some phantom parameter like m here.
substituteFormula

: s:Set Int

-> m:IntMap (Set Int)
-> ss:ConsistentScopedSubst s m
-> {f:ScopedFormula (domain ss) | consistentScopes m f}
-> {v:ScopedFormula s |
formulaSize f == formulaSize v
&& consistentScopes m v
&& existsCount v = existsCount f

}

Besides the usual scope checks, we are checking that the size of
the formula is preserved, that the amount of existential binders is
preserved, and that the unification scopes in the output are those
in the input formula and in the range of the substitution. We also
check that substitution preserves the consistency of the unification
scopes.

5 Comparable systems

Liquid Haskell is not the only tool reaching to SMT solvers for
static checks. The most similar tool is F* [18], which is based on
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a refinement type system as well. Another family of related sys-
tems are those with Hoare-style pre- and post-conditions to func-
tions such as Why3 [4] and Dafny [11] (impure functional pro-
gramming languages), or ESC/Java [5] and Frama-C [7] (impera-
tive languages).

All of the above systems could have served as a vehicule for our
case study, though the further we go down that list, the more dif-
ferent the language is too Liquid Haskell, and the more adaptation
that would require. The type systems also get weaker and the latest
the language is in the list, the more one has to lean on the SMT for
static checks.

6 Conclusions
The tooling is not ready for widespread use. Yet it is plausible that

in a decently close future, we have access to SMT solvers and refinement-

types to assist us in our programming.

Refinement types enable a more direct expression of properties,
particularly when the SMT solver supports the relevant theories.
Reasoning mechanisms are reused from the existing tooling, in-
stead of encoding them in the type checker. This makes easier both
to enforce our own invariants and to compose properties coming
from different sources.

The generality of the approach, and the simplicity with which
it enables composition of different properties, are unique features
that make it a strong candidate to impact programming practice in
the future.

Through our two case studies, we have tried to make a first step
in understanding how we will be best able to leverage future such
tools, even in situations where we can manage to use current type-
checkers today. As a closing note, let us reproduce the principles
that we have proposed throughout the article.

PrINCIPLE 1. Typically, refinement types allow you to reduce the
trusted code base, but they also offer you a choice. When it is easier
to prove a result by hand than with the SMT solver, you can assume
the property and justify it informally.

PRINCIPLE 2. Refinement types add a layer of subtyping on top of
your type system. When your program is best modeled with subtyp-
ing you should consider refinement types.

PRINCIPLE 3. Refinement types and abstract types are best at en-
forcing different kind of properties. You should use the simpler solu-
tion for each property that you need, as refinement types and abstract
types mix well.

PRINCIPLE 4. Functions with refined signature and without mix
well. You should first use refinement types on function with the best
power-to-weight ratio. You can incrementally add stronger types on
more functions as your program evolves.

PRINCIPLE 5. It is easier to express properties and to use an SMT
solver when assumptions are explicit rather than reconstructing as-
sumptions that are implicit. Do not hesitate to pass assumptions as
arguments to functions, even if those arguments are not used by the
function.
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Unrestricted Grammar Design and Visualization

A Design Recipe and Dynamic Visualization Tool
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Abstract

Unrestricted grammars are an integral part of many Formal Lan-
guages and Automata Theory courses. Typically, Computer Sci-
ence students struggle developing such grammars given that most
courses restrict design to pencil and paper. A new trend in Formal
Languages and Automata Theory education takes a programming-
based approach. Such an approach allows students to get immediate
feedback on their designs before submitting for grading or devel-
oping a correctness proof. Nonetheless, developing unrestricted
grammars remains a challenging and frustrating task for many
students. This article presents a novel design recipe and dynamic vi-
sualization tool to help students implement unrestricted grammars.
The design recipe provides scaffolding steps to guide students from
a problem statement to a verified implementation. Given a grammar
and a word in the grammar’s language, the dynamic visualization
tool displays a step-by-step creation of a history-preserving deriva-
tion graph. In addition, when provided with an invariant predicate
for the yield of the derivation graph, the dynamic visualization tool
uses node coloring to indicate if the invariant holds. The imple-
mentation of the visualization tool is discussed. Empirical results
suggest that the use of a heuristic search and the use of a boot-
strapped skew binomial heap to implement a priority queue have a
significant impact on performance. In addition, empirical results
from a formative human-factors study are presented. These results
suggest that students find the tool useful to understand and debug
unrestricted grammars. The broad implications and the limitations
of the human-factors study are also discussed.
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- Software and its engineering — Domain specific languages;
Functional languages; « Theory of computation — Gram-
mars and context-free languages; - Applied computing —
Education; - Human-centered computing — Visualization.

Keywords

Unrestricted Grammar, Derivation Visualization, Formal Languages
and Automata Theory Education, Functional Programming, Design
Recipes, Grammar validation and verification

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for components of this work owned by others than the
author(s) must be honored. Abstracting with credit is permitted. To copy otherwise, or
republish, to post on servers or to redistribute to lists, requires prior specific permission
and/or a fee. Request permissions from permissions@acm.org.

Conference’17, Washington, DC, USA

© 2025 Copyright held by the owner/author(s). Publication rights licensed to ACM.
ACM ISBN 978-x-xxxx-xxxx-X/YYYY/MM
https://doi.org/10.1145/nnnnnnn.nnnnnnn

Andrés M. Garced
Seton Hall University
South Orange, NJ, USA
maldona2@shu.edu

Tijana Mini¢
University of Washington
Seattle, WA, USA
tminic@uw.edu

ACM Reference Format:

Marco T. Morazan, Andrés M. Garced, and Tijana Mini¢. 2025. Unrestricted
Grammar Design and Visualization: A Design Recipe and Dynamic Visual-
ization Tool. In . ACM, New York, NY, USA, 13 pages. https://doi.org/10.114
5/nnnnnnn.nnnnnnn

1 Introduction

Formal Languages and Automata Theory (FLAT) textbooks (e.g., [25,
27, 28, 32, 39]) expose students to unrestricted grammars (urgs)!.
Such grammars are the counterparts of Turing Machines (tms).
Whereas Turing machines decide or semidecide a language, unre-
stricted grammars generate words in recursively enumerable lan-
guages. It is important for students to study such grammars because
they are used extensively, for example, in natural language pro-
cessing [22, 23, 42] and in visual programming languages [4]. More
recently, closely related grammars, called mildly context-sensitive
grammars, are used to improve the complexity of determining word
membership in a language [16, 24].

Most FLAT textbooks do not provide guidance for the system-
atic development of urgs. Instead, the unspoken assumption is that
students learn to develop them by studying a few examples. Further-
more, unlike for regular grammars (rgs) and context-free grammars
(cfgs), the visualization of word derivations is commonly not ad-
dressed. In fairness, this is likely due to the complexity involved in
visualizing derivations using urgs. For rgs and cfgs, it suffices to
present a derivation tree for a given word. Such a visualization pre-
serves the derivation history (i.e., the production rules used) to help
students understand how rules are nondeterministically applied.
For unrestricted grammars, word derivation visualization is more
complex given that a substitution context may involve mutating
several elements in the yield to become several different elements
or none at all. Thus, requiring using a derivation graph to visualize
a derivation in which nodes have multiple predecessors.

To address these problems, the domain-specific language FSM
(Functional State Machines)-embedded in Racket [13]-was devel-
oped for the FLAT classroom. In FSM, programmers may define urgs
and use them to derive words. Tightly-coupled with FSM is the text-
book Programming-Based Formal Languages and Automata Theory
(PBFLAT) [32]. It presents a design recipe for grammar development.
A design recipe is a series of steps, each with a specific outcome,
that guide the design and implementation of urgs. Design recipes
were first developed by Felleisen et al. to teach beginners how to
program [10] and later expanded by Morazan to a two-semester
curriculum for beginners. In PBFLAT, Morazan extends the use of
design recipes to the FLAT classroom. Recently, he extended the

ISuch grammars are also referred to as Type-0 in the Chomsky hierarchy [7].
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grammar design recipe found in PBFLAT with verification steps to
develop cfgs [34].

This article extends the design recipe work done for cfg verifica-
tion to urg verification. In addition, it presents a dynamic visualiza-
tion tool for word derivation using urgs. Given a urg and a word
in the grammar’s language, the tool presents a history-preserving
step-by-step construction of a derivation graph. To aid in gram-
mar validation and verification, the dynamic visualization tool also
accepts an optional user-defined invariant predicate as input. The
invariant predicate tests if the (current) yield satisfies properties
that must hold for the grammar to be correct. In this manner, stu-
dents can test their design and implementation before submitting
for grading or attempting a proof.

The article is organized as follows. Section 2 briefly presents
the syntax for urgs in FSM, the grammar design recipe, and the
new verification steps. Section 3 presents the dynamic visualization
tool for word derivation using urgs. Section 4 discusses the imple-
mentation of word derivation and presents empirical performance
measurements. Section 5 presents how the dynamic visualization
tool is used for debugging. Section 6 presents the results of a forma-
tive human-factors study conducted to test the effectiveness of the
tool and discusses its implications and limitations. Section 7 com-
pares and contrasts with related work. Finally, Section 8 presents
concluding remarks and directions for future work.

2 Unrestricted Grammars in FSM

2.1 Syntax

The 4-input urg constructor is make-grammar and its signature
is: N 2 R S — urg. The arguments from left to right correspond
to the nonterminals, the input alphabet, the production rules, and
the starting nonterminal. Each production rule in R is of the form
a — f, where a is a nonempty arbitrary number of nonterminal
and terminal symbols containing at least one nonterminal and
is an arbitrary number of nonterminal and terminal symbols. The
interface for urgs includes an observer for each component. For in-
stance, grammar-nts returns N and grammar-rules returns R. The
observer grammar-derive, given a grammar and a word, returns
a trace of the derivation rules used when the given word is in the
given grammar’s language. Given that determining word member-
ship in the language of an unrestricted grammar is undecidable
[25, 32], grammar-derive may not terminate when given a word
not in the grammar’s language.

An embedded domain-specific language is used to write FSM
unit tests. This embedded language includes check-derive? and
check-not-derive?. Each requires a grammar and an arbitrary
number of words. Both use grammar-derive to test each word. If
the correct result is achieved for all words the test passes. Otherwise,
a failed test is reported and the words that made the test fail are
highlighted in the code. Unit tests must be written with care because,
as mentioned above, grammar-derive may not terminate when
given a word not in the grammar’s language.

2.2 Design Recipe for Grammars

To provide design scaffolding, students are presented with the de-
sign recipe for urgs displayed in Figure 1. The first six steps consti-
tute the design recipe for grammars defined in [32]. Step 1 asks for

Morazan, Garced, and Mini¢

Figure 1 The Design Recipe for urgs

(1) Pick grammar name and specify the input alphabet

(2) Define the needed nonterminals and specify the starting
nonterminal

(3) Develop the production rules

(4) Write unit tests

(5) Implement the grammar

(6) Run the tests and redesign if necessary

(7) Develop a loop invariant predicate for derivation

(8) For words in L(G), prove invariant predicate holds

(9) Prove that L = L(G)

a meaningful grammar name and the input alphabet. Step 2 asks
the student to define the meaning of needed nonterminals. In this
step, both a design idea for derivation and generation “promises”
are developed. At this point, these promises define, in informal lan-
guage, how terminal symbols are generated. Based on the results
of Steps 1 and 2, Step 3 asks for the development of the production
rules. Step 4 asks for unit tests. The tests must include words in
the grammar’s language. Tests for words not in the grammar’s lan-
guage may be written as comments. Step 5 asks for the grammar’s
implementation. Step 6 requires running the tests from Step 4. If
tests fail or there are construction errors, debugging is done by
revisiting the answers for the design recipe steps performed.

Steps 7-9 (highlighted in green) are the new grammar verifica-
tion steps for urgs. These steps are inspired by analogous verifica-
tion steps developed for rgs and cfgs [34]. To describe these steps
assume that the language is L and the grammar is G. For Step 7, stu-
dents are encouraged to think of the production rules as performing
mutations on the yield of a derivation graph. At a high-level of
abstraction, the derivation process is described as follows:

while (contains-nonterminals? yield)
apply-rule()

The apply-rule procedure mutates the yield by nondeterminis-
tically applying a rule in G that leads to a successful derivation.
At this point in the course, students feel comfortable enough with
nondeterminism to accept this abstraction. Step 7 asks for the im-
plementation of a loop-invariant predicate (akin to what is required
by program verification using Hoare logic [19, 21]). This predi-
cate takes as input a yield and tests conditions that must be true
to establish grammar correctness. Step 8 asks for a proof that for
weL (G) the loop invariant holds throughout the derivation process.
This proof is done by induction on the number of times the loop is
executed. Building on Step 8, Step 9 asks for a proof that L = L(G).

2.3 An Illustrative Example

To illustrate the design recipe in action, we develop a urg for
L={w|w=a"b"c", ne N3. Figure 2 displays the developed urg. The
results for Step 1 are displayed on lines 8 (grammar name is anbncn)
and 10 (the input alphabet is (a, b, ¢)).

For Step 2, students outline a design idea for word generation:

(1) Generate an arbitrary number of ABC

(2) Rearrange As, Bs, and Cs to A"B"C"

(3) From As, Bs, and Cs, first generate cs, then bs, and finally
as
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Figure 2 An FSM urg for a"b"c"

Figure 3 Loop invariant for grammar displayed in Figure 2

1 #lang fsm

s (define anbncn

o (make-grammar '(S AB C GHI)

10 (@b c)

1 "((S > €) (S — ABCS) (S — G)
12 (BA — AB) (CA — AC) (CB — BC)
3 (CG — Gc) (BG — BH) (BH — Hb)
1 (AH — AI) (AI —» Ia) (I — €))
15 )]

17 (check-derive? anbncn '(@ab c) '(@abbcc) 'Q)

The generation of terminal symbols must be done in the right
context. A c is only generated when everything to the right (in the
yield) is a c. A b is generated when everything to the right is an
arbitrary number of bs followed by cs. An a is generated when
everything to the right is an arbitrary number of as followed by
an arbitrary number of bs which are followed by cs. Throughout
the derivation process, |A|+|a|=|B|+|b|=|C]|+|c].To achieve the
correct generation of terminals, I is used to generate as, H is used
to generate bs, and G is used to generate cs. To satisfy Step 2, the
role of the nonterminals is documented on lines 3-7.

For Step 3, the production rules are displayed on lines 11-14.
The rules for S on line 11 generate an arbitrary number of ABC (sat-
isfying the first step of the design idea) ending with a G to start the
generation of cs. The rules on line 12 rearrange the nonterminals
to be in the right order (satisfying the second step of the design
idea). The rules on lines 13-14 generate the nonterminals in the
right context.

For Step 4, the unit tests are displayed on lines 17-18. The pro-
gram in Figure 2 satisfies Step 5. Running the program reveals that
there are no errors and all the tests for words that ought to be in
L (anbncn) pass.

For Step 7, students develop a predicate for the loop invariant.
The design from Step 2 suggests the following conditions need to
be invariant:

e Number of A/a = number of B/b = number of C/c

o The yield contains at most one of the following nontermi-
nals: S, G, H, I

Seyield = yield ends with S

Geyield = yield ends with Gc*

Heyield = yield ends with Hb*c*

Ieyield = yield ends with Ia*b*c”

yieldeX* = yieldeL

The resulting predicate is displayed in Figure 3. In the interest of
brevity, the auxiliary predicates are not displayed.

1

; (define (anbncn-inv yield)

+ (and (equal-num-abc? yield)

5 (one-of-S-G-H-I? yield)

6 (implies (member 'S yield) (S-INV yield))

7 (implies (member 'G yield) (G-INV yield))

3 (implies (member 'H yield) (H-INV yield))
(implies (member 'I yield) (I-INV yield))

10 (implies (no-nt? yield) (in-L? yield))))

For Step 8, students prove that the loop invariant holds by in-
duction on, n, the number of rules applied (or equivalently on the
number of times the loop is executed). The base case is established
for n=0 as follows:

The yield only contains S. Observe that the only
nonterminal is S and the yield ends with it. Thus,
the loop invariant holds.

The inductive step is established by assuming that the loop invariant
holds and showing that it holds after applying a rule. For instance,
consider the use of CG — Gc. The needed Hoare triple is:

;3 yieldeXCGc*, where X is everything before C
apply-rule()
;5 yield=XGec* = yieldeXGe* = anbncn-inv
The precondition holds because we assume anbncn-inv holds (i.e.,
by inductive hypothesis). The post condition holds because a G
remains in the yield, the C before G in the yield is removed, and a ¢
is added to the end of the yield. Such a triple is developed for all
rules and in the interest of brevity they are omitted.
For Step 9, a proof for L = L(anbncn) is required. This is estab-
lished as follows:
Assume weL
This means w=a"b"c". Given that the loop invariant
always holds, there is a derivation starting with S
that yields w. Thus, welL(anbncn).

Assume wel (anbncn)

Given that the loop invariant always holds, any yield
generated starting with S must be of the form a"b"c".
Thus, weL.

It is noteworthy that Steps 8 and 9 are not beyond any Computer
Science student that has taken an Introduction to Discrete Mathe-
matics course.

3 Dynamic Visualization Tool

Despite working with a design recipe, designing and implement-
ing urgs remains a difficult task for some students. To further aid
students in their efforts to understand urgs, a new dynamic visu-
alization walks students through the steps of a derivation. Given
as input a grammar, a word in the grammar’s language, and, op-
tionally, a loop invariant predicate, the tool visually traces rule
applications used in the word’s derivation. At each step, it displays
a derivation graph that preserves the history of rules applied. In
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Figure 4 Snapshots of the dynamic visualization tool.

Figure 5 urg for i"bi™bi™™.

(b) After swapping A and C.

addition, the yield nodes are filled in green or red, respectively, to
indicate whether the invariant holds or fails when the predicate is
provided.

To reduce the extraneous cognitive load associated with how
to use and understand the tool, development follows the Norman
principles of effective design [36]. These principles are applied
as done previously for other FSM visualizations [15]. Snapshots
of the dynamic visualization deriving '(a a b b ¢ c¢) using
the grammar from Figure 2 are displayed in Figure 4. There are
3 vertically aligned parts: the derivation graph, the informative
messages, and the instructions. In the derivation graph, circular
nodes denote elements in the (current) yield, which are always
aligned at the bottom for reading ease. Hexagon nodes denote prior
yield elements that have been replaced. The informative messages
consist of three parts: the last production rule used, the word being
derived, and the current yield. In this manner, the user is provided

information to understand the current state of the visualization.

The instructions contain a graphic for each action available to the
user. The user may interact with the visualization via keystrokes
or by clicking the instruction graphics with the mouse. The first
four graphics, the arrow keys, allow the user to navigate through
the visualization. The cursor graphic informs the user they may
use their mouse to move the derivation graphic, and scroll the
yield or word being derived when they are too long to fit within
the visualization frame. The next four key icons are for zooming

1 #lang fsm

; (define ADD-CSG
1+ (make-urg

"(SAETI
6 "(b 1)
7 “((S — AbAbE)

(A — ,e) (A — iIA)

9 (Ii — iI) (Ib — bI) (IE — Ei)
10 (E — ,€))
1 'S))

actions. Finally, the last two graphics scroll to the beginning and
the end of the informative messages.

The informative message for the last production rule used and
the last nodes changed in the derivation graph are color coded to
correspond. For example, in Figure 4a the last rule used is: S — ABCS.
The S is highlighted in light blue and ABCS is highlighted in pink.
The corresponding nodes in the derivation graph are highlighted
using the same colors. The S expanded is rendered as a hexagonal
node given that it has been substituted.

The history of the derivation is preserved by the paths in the
derivation graph. For instance, Figure 4b displays the state of the
visualization after one step forward from the state displayed in
Figure 4a. The rule used is: CA — AC. Given that CA is expanded, it
is rendered as a hexagonal node. The predecessors of CA are the
two S nodes, which indicate that the elements in CA were generated
by the two S nodes. In this case, the root S generated the C and the
other S generated the A.

If the loop invariant predicate is provided, the yield nodes are
color-filled to indicate if the invariant holds: green if it holds and
red if it does not hold. Figure 10 displays a dynamic visualization
snapshot when the loop invariant does not hold. Observe that the
coloring of the yield nodes clearly communicate this fact.

4 Implementation

4.1 Design

There are two primary sets of technical challenges that are faced
when developing a visualization tool for derivations using a urg.
The first is the generation and storing of images. These challenges
are addressed by the use of a restricted form of parallelism for im-
age generation and the use of thunks to store images in nonvolatile
memory as done for all FSM visualizations [15]. The second is the
generation of a derivation. The search for a derivation using a urg
is difficult, because the search space may grow exponentially. To
illustrate this, consider deriving ' (i i b i b i i i) usingtheurg
for valid unary-addition words displayed in Figure 5. The language
of the grammar is L = i"bi"bi™". This grammar nondeterministi-
cally generates the unary arguments using the nonterminal A. For
each terminal symbol, i, generated, a nonterminal symbol, I, is
generated for the generation of the result’s corresponding unary
number. The Is are migrated to the end of the yield where E is
used to generate the result’s corresponding, i, terminal symbol.
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Figure 6 Depiction for the search space to derive '(i 1 b i b i i i).
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The derivation search space may be described as a tree, where each
tree path represents a (potential) derivation. Some paths may be
infinite given that a derivation may not terminate. Figure 6 dis-
plays a representation of the tree-like search space for '(i i b i
b i i i).In the graphic, each step in the derivation is denoted
by the length of its yield. At the root, there is a single derivation,
(S), containing the starting nonterminal. Thus, 1 is the root in the
search space’s rendering. There is a single rule that applies to S. As
a consequence, there continues to be a single derivation, (AbAbE
S), at the next level of the tree, whose yield has length 5. Briefly,
the next level of the tree captures that two rules apply to either A
and one rule applies to E resulting in 5 possible derivations (due
to space limitations 2 derivations are captured by ellipsis): two of
length 7 by applying (A -> iIA) to each A, two of length 4 by
applying (A —> €) to each A, and one of length 4 by applying (E
-> €).

Initially, a breadth-first traversal of the search was implemented.
Although this implementation strategy works well for short words,
it quickly became apparent that for words of modest length deriva-
tion became a bottleneck. This resulted in students becoming frus-
trated when using the tool. Simply stated, the performance of a
(standard) breadth-first traversal of the search space degrades too
quickly.

To improve performance, the well-known path-finding A* algo-
rithm [14] is used to perform a heuristic search for a derivation.
Heuristic development was led by two goals: favor finding the
shortest derivation and avoid exploring infinite derivations. To this
end, the heuristic converged on is: explore the derivation with the
shortest yield first. By exploring the shortest yield first, two expec-
tations are pursued: explore infinite derivations that always make
the yield longer less frequently and favor exploring derivations that
are likely obtained using fewer derivation steps. The heuristic, of
course, is not infallible. A programmer, for example, can write a
urg that artificially makes derivations longer. Thus, defeating the
purpose of the heuristic, which will not find a derivation faster by
exploring shorter yields. We are, therefore, betting on programmers
writing grammars to generate short derivations.

To make the heuristic search more efficient, derivations must be
accumulated in a manner that makes finding the derivation with

Figure 7 Word derivation impleentation.

1

; (define (urg-derive word derivs generated-yields)
s+ (if (heap-empty? derivs)
'O

6 (letx ([first-deriv (find-min derivs)]
7 [next-yields
8 (filter (A (yd) (same-len? word yd))

(apply-one-step
10 (car first-yield)
1 generated-yields))])
12 (if (member word next-yields)
13 (reverse (cons word first-deriv))
(let* ([new-derivs
15 (map (A (yd)
16 (insert-queue yd
17 first-yield))
18 next-yields)]
19 [new-generated-yields
20 (set-union next-yields

generated-yields)]
22 [new-derivs
(add-queue

new-derivs

(delete-min-queue tovist))])
26 (urg-derive word

new-derivs
new-generated-yields)))

the shortest yield fast. To this end, a priority queue that maintains
the derivations sorted by the length of their yield is used. The imple-
mentation of the derivation algorithm is outlined in Figure 7. The
function urg-derive returns, if it exists, a derivation for the given
word using a priority queue of derivations and a set of yields previ-
ously generated. Initially, the queue of derivations contains a single
derivation for the starting nonterminal and the set of generated
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yields only contains a yield consisting of the starting nonterminal. If
the queue of derivations is empty, the empty derivation is returned
(line 5), given that the given word cannot be derived. Otherwise,
the first queue element (i.e., the derivation with the shortest yield)
is used to create new yields (lines 7-11). New yields are generated
by an auxiliary function, apply-one-step, that only returns yields
that have not been generated before, thus, avoiding repeated ex-
ploration and getting caught in some infinite derivations. The new
yields are filtered to remove any that only contain terminal symbols
that are not of the same length as the given word (this is done by
the auxiliary function same-1en?). If the given word is a member of
the new yields generated, the found derivation is returned (line 13).
Otherwise, urg-derive is recursively called with the given word,
anew queue of derivations obtained by adding the new derivations,
and a new set of generated yields obtained by adding the newly
found yields (lines 14-25).

To briefly illustrate the derivation algorithm, consider how the
algorithm proceeds when the priority queue contains the deriva-
tions denoted by level 2 of the tree in Figure 6. Recall that there are
5 derivations: two of length 7 and three of length 4. The shortest
derivation is processed first (i.e., any of the 3 derivations of length
4). These derivations fail to derive '(i i b i b i i i) or pro-
duce yields that are no longer the shortest (e.g., the yields of length
longer than 7 depicted under the subtree rooted at 4). When this
occurs, the algorithm backtracks to explore the derivation with the
shortest yield accumulated in the queue (e.g., 4’s siblings of length
7).

4.2 Performance

Two criteria are used to measure performance. The first measures
the number of times a production rule is applied during the search
of a derivation. This aims to give an indication of how much work
is performed by the derivation algorithm. The second measures
execution time using different priority queue implementations. This
aims to determine the best data structure to use to implement a
priority queue.

Measurements are presented using two urgs: ANBNCN displayed
in Figure 2 and ADD-CSG displayed in Figure 5. These grammars
have different derivation characteristics. ANBNCN grows the length
of the yield linearly (i.e., by applying (S — ABCS) the yield’s length
is expanded by 4 along the same derivation). The yield for ADD-CSG
grows exponentially (i.e., for every A two (sub)derivations, using
(A— > €) and (A— > iIA), are generated). All execution times are
measured using a Lenovo X13 Yoga ThinkPad (the laptop issued to
students at our institution).

4.2.1 Derivation Steps. We first examine word derivation using
ANBNCN. When deriving ' (a a b b ¢ ¢) without using the heuristic,
the number of times a production rule is applied is 25. Deriving
the same word using the heuristic results in 59 production rule
applications. The gap in the number of rules applied increases
with word length. Deriving '(a a a a b b b b c ¢c ¢ ¢),
results in 76 production rule applications when the heuristic is not
used and 4954 production rule applications when the heuristic is
used. To understand this performance gap, the dynamic behavior of
urg-derive needs to be examined. Repeated use of (S — ABCS)
creates new longer derivations. The successful derivation must
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use this rule 4 times for '(a a a a b b b b ¢ ¢ ¢ ¢). The
heuristic favors exploring (partial) derivations with shorter yields.
This means that all derivations that use (S — ABCS) fewer that
4 times must first be determined unsuccessful before exploring
the derivation that uses this rule 4 times. In contrast, breadth-first
search does not delay the exploration of the derivation that uses
this rule 4 times. It simultaneously explores all derivations?. Thus,
discovering a successful derivation using (S — ABCS) 4 times
before fully exploring all derivations that use this rule fewer times.
In essence, ANBNCN is an urg instance that defeats the use of the
heuristic.

In contrast, the use of the heuristic search has a striking positive
impact on the number production rule applications when using
ADD-CSG. Deriving (i b i b i 1i) using breadth-first results
in 5962 production rule applications. Using the heuristic search,
results in 107 production rule applications. This is a 98.2% reduc-
tion. The performance of the heuristic search becomes even more
striking when longer words are derived. Deriving (i i b i b
i i 1) using breadth-first search results in 251,299 production
rule applications. When using the heuristic search, the number of
production rule applications is 418. This represents a reduction
of over 99.8%. This significant performance gap is explained by
examining the exponentially growing number of derivations gener-
ated as depicted, for example, in Figure 6 illustrating the derivation
of a word of length 8. The number of yields that have a length
longer than 8 are the majority. Breadth-first simultaneously search
explores them all. The use of the heuristic, on the other hand, never
explores derivations longer than 8 by favoring the exploration of
shorter yields. Thus, performing fewer production rule applications.
In essence, ADD-CSG is an urg instance that favors the use of the
heuristic.

The impact of the number of production rules applied is reflected
in running times. Finding a derivation of a word of length 15 (a non-
trivial modest length classroom) using ANBNCN without the heuristic
takes 112 ms. Using the heuristic, on the other hand, takes 66040 ms.
Finding a derivation of a word of length 14 (also a nontrivial modest
length classroom example) using ADD-CSG without the heuristic is
unfeasible. Using the heuristic, on the other hand, takes 498 ms.

Based on the reported empirical evidence, it is clear that the use
of the heuristic can have a negative impact on performance. For
instance, we expect this to occur when the number of derivations
grows linearly. On the other hand, the use of the heuristic has a
significant positive impact on performance when the number of
derivations grows exponentially. This means that the use of the
heuristic allows students to effectively use the tool for a greater
variety of grammars. In addition, it is reasonable to expect that
the derivation search space for urgs grows exponentially for most
languages that require such a grammar to be defined. This is another
reason for concluding that the use of the heuristic is the best choice.

4.2.2  Priority Queue Implementations. Finally, there is a plethora of
ways a priority queue may be implemented. For the development of
the described tool, 6 different implementations using different types
of heaps were explored: binomial, skew binomial, leftist, splay, pair-
ing, and bootstrapped skew binomial (see Okasaki for a description
of these [37]). Words of length 6, 8, 10, and 12 in L = i"bi"bi™"

%Including those that use the rule more than 4 times.
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Figure 8 Data distribution for execution time for different heap implementations.
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binomial heap is 2-3 orders of magnitude faster than the other im- '$y)

plementations. Given this large performance gap when compared
to other heap implementations, despite being harder to implement,
we recommend (and have adopted) the use of a bootstrapped skew
binomial heap. We attribute the observed performance to a boot-
strapped skew binomial heap having constant time operations for
finding the minimum and inserting an element, both of which are
operations used in urg-derive in Figure 7.

5 Visual Debugging

To illustrate the tool’s usefulness in debugging, consider the
student-designed buggy urg displayed in Figure 9. The student

10

11 (check-derive? anbncn '(abc) '"(@aabbcc) "Q))
.

13 (define (anbncn-inv yield)

1 (and (equal-num-abc? yield)

15 (terminals-in-order? yield)

16 (implies (member 'S yield) (S-INV yield))
17 (implies (no-nt? yield) (in-lang? yield)))
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Figure 10 Snapshot displaying the invariant failing to hold for the
urg from Figure 9.
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claims to have successfully implemented a simpler urg for a"b"c"
using a similar loop invariant to the one displayed in Figure 3. The
main difference between the two implementations is that the stu-
dent has removed the contexts for generating terminal symbols.
That is, the nonterminals G, H, and I as well as the associated pro-
duction rules have been removed from the grammar. In their place,
the student has added to the invariant predicate a condition for all
terminal symbols to be in relative correct order. To guarantee the
relative ordering of terminal symbols, the student has kept the pro-
duction rules for rearranging As, Bs, and Cs. This indicates a degree
of misunderstanding regarding nondeterminism. Apparently, the
student believes that the rearrangement production rules must be
used before using the rules to produce terminal symbols. Under
this light, it is suggested toadd '(a b ¢ a b c) to the unit tests
(i.e., to check-derive?). Much to the student’s surprise, the tests
pass.

Given that the word is derived, it is suggested to the student to
use the dynamic visualization to debug. Upon stepping through the
derivation, the student discovers the first step where the invariant
fails as displayed in Figure 10. From the derivation history displayed
in the derivation graph, the student can observe that the rearrange-
ment rules are never used. Therefore, the last rule used, B — b,
mutates the yield to contain a b that does not satisfy the condition
for all terminal symbols to be in relative order. This cements the
understanding that production rules may be nondeterministically
used in any order (or not at all) and that using production rules in
the right context matters.

6 Formative Human-Factors Study

To measure student perceptions about the described visualization
tool, a small anonymous survey-based formative study was per-
formed with the students enrolled in Seton Hall University’s un-
dergraduate Formal Languages and Automata Theory course. The
course enrolled 10 students: all Computer Science majors in their
3" or 4" year of studies between the ages of 20 and 23. They self-
identified as: 30% female and 70% male. All 10 students volunteered
to participate in the study. None of them received any benefit or
compensation for their participation.
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The survey presents students with a series of statements and
asks respondents to indicate how strongly they agree or disagree.
Responses are provided using a Likert scale [26]: 1 (Strongly dis-
agree) to 5 (Strongly agree), with 3 as a neutral response. The data
collected is presented around 4 themes: visualization quality, word
derivation visualization, informative messages, and invariant visu-
alization. In the presentation below, we denote responses 4 and 5
as tend to agree and responses 1 and 2 as tend to disagree.

6.1 Visualization Quality

To measure perceptions on the overall quality of the visualization
tool, students are presented with the following statements:

Q1.1 The visualization is clear.
Q1.2 The visualization is easy to use.

The visualization is visually appealing.
Q1.4 The visualization is useful.

The distribution of responses is displayed in Figure 11. For O1.1,
we observe that an overwhelming majority of respondents, 90%,
tend to agree that the visualization is clear. None disagreed with
the statement. This is an important result because it suggests users
understand the graphics displayed. For Q1.2, we observe that half
of the respondents tend to agree that the visualization is easy to
use, 40% feel neutral about this statement, and 10% tend to disagree.
This suggests that the respondents tend to feel less strongly about
the visualization’s ease of use than its clarity. This result is not
entirely surprising for two reasons: how quickly the graph grows
in size and placing the yield of the derivation graph at the bottom.
As a result of fast graph growth, a user needs to either drag or
zoom out of the main visualization graphic to observe the deriva-
tion history and the changing yield at the same time. During our
design phase, we considered not placing the yield at the bottom and
discarded this idea given that it became hard to determine the yield
of the derivation graph. Nonetheless, the overwhelming majority
of respondents do not tend to disagree with the statement.

For , we observe that a majority of respondents, 60%, tend to
agree that the visualization is visually appealing. We also observe
that 20% are neutral about this statement and 20% tend to disagree
(but not strongly). Thus, an overwhelming majority does not tend
to disagree. Nonetheless, a nontrivial proportion of the respondents
do not tend to agree. This lukewarm result is also expected given
that large derivation graphs are inherently difficult to read. That
is, they contain a large number of nodes and crisscrossing edges.
Unfortunately, this is unavoidable. Placing the yield at the bottom,
in our opinion, does appear to result in more readable graphs.

For Q1.4, we observe that an overwhelming majority of respon-
dents, 90%, tend to agree that the visualization is useful. In fact, an
overwhelming majority, 70%, strongly agree. This is the statement
that respondents tend to agree with the most in the entire survey.
This result is very encouraging, because it suggests that our goal to
help students understand urgs has been achieved. The remaining
questions in the survey shed light on why the respondents believe
the visualization is useful.

6.2 Word Derivation Visualization

To further explore, in part, why the visualization tool is useful, the
survey presents the following statements:
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Figure 11 Data distribution for visualization quality.
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Figure 12 Data distribution for word derivation visualization.
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02.1 The visualization helped me understand how words are de-
rived.

Q2.2 The visualization helped me understand how production rules
may be nondeterministically applied.

02.3 The visualization clearly preserves the history of the deriva-
tion.

Q2.4 Word derivation visualization is useful for debugging gram-
mars.

The distribution of responses is displayed in Figure 12. For 02.1,
we observe that an overwhelming majority of respondents, 90%,
tend to agree that the visualization helped them understand how
words are derived. None tended to disagree with the statement.
This result is encouraging, because it suggests that visualizing the
construction of a derivation graph has achieved our goal to help
students understand word derivation. For Q2.2, we observe that an
overwhelming majority of respondents, 70%, tend to agree that the
visualization helped them understand how production rules may
be nondeterministically applied. This is also a very encouraging
result, because it is challenging, even for some small urgs, to find
a sequence of production rule applications to derive a word. It is
expected for respondents to tend to agree less with this statement

than with O2.1. The visualization clearly illustrates a word’s deriva-
tion, but is less useful in explaining why a rule is chosen for use.
For 02.3, we observe that an overwhelming majority of respon-
dents, 80%, tend to agree that the visualization clearly preserves
the history of the derivation. This is an encouraging and surprising
result. Our expectation, was that understanding the history of the
derivation using a derivation graph would be significantly more dif-
ficult when compared to, for example, understanding the derivation
history using derivation trees for context-free and regular gram-
mars. Collectively, these results shed light on why respondents
find the visualization useful (i.e., Q1.4). They suggest that most
students, in part, find it useful, because it helps them understand
word derivation, nondeterministic production rule application, and
the derivation history.

For Q2.4, we observe that an overwhelming majority of respon-
dents, 90%, tend to agree that word derivation visualization is useful
for debugging grammars. None of the respondents disagree. This
result further sheds light on why respondents feel that visualiz-
ing word derivation is useful. It directly helps them to correctly
implement urgs.
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Figure 13 Data distribution for informative messages.
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6.3 Informative Messages

To measure perceptions regarding informative messages, the survey
presents the following statements:

03.1 The informative messages are clear.

Q3.2 The informative messages are useful.

03.3 The informative messages help me understand the last step
performed in the visualization

The distribution of responses is displayed in Figure 13. For Q3.1, we
observe that an overwhelming majority of respondents, 80%, tend
to agree that the informative messages are clear. We also observe
that a minority, 20%, tends to disagree (but not strongly). This result
suggests that, overall, respondents understand the informative mes-
sages, but that more work needs to be done to make informative
messages clear for an even larger proportion of students. One de-
sign possibility we plan to explore is including a brief explanation
for why hexagon nodes are created.

For Q3.2, we observe that an overwhelming majority of respon-
dents, 70%, tend to agree that informative messages are useful. This
is an encouraging result, because it suggests that our goal to satisfy
the Norman principles related to discoverability and conceptual
model are met. This is further confirmed by the results obtained

from 03.3, which indicate that an overwhelming majority of re-
spondents, 80%, tend to agree that the informative messages help
them understand the last step performed in the visualization.

6.4 Invariant Visualization

Invariant visualization perceptions are explored through the fol-
lowing survey statements:

Q4.1 Invariant visualization is clear.

Q4.2 Invariant visualization is useful.

04.3 Invariant visualization is useful for debugging grammars.
Q4.4 Invariant visualization is useful to develop correctness proofs.

The distribution of responses is displayed in Figure 14. For Q4.1, we
observe that an overwhelming majority of respondents, 80%, tend to
agree that invariant visualization is clear. None of the respondents
tend to disagree. This suggests that respondents understand when
and why invariants hold and fail. In part, we attribute this success
to always placing the yield of the derivation graph at the bottom
and to the informative messages. Thus, students can examine with
little search effort the yield and the last production rule applied to
determine why an invariant holds or fails.
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For Q4.2, we observe that an overwhelming majority of respon-
dents, 80%, tend to agree that invariant visualization is useful. None
of the respondents tend to disagree. This result is very encourag-
ing, because it suggests that our goal to help students formally
design urgs has been achieved. The remaining questions about
invariant visualization shed light on why the respondents believe
such visualization is useful.

For , we observe that an overwhelming majority of respon-
dents, 80%, tend to agree that invariant visualization is useful for
debugging grammars. For Q4.4, we observe that an overwhelming
majority of respondents, 70%, tend to agree that invariant visual-
ization is useful to develop correctness proofs. Collectively, these
results help us understand why respondents find invariant visualiza-
tion useful. They suggest that respondents appreciate the practical
value (i.e., useful in debugging) and the theoretical value (i.e., useful
in developing proofs).

6.5 Discussion and Limitations

This sections discusses some of the broad implications suggested by
our results that merit further study. In addition, it discusses some
of the limitations of the empirical study.

6.5.1 Implications. The unsystematic treatment of nondetermin-
ism in the Computer Science curriculum, in part, contributes to
students finding it difficult to understand [3]. This is unfortunate,
because nondeterminism plays a role in modern programming. For
example, it is relevant in probabilistic programming [1, 6, 30], quan-
tum programming [11, 43], and logic programming [5, 12]. The work
presented in this article suggests a pedagogy for systematically
teaching Computer Science students about nondeterminism. That
is, the results obtained from Q2.1 and suggest that systematic
program development along with the use of dynamic visualizations
may be an effective way to teach students about nondeterminism.

The resistance to formal methods among Computer Science stu-
dents is well documented [17, 44]. In essence, many Computer Sci-
ence students are frustrated by proof development for two reasons.
First, they lack experience with proof development and, therefore,
commonly fail to understand how to proceed. Second, they usually
have no way of getting feedback on their assertions before, for
example, submitting for grading. The results obtained from Q4.1-
Q4.4 suggest that visualizations might offer a means to dismantle
the resistance to formal methods. The described visualization tool
offers immediate feedback on assertions (i.e., invariant predicates).
When these do not hold, students have an opportunity to revise
them. When they represent the weakest precondition [8] and they
hold, students can more confidently proceed to writing a proof.
The described approach is not limited to the derivation of words
using a urg. It can be used, for example, to teach program ver-
ification using Hoare Logic [20]. For instance, a domain-specific
imperative language may be developed for Hoare triples that allows
assertion/invariant visualization to help students.

Many modern dynamic visualization tools fail to provide infor-
mative messages to their users regarding the process visualized.
For instance, JFLAP provides for conversions between models of
computation (e.g., a nondeterministic finite-state automaton to a
deterministic finite-state automaton), but performs such operations
with no informative messages to help the user develop a sound
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Figure 15 JFLAP derivation graph using the urg from Figure 2
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mental model. We have evidence, from previous studies [31, 33, 35],
that visualizations with informative messages are well-received
by students. The results obtained from 03.1- further confirm
that informative messages can play a pivotal role in developing
understanding among students.

6.5.2 Limitations. The presented empirical study suffers from sev-
eral limitations. Perhaps, the most salient is that the sample is
small and is drawn from a mostly homogeneous population where
most Computer Science students are European American men. It
is unclear, therefore, if the observed results would hold for larger
samples drawn from a diverse population. Although it is not unrea-
sonable to believe that they would, such a hypothesis does require
empirical validation. To address this shortcoming, empirical studies
shall be conducted over several iterations of the course and efforts
will be made to make such studies multi-university.

This study, as is common in Computer Science Education stud-
ies, did not compare a control group with an experimental group.
Therefore, the effect of the independent variable (i.e., the introduc-
tion of the described visualization tool) is difficult to isolate. It is
not a straightforward matter to address this shortcoming because
many university administrators would raise ethical concerns about
treating students differently solely for the benefit of a study.

The quantitative nature of our study is also a limitation. Although
the data collected is amenable to statistical analysis, it precludes
the nuances of individual student experiences. The presented study,
for instance, does not capture the moments when students found a
visualization feature extremely useful and when they wished for
a new feature. To address this concern, future studies will include
open-ended questions, interviews, and observational sessions.
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7 Related Work

7.1 Visualizing Grammar Derivations

The best known tool for visualizing word derivation using a urg is
JFLAP [40, 41]. Similar to FSM, this tool allows users to input a urg
and a word to visualize the derivation and displays the stepwise con-
struction of the derivation graph. An example of such a derivation
graph is displayed in Figure 15. In this example, the word aabbcc is
being derived using the same urg for a"b"c" displayed in Figure 2.
We can observe several characteristics that make derivation graphs
in JFLAP hard to read. First, JFLAP groups nodes to mutate the yield
by connecting them with blue ovals without uniting them into a
single node. In contrast, FSM unites such nodes into a single hexag-
onal node. Second, JFLAP constrains the visualization to the size
of the visualization frame. This results in overlapping nodes being
rendered. In contrast, FSM does not constrain the visualization to the
size of the visualization frame. Users may zoom in and drag into the
visualization frame the parts of the derivation graph they wish to
inspect more closely. A third contrasting feature is that JFLAP does
not allow the user to step backwards in the derivation. The only
way a user may review previous steps is by restarting the visual-
ization. In contrast, FSM allows the user to step backwards through
the visualization to reexamine previous derivation steps without
restarting the visualization. Finally, a fourth contrasting feature is
that JFLAP does not provide support for invariant visualization.

Another popular visualization tool for the FLAT classroom is
Automata Tutor [9]. This popular tool, however, does not provide
support for urgs. To the best of our knowledge, in fact, besides
JFLAP there are no other popular tools for visualizing word deriva-
tion using urgs. Furthermore, the dynamic visualization tool de-
scribed in this article is the first to support the grammar verification
process by providing visual support for invariant validation.

The heuristics used for the derivation algorithm described in
this article are inspired by the heuristics used by Rekers and Schiirr
to parse context sensitive graph grammars. They also used a prior-
ity queue as a heuristic to improve the runtime characteristics of
their algorithm, although in contrast to the algorithm described in
this article their algorithm is bottom-up and makes uses of a cost
function based on probabilities.

7.2 Derivation Search

Rekers and Schiirr describe a parsing algorithm for a visual pro-
gramming language using a context-sensitive graph grammar [38].
As the work presented in this article, they suggest the use of heuris-
tics to reduce the search space and priority queues to improve
performance. In contrast, they discuss a mechanism for pruning
failed derivations attempts as early as possible, which is something
that forms part of our future work. In further contrast, it is unclear
what parts of their algorithm, if any, are implemented and they do
not provide any empirical performance measurements.

Harris describes extensions to SLR(1) and LALR(1) bottom-up
deterministic parsing [2] for unrestricted grammars [18]. The ap-
proach presents an optimized algorithm that builds a parse tree
from the leaves to the root. A disadvantage of the presented ap-
proach is that there is no algorithm which produces the SLR(1) or
LALR(1) parse tables for a given unrestricted grammar. Instead,
Harris presents a “computational procedure which can be carried
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out by hand in many cases” In contrast, the work presented in this
article takes a top-down approach that we believe is more intuitive
for students being exposed to unrestricted grammars for the first
time. Bottom-up optimizations such as the one described by Harris
are more appropriate for students that have prior experience with
urgs.

8 Concluding Remarks

A novel design recipe and a dynamic visualization tool for unre-
stricted grammars in FSM is presented. The design recipe includes
new steps to help students with grammar verification and serves
as a lingua franca for instructors and students to discuss grammar
design, validation, and verification. In addition, a novel dynamic
visualization tool for word derivation is presented. The tool was
developed using the Norman principles of effective design to reduce
the extraneous cognitive load on users. Given a grammar and a
word, it presents the user with a stepwise construction of a deriva-
tion graph. In addition, the tool supports the design process by
providing an invariant visualization feature designed to be used
before formally proving grammar correctness. The data gathered
from a small formative study suggests that the presented visual-
ization tool is well-received and considered useful by students to
understand word derivation, to debug grammars, and to develop
correctness arguments.

Future work involves three goals. The first is conducting an in-
depth human factors study in the classroom to measure student
perceptions of the tool. The focus will be to determine if the tool
helps students understand derivation using a urg, helps students
debug their designs, and helps students utilize their invariants
effectively for grammar verification. The second is the creation
of a dynamic visualization to help students better understand the
transformation of an unrestricted grammar to Kuroda normal form
[29]. The third is to explore techniques to reduce the exploration
of derivations that are likely to fail.
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Abstract

The age of artificial intelligence is upon us and with it comes the
responsibility of using and teaching how to use coding assistants
ethically and effectively. All too often, students believe that using
a poorly designed prompt to generate code makes them success-
ful programmers. More often than not, nothing could be further
from the truth as all that they are doing is engaging in plagiarism—
attributing to themselves code used in the training set of a large
language model that was designed and implemented by someone
else. This article presents the first attempt to apply a successful pro-
gramming pedagogy based on design recipes to the use of coding
assistants. It presents the design and implementation of software
based on structural recursion using functional programming in a
mainstream programming language. The methodology put forth
recognizes that prompts are programs and, as such, must be de-
signed. Furthermore, it illustrates how prompt engineering ought
to be informed by program design steps that are performed when
programming without coding assistants. Finally, it also illustrates
how debugging, instead of being an ad hoc endeavor, ought to be
done by revisiting design steps.
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1 Introduction

The age of programming assisted by artificial intelligence (AI) is
here with promises to greatly enrich software development prowess
and perils to inhibit the education of future software developers.
The potential for coding assistants to be both helpful and harmful
means that their use must be carefully tempered in Computer Sci-
ence (CS) education. On the one hand, a coding assistant harnesses
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the power of generative AI [15, 29] using large language models
[8, 25] to simplify daily programming tasks. For example, they make
code suggestions and provide answers to questions (such as the
meaning of a cryptic error message). On the other hand, a coding
assistant can become a crutch to programmers, especially students,
that become overly dependent on them [1]. They can lead program-
mers to engage in unethical conduct (e.g., attribute to themselves
programs they did not develop), develop poor programming habits
(e.g., accepting the use of features that they do not understand),
and overreliance (e.g., accepting code suggestions without carefully
checking them) [5]. All of these behaviors undermine, especially in
students, the ability to learn and to solve problems.

To understand how to teach productive use of coding assistants,
it is necessary for students to understand (at least at a very high
level of abstraction) that the quality of a code suggestion or the an-
swer to a question is linked to the quality of a prompt. A prompt is a
set of instructions crafted in a natural language to help a generative
Al model provide the desired result. It is important to realize that
when a programmer uses a coding assistant, at least two programs
need to be written: a prompt (i.e., a program for the generative
AI model) and the actual program that is desired (e.g., a solution
to a problem). The natural question that arises, of course, is why
write two programs when only one program is needed? The an-
swer is that often, but not always, to obtain a working program
it is easier to write a prompt than to directly write the program.
Much like programs written in the strict syntax of a programming
language are designed, given that they are programs, prompts must
also be designed. The science of writing prompts is coined prompt
engineering.

The question now becomes: How is a prompt designed? Popular
internet sources state that prompts need to be clear and precise
to obtain high-quality results from a coding assistant [12, 30]. Al-
though this is sound advice, it ignores that a prompt, as stated, must
be designed. That is, there are systematic steps that may be followed
that provide scaffolding for prompt development. Such scaffolding
is extensively used in CS pedagogy based on functional program-
ming and type-driven design [13, 22-24]. This article describes
an application of functional programming in the CS education do-
main. It puts forth a design-based approach for the development
of programs using prompts and coding assistants. The focus is on
the development of programs using structural recursion. Program
development is illustrated using GitHub Copilot and functional
programming in Python. The methodology put forth, however, is
programming language and coding assistant agnostic. The result
is a systematic approach to software development using a coding
assistant that squarely places programming and prompt engineer-
ing in the realm of science and not the realm of art as decribed by
some CS authors (e.g., [26]).
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The article is organized as follows. Section 2 briefly discusses the
advantages and perils of using coding assistants. Section 3 presents
design recipes for function development: one to design functions
and one to design prompts. Section 4 illustrates the use of the
outlined design recipes using a nontrivial example to compute 7
using the Chudnovsky algorithm [10, 11]. Section 5 contrasts and
compares with related work. Finally, Section 6 presents concluding
remarks and directions for future work.

2 Advantages and Perils of Coding Assistants

The use of coding assistants to implement software presents both ad-
vantages and perils. The advantages need to be harnessed through-
out the software development process. The perils, on the other
hand, means that programmers, especially students, need to be
vigilant to not fall victim to them.

2.1 Advantages

After gaining some programming experience, there are many rea-
sons to use a coding assistant. Implied in this statement is not
advocating for the use of a coding assistant by newcomers to pro-
gramming. Using a coding assistant requires writing clear and suc-
cinct prompts. That is, writing well-designed programs in a natural
language is needed. Therefore, prompts require some experience
with program design (including iterative refinement and divide-
and-conquer). Furthermore, it is all too easy for beginning students,
that do not know any better, to be allured by the idea of having
a coding assistant generate programs for them with minimum or
no effort. This, of course, sets beginners on a path to failure by
hindering the development of design and communication skills.

For those with some software design experience, the use of cod-
ing assistants present the following advantages:

(1) Moving focus away from syntax to problem solving

(2) Ease to get started with problem solving

(3) Exposure to different ways to solve a problem

(4) Help with communicating solutions to problems clearly

(5) Help with refactoring code

(6) High-quality code explanations

(7) Circumventing cryptic error messages
Advantage (1) refers to producing syntactically correct programs
with ease. The strict syntax of a programming language no longer
needs to be an obstacle to learning a new programming language
and no longer needs to slow down the problem solving process.
Coding assistants have become very good at mundane syntax-based
tasks, but it is important to remember that they may suggest syn-
tactically incorrect code.

Advantage (2) refers to the ease provided for getting started with
a solution. Even a poorly designed prompt is likely to suggest an
answer. Through the process of iterative refinement, the prompt
may be improved to have the coding assistant produce a better
suggestion.

Advantage (3) refers to coding assistants having multiple sugges-
tions. A programmer can judge different ways to solve a problem
(even some the programmer has not considered) and select the one
they feel is best suited for the software project under development.
Multiple solutions, even when none is adopted, can provide ideas
for improving the pursued design.

Morazan
1 def double(n):
) Wi
3 Signature: number -> number
4 Purpose: Double the given number.
5 Design Idea: Multiply the input number by 2.
. Wi
7 return n * 2
8
9 def quadruple(n):
10 e
11 Signature: number -> number
12 Purpose: Quadruple the given number
13 Design Idea: Double given number twice and add
14 e
15 return double(n) + double(n)

17 print(quadruple(None))

Figure 1: Code to illustrate AI error message explanation.

Advantage (4) refers to a skill that is developed as programmers
become better prompt engineers: the development of clear and
succinct prompts. This skill hones the programmer’s ability to com-
municate how a problem is solved and is important, because large
software projects are developed by teams that need to understand
the solution to a problem.

Advantage (5) refers to the help a coding assistant can provide
to improve the solution to a problem. This is closely related to
advantage 3. Ideas for code refactoring may present themselves by
seeing different solutions to a problem. A coding assistant, however,
may be able to analyze a program and directly suggest a different
approach. For example, it may suggest using a for-loop instead of
making recursive calls. In some cases, it may suggest the use of a
different data structure to improve performance.

Advantage (6) refers to code explanations a coding assistant
can provide. This is particularly useful when a programmer is not
familiar with the syntax or the library used to solve a problem. Al-
though coding assistants have become relatively good at explaining
the code they suggest, programmers must remain vigilant. Coding
assistants may explain a code suggestion that is buggy.

Advantage (7) refers to a coding assistant’s ability to explain
cryptic errors, which are known to be common (3, 4, 6, 7, 18, 19, 31].
Coding assistants often offer detailed descriptions for the source of
an error. As experienced programmers know, an error is thrown
where a bug is detected, which may or may not be where the error
must be fixed. For instance, consider running the Python program
displayed in Figure 1. It yields the following error:

File "quadruple.py", line 7, in double
return n x 2

TypeError: unsupported operand type(s) for x:

'NoneType' and 'int'

Observe that the bug is the call to quadruple on line 17 (i.e., not
where it is detected). Asking GitHub Copilot to explain the error
yields:
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Calling quadruple(None) will raise a TypeError
because double(None) attempts to multiply None
by an integer, which is not supported. Consider
adding input validation or handling None values
appropriately.
Observe that the coding assistant offers a much better explanation
for the reason behind the bug than the error message.

2.2 Perils

There are substantial disadvantages associated with the use of
coding assistants. Some of the more salient perils are anthropo-
morphism, attribution, development of questionable habits, and
overreliance. Anthropomorphism refers to characterizing coding
assistants and AI as having human traits [2, 14]. In part, this phe-
nomena is due to AI companies and researchers referring to their
software as having human capabilities. Commonly, this leads to
a fundamental misunderstanding of AI-based software. Perhaps,
the biggest problem on this front is overestimating what a coding
assistant can do. It is important to understand that coding assistants
do not have an understanding of the programming goals as the
members of a software development team. Coding assistants try
to predict the code requested based on a probabilistic distribution
of the importance assigned to elements found in the prompt. Con-
fusing the ability to predict the code expected with understanding
easily leads to trusting solutions proposed by a coding assistant
and failing to properly validate and review them.

Attribution refers to who deserves credit for the development
of software. This problem emerges, because coding assistants are
trained using a massive amount of coding examples. For example,
the large language model behind GitHub Copilot is trained using
public repositories hosted on GitHub [9]. Naturally, one can ask who
deserves credit for a program generated using a coding assistant.
The best way to illustrate the problem is by example. Consider the
following prompt presented to GitHub Copilot:

def factorial(n):

Write a function to compute n!

The function header written by the programmer provides the only
context/guidance for the evaluation of the prompt that is inside
triple quotes!. The suggested body is:

if n==0or n ==
return 1
else:
return n * factorial(n - 1)

Clearly, the author of the prompt can not claim that they have pro-
grammed a function to compute n!. This is not programming and
claiming ownership of the above code is plagiarism, which is an
act of academic dishonesty at all reputable universities. The prob-
lem arises because GitHub Copilot’s training set contains such
a function and GitHub Copilot simply returns it as a prediction
for what the prompt’s author needs. Clearly, whoever authored the
function in GitHub Copilot’s training set deserves the credit.

n the Python world, triple quotes are called docstrings.
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The use of coding assistants may also lead to the development
of bad programming habits. It is important to realize that publicly
available software is not scrutinized and is contributed by program-
mers with many different levels of experience. This means that
coding assistants are likely trained with poorly designed code. For
instance, many programmers lacking training in program design
become obsessed with solving every problem using a single func-
tion or a single line of code. Consider the following prompt to sort
a list of numbers:

def gs(lst):

Write quicksort using a single line of code.

The function body suggested by GitHub Copilot is:

return
1st if len(lst) <= 1 \
else gs([x for x in 1st[1:] if x<1lst[0]]) + \
[1st[0]] + \
gs([x for x in 1st[1:] if x>=1st[0]11)

The prompt is poorly designed and offers no guidance on how the
program ought to be, for example, modularized. It is an example of
an unsophisticated prompt that results in a poorly designed and un-
sophisticated function. It is important for programmers, especially
students, to remember that programming is about much more than
writing a program to solve a problem. An equally important goal
is to communicate the solution to a problem to others. The above
function does not clearly communicate how the problem is solved
despite the use of list comprehensions (i.e., the idea of partitioning
the numbers is not clearly communicated). In addition, the func-
tion above is very difficult to refine to make it more efficient (e.g.,
creating 3, not 2, partitions: numbers less than the pivot, numbers
equal to the pivot, and numbers greater than the pivot).

Finally, another major danger of using coding assistants is be-
coming overly reliant on them. This can easily lead to not thinking
about how a problem ought to be solved as is the case for factorial
and gs above. This is dangerous, because it can lead a program-
mer to forfeit carefully thinking about code suggested by a coding
assistant and integrating into a software project syntactically or
semantically incorrect code that does not fulfill its purpose. Further-
more, problems associated with overreliance may be compounded
to become even bigger problems. For instance, if a programmer
overly relies on a coding assistant and enough bugs need to be
fixed, then the programmer may mistakenly conclude that coding
assistants mostly produce buggy code and lose confidence in their
use. It is unfortunate if this occurs, because automatic feedback
provided by a coding assistant has proven useful and now program-
mers are expected to be able to design prompts for their every day
programming tasks.

3 Function and Prompt Engineering Using
Structural Recursion

Given that prompts are programs, they need to be systematically

designed and their suggestions need to be carefully checked. Other-

wise, there is a significant risk that incorrect or dangerous code is



IFL 2025, October 1-3, 2025, Montevideo, Uruguay

(1) Outline the representation of values and the computation.

(2) Write the function’s header.

(3) Design and implement a prompt for the function.

(4) Implement the function’s body

(5) Write the testing function’s header.

(6) Design and implement a prompt for the testing function

(7) Implement the testing function’s body.

(8) Run the tests and, if necessary, refine answers for previous
steps.

(9) Optionally, refactor and run the tests again.

Figure 2: The design recipe for using a coding assistant.

integrated into the software package being developed. It is impor-
tant to keep in mind that coding assistants are nondeterministic.
That is, given a prompt they may provide a different answer each
time the prompt is evaluated. For instance, a programmer may start
working on a problem today using a prompt to help generate a
function. The programmer may accept the suggestion made by the
coding assistant and then take a break from programming. A week
later the programmer may return to the program to discover that
they not understand the suggested function. Promptly, they delete
the function and let the prompt be evaluated again. This time a
different function may or may not be suggested. The suggestion
may change because a coding assistant is continually training itself
and adjusting the importance it gives to words in a prompt.

To mitigate nondeterminism, it is important for prompts to be
carefully and purposefully designed to provide the coding assistant
with enough context to make a prediction that is unlikely to change.
To do this systematically, design recipes are used to introduce stu-
dents to how to engage a coding assistant in software development.
A design recipe is a series of systematic steps, each with a concrete
result, to scaffold the development of a program given a problem
statement. Design recipes were pioneered by Felleisen et al. to in-
struct programming beginners [13] and later expanded by Morazan
to teach a two-semester sequence for first-year Computer Science
university students [22, 23] and to teach CS theory [24]. The work
presented in this article is the first step to extending the use of
design recipes in conjunction with coding assistants.

To teach students how to develop functions using a coding as-
sistant, they are presented with two design recipes. The first is a
modified design recipe from those found in the literature [13, 22, 23]
for function development. The second is a design recipe for prompt
development. These design recipes, naturally, are intertwined much
like mutually recursive functions are intertwined. That is, both must
be used in tandem during software development.

3.1 A Design Recipe for Functions Using a
Coding Assistant

A design recipe for functions has two primary goals: the implemen-
tation of a solution to a problem and the development of unit tests.
In Python, we may develop a function for each of these. Thus, every
solution consists of two functions. For each of these functions, a
prompt may be written to aid in its development. This means that
a design recipe for function development needs to include prompt
development steps.

Morazan

(1) Write the signature.

(2) Write the purpose statement.

(3) Write the design idea.

(4) Analyze the suggestion and, if necessary, refine.

Figure 3: The design recipe for prompts.

Given that coding assistants make predictions based on elements
already in the input sequence, the order of the steps is slightly
changed from what appears in the literature [13, 22, 23]. The re-
fined design recipe asks for the development of the function that
solves the problem first. After this function is developed, the testing
function is developed. Intuitively, this is justified by observing that
a coding assistant may use the implementation of a function that
solves a problem as context to help developing a testing function.

The design recipe for using a coding assistant is displayed in
Figure 2. It has 9 steps and each step has a specific outcome that
advances the solution to a problem. Step 1 requires the development
of data definitions and function templates along with a signature,
a purpose statement, and design idea. The data definitions and
function templates are written at the top of the program’s file
inside triple double quotes. This places them as context for GitHub
Copilot to use.

Steps 2-4 target the development of a function to solve a prob-
lem. Step 2 asks for the function header. Step 3 is an optional step
that asks for the implementation of a prompt that describes to the
coding assistant how to solve the problem. The prompt is developed
using the design recipe for prompts discussed in Section 3.2. Step
4 asks for the development of the function’s body. When using a
prompt, this step requires examining the coding assistant’s pro-
posed body. If it conforms to the design idea outlined in Step 1 and if
it appears correct, the proposed body may be accepted. If not, then
the programmer may either correct the proposed body or refine the
prompt to get a better suggestion. The importance of the design
idea being consistent with the function’s body to communicate how
a problem is solved is emphasized to students.

Steps 5-7 target the development of the testing function. Step
5 asks for the header of the testing function. Step 6 asks for the
development of a prompt for the testing function. Like Step 3, this
step is optional. If performed, the prompt ought to provide guidance
on how the function that solves the problem ought to be tested. It
can, for example, outline the values used for testing. Step 7 asks
for the testing function’s body. If using a coding assistant, the
programmer needs to inspect the proposed body to make sure that
it is syntactically correct and that the tests are sensible.

Step 8 asks to run the tests and to redesign if any errors are
thrown or any tests fail. Debugging is performed by revisiting the
steps of the design recipe. Finally, Step 9, optionally, asks for code
refactoring. This may be done with or without the use of a coding
assistant.

3.2 A Design Recipe for Prompts

A prompt needs to guide the coding assistant to produce a solu-
tion using an outlined design idea. Naturally, the prompt needs to
communicate the design idea in a concise and succinct manner. To
accomplish this task, students are presented with the 4-step design
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recipe displayed in Figure 3. Steps 1-3 ask for a signature, a purpose
statement, and a design idea. The design idea can be elaborate and
include, for example, instructions to use specific auxiliary functions
to solve subproblems. In this manner, students are encouraged to
follow a top-down type-based design strategy. Problems may be
solved using a divide-and-conquer approach based on the type of
data being processed. For instance, the rest of a list and the subtrees
of a binary tree may be processed recursively.

As mentioned before, it is important for the programmer to
remember that a coding assistant may produce an incorrect solution
or a solution that is not well-designed. Therefore, Step 4 asks for
the suggestions made by the coding assistant to be analyzed. This
is the step where the design recipe for using a coding assistant and
the design recipe for prompts explicitly intersect. This intersection
exists in both design recipes, because using a prompt is optional. If
the examination reveals that the prompt needs to be refined, then
refinements are made by revisiting the previous steps of the design
recipe prompts. If the examination reveals that the prompt does not
need to be refined, then Step 4 of the design recipe for prompts and
Step 4 of the design recipe for using a coding assistant are satisfied.
It is highlighted to students that of the 3 steps in this design recipe,
the one that may be refined the most is the design idea. This is
where the most detail may be added to obtain a solution that is
correct, clear, and adheres to the design idea.

3.3 A Warm-Up Example: Composing Functions

To provide the first illustration of the design recipes in action,
we consider the development of a higher-order function for the
composition of two one-input functions. This is a topic that all
university students have studied in their previous (college or high
school) Mathematics courses. Given two functions, f(x) and g(x),
a function, f(g(x)), that applies f to the result of applying g to
an input x is needed. To be able to build such a function, g’s range
must be f’s domain?. The returned function needs a single input, X,
and its body composes f and g.

In tandem, the design recipes displayed in Figure 2 and in Figure 3
are used to implement the above design idea. The function header
and the prompt may be written as follows:

def compose(f, g):
Signature: (A ->B) (C -> A) -> (C -> B)
Purpose: Compose the given functions
Design Idea: Return a function that applies f to the
result of g

nn

Observe that Steps 1-3 of the general design recipe for using a
coding assistant and Steps 1-3 of the design recipe for prompts have
been completed. The signature states that two one-input functions
are expected such that the range of g is the domain for f and that
the output is a function from the domain of g to the range of f.
The purpose statement is clear and the design idea specifies how
to apply the given functions. The suggestion returned by GitHub
Copilot is:

%Technically, g’s range must only be a subset of f’s domain. We shall not delve into
such nuances for the purpose of this example.
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def test_compose():
Signature: () -> None
Purpose: Test the compose function
Design Idea:
Define some simple functions and check their
composition with several inputs

(a) Prompt

# Define some simple functions
def add1(x):
return x + 1
def mul2(x):
return x * 2
# Test the compose function
f = compose(mul2, addl)
assert f(3) == 8 # (3 + 1) * 2
g = compose(addl, mul2)
assert g(3) == 7 # (3 x2) +1

(b) Suggested body

Figure 4: An attempt to develop test_compose.

return lambda x: f(g(x))

The suggested body looks correct. It returns a one-input function
that applies g to said input and then applies f to the result of g.
Based on this analysis, the suggestion may be accepted and no
refinements are required. Thus, Step 4 of the design recipe for
prompts is satisfied as well as Step 4 of the design recipe for using
coding assistants.

With the completion of Step 4 of the design recipe for using
coding assistants, focus turns to completing Steps 5-7 to design and
implement the testing function. This function takes no input and
returns None. Its purpose is to test compose. This may be done by
locally defining some simple functions and checking the results
obtained by their composition using several inputs. The function
header and prompt may be written as displayed in Figure 4a and
the suggested body returned by GitHub Copilot is displayed in
Figure 4b. The suggested body defines two simple functions and
tests both of their possible compositions. The suggested tests are
correct, but the solution is unsatisfactory. First, the composed func-
tions are only tested with, 3, a single value. Second, only numeric
functions are given to compose.

Clearly, the coding assistant needs a better prompt to produce
a more thorough testing suite. An iterative refinement step is per-
formed by reexamining the answers for the steps of the design
recipe for prompts. The signature and purpose statement appear to
be fairly clear and succinct. The design idea, however, could offer
more guidance on how to test compose. It can specify that numeric
and string functions need to be defined and that the composition of
the numeric functions and the composition of the string functions
need be tested with, say, 4 different values as displayed in Figure 5a.
Observe that the prompt now offers a great deal more guidance
about how testing ought to be done. Using this prompt, GitHub
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def test_compose():

Signature: () -> None

Purpose: Test the compose function

Design Idea:
Define some simple numeric and string functions.
Check the composition of the numeric functions
and of the string functions. Test the resulting
composed functions with 4 different inputs.

(a) Prompt

# Define some simple numeric functions
def add1(x):
return x + 1
def mul2(x):
return x * 2
# Test the composition of numeric functions
f = compose(mul2, addl)
assert f(3) == 8 # (3 +1) x2
assert f(5) == 12 # (56 + 1) x 2
assert f(0) == # (0 + 1) x2
assert f(-1) == 0 # (-1 + 1) * 2
# Define some simple string functions
def append_exclamation(s):
return s + "!"
def make_uppercase(s):
return s.upper()
# Test the composition of string functions
g = compose(make_uppercase, append_exclamation)

assert g("hello") == "HELLO!"
assert g("world") == "WORLD!"
assert g("") == "1"
assert g("test") == "TEST!"

(b) Suggested body

Figure 5: First refinement for test_compose.

Copilot suggests the body displayed in Figure 5b. Clearly, a better
testing suite is generated. The same two numeric functions as before
are generated and, in addition, two string functions are generated.
The composition of the numeric functions and the composition of
the string functions are each tested with 4 values.

No doubt progress has been made, but some details are missing.
For instance, there are no failed test strings associated with any of
the assert-statements. The answer to Step 3 of the design recipe
for prompts is refined to guide GitHub Copilot to include failed
test strings as displayed in Figure 6a. The prompt is explicitly asking
for failed test strings and specifies the format for such strings. In
other words, the prompt is offering a lot of guidance. We expect,
therefore, a better implementation of the unit tests. Using this
prompt, the suggested function body for the testing function is
displayed in Figure 6b. The testing function is much improved and
may be accepted. There are, of course, further refinements possible
(e.g., testing both possible compositions of two given functions and

Morazan

def test_compose():

Signature: () -> None

Purpose: Test the compose function

Design Idea:
Define some simple numeric and string functions.
Check the composition of the numeric functions
and of the string functions. Test the resulting
composed functions with 4 different inputs. Add
a failed string for each test: Test n failed,
starting with n equal to 0.

(a) Prompt

# Define some simple numeric functions
def add1(x):

return x + 1
def mul2(x):

return x * 2
f = compose(mul2, add1l)
assert f(3) == 8, "Test 0 failed"
assert f(5) == 12, "Test 1 failed"
assert f(0) == 2, "Test 2 failed"
assert f(-1) == 0, "Test 3 failed"
# Define some simple string functions
def append_exclamation(s):

return s + "!"
def make_uppercase(s):

return s.upper()
g = compose(make_uppercase, append_exclamation)

assert g("hello") == "HELLO!", "Test 4 failed"

assert g("world") == "WORLD!", "Test 5 failed"

assert g("") == "!", "Test 6 failed"

assert g("test") == "TEST!", "Test 7 failed"
(b) Suggested body

Figure 6: Second refinement for test_compose.

testing numeric functions with both int and float values). In the
interest of brevity, further refinements are not presented.

4 The Design Recipe in Action: Computing =

The section illustrates applying the design recipes to a problem that
is not trivially solved. The chosen example is the computation of
7. This example is chosen, because it provides the opportunity to
drive home the importance of spending time on design and on how
Mathematics can help simplify the job a software developer needs
to do. In addition, all CS students are familiar with it and 7 now has
a bit of a cult following in popular culture. Both of these characteris-
tics make it interesting for students. As is well known, 7 represents
the ratio of a circle’s circumference to its diameter. Commonly, the
value of 7 is stated to be %, 3.14, or 3.14159. It is important to
note in class, however, that these values are, albeit poor, approx-
imations for the value of an irrational number. To pique student
interest, the use of 7 in different branches of human knowledge
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and popular culture is highlighted. In Physics, it is used to describe
electromagnetism, wave motion, and the operation of the universe.
In Engineering, it is used to calculate trajectories. In Geometry
and Mathematics, it is used to calculate the area and volume of
different geometric shapes. It intrigues computer scientists because
accurately computing its digits is a challenge. We also highlight
that 7 has permeated popular culture with competitions for the
most digits of 7 memorized. The current Guinness World Record
is 70,000 digits recited by Rajveer Meena in 2015 [20]. In 1988 the
physicist Larry Shaw founded Pi day [33]-an annual celebration
on, 3/14, Albert Einstein’s birthday.

After rallying the troops about 7, attention turns to accurately
computing an approximation. It is explained to students that this is
important especially in high-precision computations. Based on the
infinite series for 7 developed by Srinivasa Ramanujan [28], David
Volfovich Chudnovsky (1947-) and Gregory Volfovich Chudnovsky
(1952-) developed a fast algorithm to approximate s [11]. In April
of 2025, this algorithm was used to compute 300 trillion digits of
7 [21]. Currently, this algorithm is used by modern mathematical
software [34], which gets students excited.

At the heart of the Chudnovsky algorithm is the following equa-
tion:

[ 122?:0 —1k(5k)!(135914o9+5t1142134k)
(3k)!(k!)3640320°* 2

The next class goal is to implement the Chudnovsky algorithm

and work through the steps of the design recipes using a coding

assistant.

4.1 Chudnovsky Algorithm Version 0

In the form stated above, the Chudnovsky series is not friendly
enough for implementation. For instance, students are explained
that there is a radical in the denominator of the terms of the series
which makes it difficult to perform accurate numeric calculations.
The first step, therefore, is to use the rules of high school algebra to
rationalize the fraction and eliminate the radical in the denominator

of the terms of the series to obtain®:
1

V10005 500 -1k (6k)!(13591409+545140134k)
4270934400 “k=0 (3K)!(k!)3 6403203

Without a radical in a denominator, the design continues by
introducing the following notation:

10005 £k = —1K (6k)!(13591409+545140134k)
4270934400 - (3k)!(k1)36403205F

With these definitions in place, the equation above may be more
simply written as follows:

T =

Cc =

1
i EINA()

In this form, a design idea more easily emerges. We ought to define
the variables above, use an auxiliary function to compute the value
of the series, and return the approximation for 7. All numbers need
to be high-precision decimals. It is, of course, not possible to add an
infinite number of terms. To make the summation finite, the user
of the function will need to provide the number of terms to add.

4.1.1  The Function to Compute x. Following the steps of the design
recipe for using a coding assistant, the above design idea enables
the writing of the function header and prompt:

3The series’ factor, 12, in the equation above is absorbed into the new factor.
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def computePi(iterations):

Signature: natnum -> decimal.Decimal

Purpose: Approximate the value of pi

Design Idea:

Represent numbers using decimal.Decimal for

high-precision
Use the following variables and function:
c = sqrt(10005)/4270934400
f = (-1%xxk * fact(6k) * (13591409+545140134k))/
(fact(3k) * fact(k)**3 * 640320%*3k)

ChudnovskySum(f,iterations) to compute series
return 1/(c * series)

The suggested body returned by GitHub Copilot is:

1 c=decimal.Decimal(math.sqrt(10005))/ \
2 decimal.Decimal(4270934400)

3 f=lambda k: \

4 (decimal.Decimal ((-1)*xk)*fact(6xk) * \
5 (decimal.Decimal(13591409)+ \

6 decimal.Decimal (545140134)*k)) \

7 /\

8 (fact(3*k)*(fact(k)**3)* \

9 (decimal.Decimal (640320)**x(3%k)))
10 series=ChudnovskySum(f, iterations)

11 return 1/(c * series)

Although it may be a bit difficult to read, the suggested body im-
plements the design idea outlined in the prompt. The numerator
for the term computed by f is on lines 4-6 and the denominator
is on lines 8-9. Given that the proposed body is clear and appears
correct, we may cautiously accept it.

The next task is to develop a testing function for computePi.
Given that high precision decimals are tested, the prompt ought
to define a margin of error (or tolerance value). To keep the dis-
cussion simple, we arbitrarily choose 107'°. The absolute value of
the difference between the approximation computePi returns and
a known approximation of s, say with 50 decimals, needs to be less
than the tolerance value®. Finally, the function may be tested using
multiples of 50 in [0. .1000]. Using this design idea, the function
header and prompt may be written as follows:

def test_computePi():

Signature: -> None

Purpose: Test computePi

Design Idea:

Define Pi as a Decimal('3.14159265358979323...")
define a tolerance equal to 10*x-15

Use iterations = multiples of 50 in [0, 1000]

Include fail test strings "Test n failed"
starting with n=0,1,2,3,...

The body suggested by GitHub Copilot is:

4Such a value is easily obtained through an internet search.
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Pi = decimal.Decimal('3.14159265358979323...")
tolerance = decimal.Decimal(1@)**-15
for n in range(1,1000,50):
computed_pi = computePi(n)
assert abs(computed_pi - Pi)<tolerance,\
f"Test {n} failed"

The failed test strings are not numbered as outlined in the prompt.
Instead, they include the argument provided to computePi. This
different design is based on a good idea. When tests are executed
inside a loop, distinguish failing tests using the argument provided
to computed_pi. Therefore, it may be cautiously accepted as long
as the prompt is refined to reflect the accepted design.

A word of caution is issued at this time. The function is de-
signed without knowing how many iterations are needed to have
an approximation that is within the margin of error defined by
tolerance. They must be prepared, therefore, for testing to fail for
values that are not large enough to generate a good approximation.

4.1.2  The Function to Compute the Chudnovsky Series. The higher-
order function to compute the series takes as input a function
for the terms of the series and a natural number, iterations, for
the number of terms. The goal is to compute the series using the
natural numbersin [@. . iterations]. This is done using structural
recursion on, iterations, a natural number. To guide the coding
assistant, the data definition and template for a function on a natural
number are written as global prompts (not shown). The function
header and the prompt are written as follows:

def ChudnovskySum(f, iterations):
Signature: (natnum -> decimal.Decimal) natnum ->
decimal.Decimal
Purpose: Compute the Chudnovsky series from @
to the given number of iterations

Design Idea:
Represent numbers using decimal.Decimal
Add the terms of the series produced by f
Use structural recursion on iterations
Structure the code using the template for a

function on a natnum

The suggested body generated by GitHub Copilot is:

if iterations ==
return(decimal.Decimal (@) ,decimal.Decimal(@))
else:
ak=f(iterations)
asum, bsum=ChudnovskySum(f,iterations-1)
return (asum+ak,bsum+(akxiterations))

Clearly, the suggested code does not implement the specified design.
The suggestion is likely based on a function in GitHub Copilot’s
training set that it associates with one or more elements in the
prompt (perhaps, Chudnovsky or ChudnovskySum). Therefore,
Step 4 of the design recipe for prompts suggests a refinement is
needed.

To provide more guidance to GitHub Copilot, the design idea
can specify the value to return for the base case (i.e., iterations=0):
13591409. The refined design idea for the prompt is:

Morazan
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Design Idea:

Represent numbers using decimal.Decimal

Add the terms of the series produced by f
for i from 1 to iterations

Use structural recursion on iterations

Structure the code using the template for a
function on a natnum

When iterations is @, return 13591409
Otherwise, add the next term to the sum
of the rest of the terms

The refined prompt suggests the following function body:

if iterations ==
return decimal.Decimal(13591409)
else:
k = decimal.Decimal(iterations)
return f(k)+ChudnovskySum(f,iterations-1)

The extra guidance provided has successfully led the coding as-
sistant to suggest a body that implements the design idea. Note
that iterations is converted to a high-precision decimal before
providing it as input to f. It is unclear why GitHub Copilot has
chosen to do this, but the suggested body is cautiously accepted
given that it appears to be correct. In the interest of brevity, the
design of the testing function and of the factorial function are not
presented.

4.1.3 Debugging the Initial Design. Upon running the tests, the
following failed test report is generated:

assert abs(computed_pi-Pi)<tolerance, f"Test n failed"

AAAAAAAAAAAAAAAANAAAAAANAAAAAANAAAAAAAAN
AssertionkError: Test 0 failed

This test failure informs the programmer that performing 0 itera-
tions of the Chudnovsky sum produces an approximation of 7 that
is not within the defined margin of error. To resolve this issue, a
student may be tempted to simply delete 0 as low-end of the tested
range. A better approach is to determine through experimentation
the smallest number of iterations needed to produce a good approx-
imation. Luckily, the search is short given that 1 iteration suffices to
produce an good approximation. In the test range, 0 is substituted
with 1 and the prompt is refined to reflect this new design.
Upon running the tests again, the following error is thrown:
for k in range(1, n + 1):
TypeError: 'decimal.Decimal' object cannot be
interpreted as an integer

This bug is detected inside of fact, which does not need to be
shown to understand the error message. The error message indi-
cates that n is a high-precision decimal, which is invalid input to
construct a range. Students are typically tempted to immediately
edit the program where the bug is detected and this is an opportu-
nity to emphasize debugging by revisiting the steps of the design
recipe. The given input, n, violates fact’s signature: natnum ->
decimal.Decimal. A high-precision decimal is provided as input
instead of a natural number. This suggests that some call is made
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to fact with the wrong type of argument. This function is only
called from the body of the lambda-expression for f in computePi.
Observe that all calls to fact depend on the input, k, given to the
function obtained by evaluating the 1lambda-expression. The only
place where this function is used is in the body of ChudnovskySum.
This means the programmer ought to revisit Step 4 of the design
recipe for prompts and reanalyze the suggested body. Observe how
the function is used in the else clause:

k = decimal.Decimal(iterations)
return f(k) + ChudnovskySum(f,iterations-1)

The function, f, is given as input a high-precision decimal instead
of a natural number. Thus, Step 4 of the design recipe for using a
coding assistant has not been successfully completed. The body of
ChudnovskySum is not properly implemented. It is emphasized to
students that the bug is not located where the bug was detected.
The solution is this case appears to be fairly straightforward. Let
us not convert iterations to a high-precision decimal:

return f(iterations)+ChudnovskySum(f,iterations-1)

Upon making this change and running the tests again, no tests fail
and no errors are thrown. We have a program that produces an
approximation for 7.

4.2 Chudnovsky Algorithm Version 1

Experimenting with the implementation developed is encouraged.
Such experimentation, may lead some students to approximate 7
using, say 950, iterations. Running this computation takes a notice-
able, albeit small, amount of time to compute. Students are advised
that such delays may become magnified with larger inputs and
become a problem. To avoid this potential problem, revisiting Step
1 of the design recipe for using a coding assistant (i.e., problem
analysis) is advised to determine if there are any optimizations that
may be performed.

4.2.1 Revisiting Step 1 of the Design Recipe for Using a Coding
Assistant. The only place where simplifications may be possible in
the equation for r is in the computation of the series:

oo =1%(6k)1(13591409+ 545140134k )
k=0 (3k)!(k!)36403203k
Students are asked: Where can there be a time bottleneck? There
are two salient characteristics that ought to be explored. The first
is that an accumulator is not used to compute the sum. To compute
the next term of the series, k must be plugged into a fairly complex
equation. It is explained that it may be faster to implement a re-
currence relation. The second is that a factorial is computed three
different times. Therefore, reducing the number of times a factorial
is computed should also be explored.
A significant number of students immediately observe that:

(6k)! = 6kx(6k-1)%(6k-2)%.. %(3k+1)*(3K)!
This means that the above series may be simplified to:

5100 —1Kx6kx (6k—1)* (6k—2) %...% (3k+1) * (13591409+545140134k)
k=0 (k")36403203F

This is progress. Instead of computing 3 different factorials, only a
single factorial needs to be computed for each term of the series.

Class discussion leads to the observation that every term of the
series is adding two subterms. Thus, the summation may be written
as follows:

IFL 2025, October 1-3, 2025, Montevideo, Uruguay

71k*6k*(6k7l)*(ék*Z)*...*(3k+l)
(k!)36403203k
—1Kx6kx(6k—1) % (6k—2)*...# (3k+1)xk
(k!)36403203k
Students immediately observe that this does not look like progress,
because this form suggests that two series need to be computed. In
addition, two factorials need to be computed (one for each series).
It is pointed out to them that each series is now simpler and may
lead to further optimizations.
Each of the series can be named to yield:
— 1546k (6k—1)%(6k—2)*...x (3k+1)

13591409 * ZZO:O +

545140134 + =

_ 00

A = X, (k!)36403203F

B = 3 — 156k (6k—1)* (6k—2)*...x(3k+1)k
k=0 (k!)36403203%

T = 1

e o (13591409%A+545140134+B)
Removing the fraction from the denominator and simplifying yields:

426880V10005

7 13591409+A+545140134+B

Students can observe that B’s k" term is the product of A’s k*" term
and k. Thus, B may be rewritten as follows:

B = I Agxk

It is explained to students that this means that terms of the B series
can be computed at the same time as the terms of the A series.

It remains to be seen if the computation for A can be simplified.
As mentioned, a recurrence relation for A desirable: compute the
next term of the A series, Ay, using previously computed values. To
do so, the following equation needs to be solved for x:

Aol T ox= A

This informs us that:

(—=1K)6k (6k—1) (6k—2)...(3k+1) * ((k—1)!)36403203(k~1)
(k1)36403203% (—15=1)6(k—1) (6(k—1)—1) (6(k—1)—2)...(3(k—1)+1)
The formula for x is quite complex and would be tedious and error-
prone to program. It also requires the computation of several fac-
torial values and arbitrarily long products. This is an opportunity
for CS students to appreciate Mathematics as a powerful ally that
can help simplify their work. Using high school algebra to perform
simplifications yields:

X

245 (6k—1)+ (2k—1)*(6k=5)
k36403203
Thus, students have discovered a simpler way to compute the terms

of the A series:

X

_ 24x(6k—1)*(2k—1)*(6k=5)
A= k3640320 * At

It is highlighted to students that this is a remarkable result. They can
observe that in the recurrence relation there is no need to compute
factorials and the terms of the series are no longer complex as
in the original formulation. Such a result illustrates a powerful
reason for problem solvers and programmers to study Mathematics
that students can appreciate. It also highlights that time invested
developing a better design idea is time well invested.

4.2.2  Revisiting computePi. As before, this function takes as in-
put a natural number and returns a high precision decimal. The
purpose is to approximate the value of 7. According to the formula
developed, a constant needs to be divided by the sum of a multiple
of the approximation for A and a multiple of the approximation
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def computePi(iterations):
Signature: natnum -> decimal.Decimal
Purpose: Approximate the value of pi
Design Idea:
Represent numbers using decimal.Decimal
Use the following variables and function:
numerator = 426880xsqrt(10005)

afactor = 13591409

bfactor = 545140134

f=lambda k: (24*(6xk-5)*(2xk-1)*(6xk-1))/

(640320%%3 * k**3)

AB = ChudnovskySeries(f,1,0,iterations) is the
tuple for the approximations of A and B of
the Chudnovsky series

return numerator/(afactor*AB[@]+bfactor*AB[1])
Do not locally define ChudnovskySeries

nn

(a) Prompt

numerator = decimal.Decimal(426880) * \
decimal.Decimal (math.sqrt(10005))
afactor = decimal.Decimal(13591409)

bfactor = decimal.Decimal(545140134)

f = lambda k: (24%(6xk-5)*(2xk-1)*(6xk-1)) \

(decimal.Decimal (640320**3)*\
decimal.Decimal (k**3))

AB = ChudnovskySeries(f, \
decimal.Decimal(@), \
decimal.Decimal(@), \
iterations)

return numerator/(afactor*AB[@]+bfactor*AB[1])

(b) Suggested body

Figure 7: Prompt and suggested body for computePi.

for B. In the prompt’s design idea, these factors may defined as
variables. In addition, a function, f, may defined to compute the
factor by which Ay- is multiplied to obtain the value of Ay. The A
and B series are computed simultaneously by, ChudnovskySeries,
an auxiliary function that returns a tuple containing the approxima-
tion for each series. This auxiliary function processes iterations
using structural recursion and needs as input f, the initial values
for the accumulated approximations of the two series (intuitively,
both initial values are 0), and iterations. Finally, the returned
value is obtained by dividing the numerator variable and the sum
of the multiples of the approximations for A and B.

Based on the above design idea, the prompt is written as dis-
played in Figure 7a. Observe that the prompt is written using the
results obtained by developing a design idea that simplifies the
computation of 7. It is more detailed and longer than the prompt
used for version 0 and the expectation is that it will produce the
desired program. The prompt also asks for the auxiliary function
to not be locally defined. This is simply an attempt to keep each
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function short and make both easier to read. Once an implementa-
tion is developed, students are free to locally define the auxiliary
function. The body suggested by GitHub Copilot is displayed in
Figure 7b. The suggested body implements the outlined design idea
and, therefore, it is accepted.

4.2.3 Computing the A and B Series. The higher-order auxiliary
function to approximate the values of the A and B series takes as
input the function, f, to compute the factor for A’s kth term, a high
precision decimal accumulator for each series, asum and bsum, and a
natural number, k, for the number of iterations to perform. It returns
a tuple containing the approximation for both series. The terms for
both series are accumulated using structural recursion on the given
natural number. If k is 0 then the tuple (asum,bsum) is returned.
Otherwise, compute, f(k), A’s kth factor, recursively process k-1
to compute the tuple containing the approximations for the series
using k-1 terms, and, according to the derived formulas above,
return the tuple containing asum+f (k) *A,_; and bsum+Bj_;ak. The
accumulator invariant reflects that each tuple constructed contains
the approximations obtained for each series by summing up the
first k-1 terms: (asum, bsum)=(SX_JA;, SX21B;).

Based on the above design idea, the prompt is written as dis-
played in Figure 8a and the body suggested by GitHub Copilot is
displayed in Figure 8b. Clearly, the proposed body is making the
recursive call with the wrong values®. The coding assistant needs
more guidance to generate the correct recursive call.

The design idea is refined as displayed in Figure 9a and the body
suggested by the coding assistant is displayed in Figure 9b. The pro-
posed body implements the design idea. However, the accumulator
invariant is not used to document the code. This is important to
communicate how the problem is solved and may be done by man-
ually inserting a comment containing the invariant after setting
prevtuple and, similarly, indicating the value of the accumulators
in the base case. There is further motivation for insisting on such
careful documentation. Students are being prepared to write Hoare
Logic [16, 17] assertions when they study imperative programming.

4.2.4 Debugging the New Design. Following the steps of the design
recipe for using a coding assistant, the next task is to develop a
testing function. Observe that the development is a refactoring
exercise for computePi. Therefore, the same testing function devel-
oped for version 0 is used. We include, however, 0 in the range used
for testing. It is explained to students that 0 iterations using this
improved implementation may yield a good approximation for 7.

Running the tests throws the following error:

return numerator/(afactor x AB[@] + bfactor * AB[1])

A

decimal.DivisionByZero:
[<class 'decimal.DivisionByZero'>]

Alas! Despite all the design efforts, there is clearly a bug. The divi-
sion by 0 bug means that both results for the A and B approximations
are 0. As suggested by the design recipe, debugging is performed
by refining the answers to the previous steps of the design recipe.
The first step is to examine the design to compute A and B approxi-
mations.

5This is what many in the literature call a hallucination. This article purposely refrains
from using this term in order not to foster anthropomorphism.
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def ChudnovskySeries(f, asum, bsum, k):

Signature: (natnum -> decimal.Decimal)
decimal.Decimal
decimal.Decimal
natnum
-> (decimal.Decimal, decimal.Decimal)

Purpose: Returns the approximations for the A

and B series of the Chudnovsky
algorithm to compute pi

Design Idea:

Represent numbers using decimal.Decimal

Add the terms of the series produced by f

Use structural recursion on k to compute sum

Structure the code using the template for a
function on a natnum
Accumulator Invariants:
(asum,bsum)=(Z¥2J A, B52085)
if k is @ return (asum, bsum)
else set ak=f(k)
set prevtuple=recursively process k-1
return (asum+(ak*prevtuple[0]),
bsum+(akxprevtuple[1]))

(a) Prompt

constant=decimal.Decimal (426880)*\
decimal.Decimal(math.sqrt(10005))

if k == 0:

return (asum, bsum)
else:

ak = f(k)

prevtuple=\
ChudnovskySeries(f,asum+ak, bsum+(ak*k),k-1)
return (prevtuple[@],prevtuple[1])

(b) Suggested body

Figure 8: ChudnovskySeries: first prompt and suggested body.

In the design idea for computePi (see Section 4.2.2), 0 is chosen
as the initial value for both approximations. Could this be the source
of the bug? Recall that:

Ak = F(k) * A
We examine the computation performed by ChudnovskySeries

using a concrete value, 4, for iterations and 0 for the initial value
of both series:

ChudnovskySeries(f,0,0,4)
f(4)*ChudnovskySeries(f,0,0,3)
f(4)*f(3)*ChudnovskySeries(f,0,0,2)
f(4)*f(3)*f(2)*ChudnovskySeries(f,0,0,1)
f(4)*f(3)*f(2)*f(1)*ChudnovskySeries(f,0,0,0)
f(4)*f(3)*xf(2)*f(1)*0

Clearly, the design idea was too casual about the initial value for
asum. Given the computation trace above, the initial value for asum
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Design Idea:
Represent numbers using decimal.Decimal
Add the terms of the series produced by f
Use structural recursion on iterations to
compute the sum
Structure the code using the template for a
function on a natnum
Accumulator Invariants:
(asum,bsum)=(Z¥1A;, 3501Bs)
if k is @ return (asum, bsum)
else
set ak to f(k)
set prevtuple to recursively processing f,
asum, bsum, and k-1
return (asum+(ak*prevtuple[@]),
bsum+(ak*prevtuple[1]))

(a) Refined design idea for prompt

if k == 0:
return (asum, bsum)
else:
ak=f (k)
prevtuple = ChudnovskySeries(f,asum,bsum,k-1)
return (asum+(akxprevtuple[0]), \
bsum+(prevtuple[1]*ak))

(b) Suggested body

Figure 9: Refinement for ChudnovskySeries.

is changed to 1. Upon making this change all tests pass and no errors
are thrown. Student notice that running the tests is significantly
faster now, thus, driving home the point that time invested in
developing a design idea is time well invested.

The final step of the design recipe for using a coding assistant
asks for the program to be optimized. For brevity, we do not illus-
trate this step, but it is not difficult. In essence, the coding assistant
refactors to use a for-loop instead of recursive calls to circumvent
the artificial limit Python imposes on the number of recursive calls.

In closing, the program developed to approximate 7 still requires
further refinements to improve its accuracy. For example, the pro-
gram does not compute a high precision decimal for ¥10005. This
introduces an error into the performed calculation. Unfortunately,
Python’s math.sqrt does not accept high precision decimals as
input. Thus, refining the program to approximate x requires writ-
ing a function to compute the square root of a number represented
using a high precision decimal. Designing such a function means
using, for example, Newton’s method, which is based on generative
recursion and beyond the scope of this article. In the classroom,
students are advised that the next refinement shall occur while
learning to design functions based on generative recursion.
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5 Related Work

At the time of writing, there are very few textbooks that introduce
students to AI-based programming. None focus on program design
using a coding assistant.

Porter’s and Zingaro’s textbook, Learn AI-Assisted Python Pro-
gramming, is an introduction to programming tailored for Python
using GitHub Copilot. It introduces its readers to the concept of
a prompt and the need to be precise. It presents what resembles
steps for developing functions, but these fall short of being a design
recipe by failing to be sufficiently systematic. For example, steps
such as Write a prompt that describes the function as clearly as possi-
ble and If the code is incorrect edit the prompt provide no guidance
as to how to complete such tasks. In contrast, the work presented in
this article is specific about how to write prompts and how to per-
form debugging using the steps of the design recipe. The authors of
this textbook advise to keep functions short—something like 12-20
lines—-to give us the best chance of getting good code from Copilot.
The natural question that arises is how does a student know how long
a function will be in advance? In contrast, the work presented de-
scribes systematic steps with concrete answers that do not require
the proverbial crystal ball to complete. The authors acknowledge
the value of top-down design, but fail to provide concrete guidance
of how to divide-and-conquer problems. Instead, they state that
knowing when to stop breaking a task into smaller subtasks is more
art than science. In contrast, the work presented uses a type-driven
methodology to guide the decomposition of problems. Finally, de-
bugging is focused on using a debugger and is also referred to as
an art more than a science. In contrast, the work presented reduces
the search space for resolving a bug by casting debugging in terms
of revisiting the steps of the design recipe.

The book Murach’s Al-Assisted Programming with Copilot walks
its readers through the interface offered by CoPilot, which services
a multitude of programming languages. The use of the interface is
described without any regard for program design. It describes how
to use features with vague advice about being specific, providing
context, and specifying the output. Much of the book reads like the
old programming books from yesteryears that defined program-
ming as being equivalent to learning the syntax of a programming
language. This book’s final chapter does introduce the topic of unit
testing. In this chapter’s Python section unit testing is introduced
in tandem with the pytest extension, which allows tests to be
generated in a different file. In contrast, the work presented in this
article outlines test development within the same file as the pro-
gram under development. This is done for pedagogic reasons. It
tightly-couples function and test development in the mind of stu-
dents. The development of tests is not treated as an after thought
once a problem is solved. It is an integral part of problem solving
using programming. This is not to say that tests should not be
placed in a separate file. There are valid and important reasons
to do so, like not hindering performance every time a program is
evaluated, but this is an optimization that should be pursued after
successfully implementing a design.

Taulli’s AI-Assisted Programming: Better Planning, Coding, Test-
ing, and Deployment discusses the advantages and the pitfalls of
using a coding assistant as done in this article. As the work pre-
sented, this book also discusses the implications of nondeterminism
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when using a coding assistant and the need for prompts to be pre-
cise. It also discusses the need for prompts to be provided with
context, clear and succinct instructions, formatting requirements
(as done for prompts to generate unit tests in this article), and the
idea of how to divide and conquer a problem/prompt. In contrast to
the work presented in this article, it does not outline a systematic
methodology for AI-assisted software developing and claims that
prompt engineering is both a science and an art.

There have also been efforts describing the delivery of courses
using a coding assistant (for an extensive overview see [27]). For
example, using Porter’s and Zingaro’s textbook, Vadaparty et al.
describe how they integrate the use of a coding assistant into a
course for beginners [32]. Their course is aimed at a general stu-
dent population, not solely for CS majors. Among their goals is to
encourage students to use coding assistants and prepare them to
enter the workforce of the future. The course focuses on teaching
variables, functions, conditionals, loops, strings, lists, and dictionar-
ies in Python. As the work presented in this article, it recognizes
the importance of top-down design and problem decomposition. In
contrast, it does use a systematic type-driven design methodology.
Furthermore, there is no recognition that prompts are programs
that need to be systematically designed.

6 Concluding Remarks

This article presents a first effort to integrate systematic program
design with Al-assisted programming. The work presented focuses
on development using structural recursion and is only the first step
in teaching students to design programs with a coding assistant. The
presented approach uses the steps of the design recipe for functions
to develop precise and succinct prompts to guide a coding assistant.
The result is two-fold. On the one hand, it teaches students how
to systematically use coding assistants to design and implement
software. On the other hand, prompts also serve as documentation
for programs to make them easier for others to understand. The
development methodology using a coding assistant put forth clearly
illustrates that the process of software development benefits from
systematic design and squarely makes it a science and not an art as
described by other authors.

Future work includes defining a systematic approach (i.e., design
recipes) to develop functions using generative and accumulative
recursion using a coding assistant. Generative recursion requires
insights for problem decomposition beyond the structure of a type.
This needs to be reflected in the design of prompts. Accumulative
recursion requires the use of accumulators and accumulator invari-
ants to describe them, which also needs to be reflected in prompts.
Both of these forms of recursion, therefore, require new sets of skills
that students need to be taught. Future work also includes extend-
ing the presented prompt engineering methodology to imperative
and object-oriented programming. These programming approaches
present their own unique set of challenges. Prompts need to cap-
ture, for example, how to safely sequence mutations during in-place
operations. Finally, future work also includes human-factors study
to determine student impressions and the how effective students
are at using the proposed design recipes.
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Abstract

Helium is a Haskell compiler designed to provide program-
mer friendly type error messages. It employs specially de-
signed heuristics that work on a type graph representation
of the type inference process.

In order to support (all flavours of) type families in He-
lium, we extend the type graphs of Helium in order to design
and implement heuristics that can diagnose type errors that
might be caused by mistakes and misunderstandings involv-
ing type families. To increase programmer understanding,
we also include type family execution traces as part of the
type error diagnostics.

Keywords: type error diagnosis, generalized algebraic data
types, type graphs, Haskell

1 Introduction

Haskell is a pure, lazy, statically typed, functional program-
ming language that is designed to be suitable for teaching,
research, and applications [5]. Haskell is also an experimen-
tal testbed for type system level features and many of these
features have been adopted by Haskell programmer’s world
wide. One such feature is type families [9] and its cousins
and that exists in a number of flavours in Haskell’s main
implementation, Glasgow Haskell Compiler (GHC).

Helium [4] (Section ??) is a Haskell compiler that is special-
ized in type error diagnosis. It uses a number of techniques to
improve it. The compiler is not as extensive as GHC and only
covers a subset of the features that it offers. Recently, the type
error diagnosis techniques of Helium have been extended
to work with one of the more advanced features of Haskell:
GADTs [8]. A new type inference engine, Rhodium [2], has
been designed to make the type error diagnosis techniques
in Helium compatible with the more advanced features that
GHC implements. In this paper we document our work ex-
tending Helium with type families, and its many flavours.

Consider the following very simple example:
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type family Foo a
type instance Foo Float = Int

wut :: Foo Float
wut = 6

Here the type instance dictates that in Haskell types, oc-
currences of Foo Float can be compile-time evaluated to

Int, and since that is the type of the body of wut, all is fine.
But what if we had mistakenly written:

type family Foo a
type instance Foo Int = Float

wut :: Foo Float

wut = 6

Notice that the type Foo Float is not reducible by the type
family. We thus expect that Foo Float cannot be matched
with the type Int from 6. GHC, on the other hand, provides
the following error message:

main.hs:179:7: error:

é No instance for (Num (Foo Float)) arising from the literal

€ In the expression: 6
In an equation for 'wut': wut = 6
|
179 | wut = 6
|
GHC expects an instance of Numfor Foo Float, which obvi-
ously is not there.

Type families imply that certain computations are done at
compile time. Since we are in effect evaluating types at com-
pile time, diagnosing type errors that involve type families
will need to show which types resulted from which type level
computation. Moreover, the design of type families is such
that they come with a number of not-so-obvious restrictions,
which easily lead to type error messages that are hard to
digest by proficient Haskell programmers as they take their
first steps in type level programming.

One such rule is the apartness rule (Section ??).

type family Loop a where
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Loop [a] = Loop a
Loop a = a

loop :: Loop [c]
loop = 'X'

At first glance, a (novice) programmer may expect that Loop [c]

would reduce to c by first applying the first instance and
then applying the second. The second instance is, however,
never applied and GHC gives the following error message:

main.hs:206:8: error:
* Couldn't match type 'Loop c' with 'Char'
Expected type: Loop [c]
Actual type: Char
* In the expression: 'X'
In an equation for 'loop': loop = 'X'
* Relevant bindings include
loop :: Loop [c] (bound at main.hs:206:1)
I
206 | loop = 'X'
I

Loop c cannot be reduced because ¢ can be instantiated so
that it would match with both instances. In other words: the
two instances are not apart. Note that the type error message
does not explain that subtlety, leaving the programmer to
guess what is going on.

This paper offers the following contributions:

e we have implemented all flavours of type families
(closed, open, injective, and associated datatypes) in
the front end of Helium?

e we have developed type family reduction traces to
become part of the type error message in case a subject
type of the type error report was a consequence of type
family applications

e we have devised a number of heuristics to diagnose
the cause of certain classes of type family errors.

We do so under the following basic premise: if we have
to choose between blaming a Haskell expression for a mis-
take, or a type family, then we will always choose to blame
the latter. This is not unreasonable: type families are often
added to existing code to make the types of the code more
precise. There will typically already be a reasonable amount
of confidence that the value level code is type correct. Note
that if we have to choose between blaming the definition of
a type family and the use of a type family (as part of some
explicit type), then we prefer to blame the latter, which is
not any different from how error diagnosis works for type
incorrect functions that employ algebraic data types.

Details of the implemented static checks that we assume have been checked
before type inferencing are given in the master’s thesis of the first author [7].
The static checks are the same as the ones GHC implements.
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2 Preliminaries

To be somewhat self-contained, we reiterate some of the
details of the various flavours of type families that exist
in Haskell and GHC. The feature is an improvement upon
functional dependencies [6], that arises when written as an
associated type synonym [3] for a given type class:

class Collects ce where
type Elem ce
empty :: ce
insert :: Elem ce -> ce -> ce
member :: Elem ce -> ce -> Bool

instance Collects [a] where
type Elem [a] = a

empty = []

insert x xs = (x:xs)

member = elem

When we decouple associated type synonyms from type
classes, we arrive at open type families [9]. A typical example
is:

type family Sum n m
type instance Sum Zero x = x
type instance Sum (Succ x) y = Succ (Sum x y)

which is similar to what one can write on value level, but
will now operate at the type level. We can use this in the
definition of vector append as follows:

vconcat ::
vconcat Nil 1 =1
vconcat (Cons x xs) ys = Cons x (vconcat xs ys)

A type family is open when instances can be added freely
at any time. In the case of a closed type family, all instances
are given directly at the definition. The main advantage is
that we can allow instances to overlap, and instances will be
tried from top to bottom to find the applicable case. Injective
type families [10] arise when a type family is marked as such
and the type family behavior is injective. In the following
example,

type family F a b = r | r -> b where
F Int Int = Bool
F Bool Bool = Int
F Int Bool = Int

we say that type family F is injective in its second argu-
ment b as specified by the annotation r -> b. This means
that the right-hand sides (rhs) of its instances determine only
the second arguments on the left-hand side (lhs). F is not
injective in its first argument as its rhs does not determine
it. Int as result can be the result of Int or Bool as the first
argument.

Vector e n -> e Vector e m -> Vector e (Sum n m)
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data TFDeclInfo = TDI {

tfdName :: Name -- name of the type family
, argNames :: Names -- names of the arguments
, tfdType :: TFType
, injective :: Bool

, injNames :: Maybe Names -- names that are injectii( p

Conference’17, July 2017, Washington, DC, USA

a type class and the indices of those variable names that are
linked to certain variable names of a class. This information
is only relevant when we are dealing with an Associated
Type Synonym and is empty otherwise. This information is
stored in classIdx and classDName.

In TFInstanceInfo, we store information obtained from
ype instance’s. Again, we store the type family name

, classIdx :: Maybe [(Int, Int)] -- indices of tf args,hitkefletQt4ASS l?éigﬁgg.’\}-\?e)xt, we store the argu-

classDName
} deriving (Show, Eq)

data TFInstanceInfo = TII {

tfiName :: Name
, arglTypes :: Types
, defType :: Type
, tfiType :: TFType

, priority :: Maybe Int -- priority inside closed t?

, classTypes :: Maybe Types -- class types in case

, classIName :: Maybe Name -- class name of accompapy g 5k
, preCompat :: [Int] -- compatible precomputations.

, tfiRange :: Range

, closedDeclName :: Maybe Name

, varNameMap :: Maybe (Map Int Name)

} deriving (Show, Eq, Ord)

data TFType
= Open -- open type family
| Closed -- closed type family
| ATS -- associated type synonym
| TypeSyn -- type synonym
deriving (Show, Eq, Ord)

Figure 1. Data structures for a Type Family declaration

3 Some implementation details

We store the family information in a convenient format so
that we may access that information during static checks
and type inferencing. We introduce two data structures. One
in which we store Type Family declarations and one in which
we store Type Family instances. The data structures are given
in code snippet 1.

The name of the type family, the names of their arguments
and the type of the type family are stored respectively in
tfdName, argNames and tfdType. The type of tfdType is
defined as visible in code snippet ?? and determines what
type of type family we are dealing with. The type family
may be open, closed, an associated type synonym (ATS), or
a type synonym. Furthermore, we store whether the type
family is injective and in which arguments. A type family
does not have to be injective. Therefore, this attribute is a
Maybe type. Last but not least, we store the potential name of

:: Maybe Name -- name of the accompanyigG1a8$ (ihs) in argTypes and the definition type (rhs) in

defType. We also store the type of type family. The priority
is only relevant for Closed Type Families and determines the
order in which the instances are placed under the declara-
tion. For associated type synonyms, we want to determine if
types match for those variables that are equal in the class and
ATS definition. We therefore save the types assigned to the
ATS instance. preCompat saves the indices of other instances
nde{; the same closed type family declaration with which
pe. Tamily" . L L .
}%e kr_}_sstar.lce is compatible. This 1nfor.mat.10n is used during
ﬂlq type inference process to determine if an instance may
%Pply a certain type family. Last but not least, we
employ a varNameMap that contains the names used in the
Type Family declaration related to their index. We use this to
retrieve the names when we build the injectivity annotation
hint.

3.1 Extensions to the type inference system of
Helium

This section discusses how the X for its type inference mech-
anism, Rhodium, in Helium is implemented and why certain
decisions were made. Some parts of the implementation re-
mained unchanged with respect to the definitions given by
Burgers et al. [2]. This section first discusses the extension
of the constraint environment of X and then discusses the
implementation of X per simplification rule.

Constraint environment. The constraint environment, as
described by Vytiniotis et al. [11] and implemented by Burg-
ers et al. [2], is extended on two aspects: axioms and mono-
types. Because type families are defined at top level, we
extend the axiom definition Q with the following rule:

QZI:...
|V[a]. 7~ F &

where @ denote the touchable type variables and 7 denotes
the type that represents the type instance body. This type
is subject to the restrictions posed by the static checks. F &
represents the type family name and its arguments. £ denotes
a type family free type. This agrees with the restrictions
imposed on type family instance arguments. This axiom is
spawned when the programmer defines a type instance in
the program.
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Furthermore, monotypes are extended to incorporate type
family applications in types:

tu=..|F7T

where F is the type family name and 7 represent the types
the F is applied to.

Canonicalization. For type families, the canonicalization
rule has the task to deal with type family applications that
contain type family applications in their arguments. In other
words, nested type families. Furthermore, the canonicaliza-
tion rule implements one of the simplifications that injective
type families allow. In figure 2, the canon rules for type fami-
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interact(t; ~ 12,71 ~ T3)
interact(tv ~ &,tv ~ &)
interact(tv; ~ &1, tvy ~ &)
where tv; € fo(&)
interact(tv ~ €,D &)

where tv € fo(f) = tv~EAD[to— E)E
interact(D f, D f) = D ég

interact(tv ~ &,F & ~ &)
where tv € fo(€) or tv € fou(&)
interact(F € ~ &,F € ~ &)

1~ T2

t’(}~§1/\§1~§2

tog ~ & A toy ~ [to; — & ¢

to ~ & AF [to = §)E ~ [t
(FE~E)N (&~ &)

Figure 3. Interaction rules (taken from [1])

canon(tv ~ 11173)

where unfamily(z;) = (a;, &, Qi)
canon(F T ~ ')

where unfamily(t;) = (@;, &,Qi) =
canon(F T ~ F G)

where injArgs(F 7) = (7')
where injArgs(F 6) = (6”)

o : 7The
(ay..an,{F & T}U@LES

(e, {ti ~0i|1i « f’,iﬂ-twﬁﬂ

Family in application

(G, {tv ~ E1E,} U %1 ’Ll]}@zi)nteraction rules introduce two new rules that involve

attened) typefamilies, Thg firgtdnterdcts tv ~ & and F £~

z‘ule allows the type variable|tv to be substituted
inside the tyHﬁg@{lel%,arguments and definitions & and &,.
The second new rule and the last rule in figure 3 allows the
of two type family constraints that are applied
equally. This should result in the fact that their definitions

Figure 2. Canonicalisation rules for type families (partly
taken from [1])

lies are given. The first two rules handle nested type families.
Nested type families are handled by the unfamily function.
Vytiniotis et al [11] call this procedure flattening and it is
similar to the flattening procedure described in section ??.
The rule is of the shape unfamily(t) = (a, £, Q), where  may
contain a type family application. Every type family applica-
tion in 7 is replaced by a fresh type variable §, henceforth
known as a f-variable, while the shape of the constraints
remains the same. The constraint Q contains equalities of the
form f ~ F 7 with a fresh f for every type family F 7. Take
as an example unfamily(F Int — G Bool) = ({a, f},a —
B,a ~ F Int A B ~ G Bool). The variables a and f§ are freshly
introduced and replace the occurrences of the type families
Fand G.

The third rule handles injectivity. It first checks whether
the type family at hand is injective. This is determined before-
hand. The rule uses a function of the form injArgs(F 7) = (7/)
which obtains the injective arguments 7’ from a type family
F 7. The rule then creates new equality constraints for each
pair of injective arguments of the type family as per the
definition of injectivity (section ??).

Interaction. Figure 3 shows the interaction rules as given
by Burgers et al. [2]. Notice that all types on which the
interact rule works must be type family free, as denoted
by the use of &. The flattening of type families in equations
opens up more possible interactions between those equations
and other constraints [11].

& and &; should be equal, which is why the new constraint
(&1 ~ &) is created.

We introduce one additional rule for injective type families.
If the last rule in figure 3 fails, we may check if & and &, are
equal. If this is the case, we may introduce evidence that the
injective arguments to F are equal. We may thus introduce
those new equalities. We formalize this new rule as follows:

interact(F& ~ &, F &~ &)= (F&G ~ )N G ~ & | & — &6 « &
where equal(&;, &)
(1)

Simplification. The simplification rules are very similar to
the interaction rules as explained in section ??. We therefore
shortly focus on the two rules that this simplification step
introduces. These are visible in figure 4.

simplif(F & ~ §1,F_f ~ &) = &H~&
simplifyf(tv ~ &,F & ~ &)
where tv € fu(£) ortv € fo(&) = F[tvo — &€~ [tv — &]&

Figure 4. Simplify rules for type families (taken from [1])

The first rule simplifies two type family applications with
the exact same arguments. The only difference with the inter-
act version of this rule is that the given, left-most constraint
is not returned as it is not needed further in this phase of the
simplification process. The same goes for the second rule.

Top-level react. Next to the canonicalization rule, the top-
level react is the most interesting rule when introducing type
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families. As mentioned, type families introduce a new type
of axiom in the form V[a@]. 7q ~ Fq &g which represents a
type instance. This rule is used to react with type family
applications in the constraint system. The top-level react
rule for type families performs the following steps, given a
constraint of the form F & ~ . Note that all types must have
been made family free.

1. We loop over all axioms that are defined in the con-
straint system and check if, for axiom V[a]. 7q ~
Fq £q and type family application F &, F = Fq. If
not, we consider the next axiom.

2. If F = Fq, we will try to unify £g ~ &, where the
variables @ are considered touchable and may thus be
unified to another type. This allows us to apply a type
application on a more general type instance.

3. If step 2 is successful, the resulting substitution 0 is
returned. The result of the top-level react call is then
O0tq ~ & where we apply the substitution 6 to the
definition of the type family axiom &go. We thus replace
F £ with its definition.

4. If step 2 is unsuccessful, we return to step 1 and loop
further over the known axioms. When no matching
axiom is found after all have been considered, the con-
straint is left residual.

The above steps work well for open type families, as there
is no order implied. For closed type families, we utilize the
Axiom Closed Group as explained in section ??. Because type
family names are unique, we can extend the axiom loop
function to also search for axiom groups. When such a group
is found, we only need to loop over the axioms inside it.
Furthermore, because we know it represents an ordered set
of axioms from a closed type family, we can check the axioms
in order. This also allows us to perform the compatibility
and apartness checks over the complete group as explained
in section ??. Compatibility is computed before the type
inference process.

Top-level improvement. When the type family that we
want to simplify is injective, and the above process fails,
we may attempt to perform a top-level improvement. When,
again, given an axiom of the form V[a@]. g ~ Fq &g and
a contraint of the form F & ~ &, we perform the following
steps:

1. We attempt to pre-match ¢ and 7q. Pre matching de-
scribes the combined process of matching and pre uni-
fication. In short, we use the pre unification algorithm
(figure ??) while only keeping the types in one order.
If pre matching fails, we return. Else, we obtain the
resulting substitution subst and advance to the next
step.

2. We apply subst on the axiom family Fq &g and check if
it matches with its original version. This is important
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because it ensures that injectivity is indeed correct
[10]. Again, if it fails, we return.

3. At this point, we may create new evidence based on
the injective properties of the type family. We apply
subst over the injective arguments in &g to create ,fé
We then build a set of new constraints as follows:

injConstr = {£[, ~ £ | £, « £p, & «— &} 2)

4. We return the set of constraints injConstr and F £ ~ £.
This constraint may be improved using the constraints
in injConstr but may also be left residual in some form
after type inference is complete. This, however, intro-
duces a subtlety. It may the case that F £ ~ £ may not
be able to be improved at all. In this case we do not
want to perform above steps on it again as this will not
provide new information. We, therefore, annotate the
constraint with the notion that top-level improvement
was already applied. This prevents the type inference
system from looping.

4 The Reduction Trace

Type family applications may introduce new type families.
Furthermore, type families may occur as arguments to other
type families in annotated types. It may therefore take several
type family applications before a base type is reached. During
these applications, several intermediate types are created
that are not present in the source code. This is intentional
but poses a problem if such an intermediate type may not be
reduced further. The resulting type error message will then
contain a type that is not present in the source code, which
may confuse the programmer. Furthermore, when a type
family is fully reduced and the resulting base type creates
an error, it may also be hard to find the original type as the
previous steps are lost after type inference terminates.

In this section, we discuss a new feature of Helium that
traces changes concerning to types that contain type families,
including changes to type family arguments as a result of
injective properties. In the design we aimed to achieve the
following requirements for this feature, a so-called Reduction
Trace:

e The Reduction Trace should be complete, that is from
start to finish, omitting no steps.

o The trace should be presented in a type error clearly.
The steps that are part of the trace should be presented
one by one with possibly extra information that ex-
plains why the step was taken. For example, what
instance was applied? How often was it applied and
why?

o The trace should be able to distinguish between differ-
ent kinds of reductions, e.g., left-to-right applications,
but also argument injections where argument infor-
mation is obtained because of the injective properties
of the type family.
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e The trace should be able to compact. Sometimes a
particular instance is left-to-right applied many times
in succession, and it would be helpful to describe these
many steps in a single trace step

e The Reduction Trace should be an extension of the ex-
isting system. The trace should be gathered during the
steps of the type inference system. We impose this re-
quirement as we do not want to adapt the existing type
inference system, which would be risky undertaking.

Our starting point are monotypes, defined as follows:

Monotypes 7 u= « variables
| 717y type variable application
| A constants
| F7 type families

Figure 5. The definition of monotypes in Helium

To build a trace of type family applications, we extend
the monotypes with a reduction step. The goal of this step
is to save a potential application and thus reduction, of a
type family. We add this step to monotypes, because every
monotype may potentially be the result of a type family
application. Furthermore, it allows us to quickly see if a type
is the result from a type family reduction. This has its use
when checking if a type family may be to blame for a type
inconsistency.

We define ReductionType (what kind of reduction is it,
the location where the applied instance can be found in the
source code), ReductionStep (basically the in and output type
of the reduction, and ReductionTrace, which is a step anno-
tated with the number of times the step was applied:

ReductionType rt u= LeftToRight (r, ’) location
| Arglnjection (z, 77)

ReductionStep  rs Stepr 7’ rt
ReductionTrace trace := [(rs, Int)]

Reduction steps can take place at two points during type
inference: during a top-level reaction of a type family and
at the interaction of a variable constraint with a type family
constraint. The first leads to a LeftToRight reduction step
and the second to an Arglnjection.

For a LeftToRight reduction step, given the constraint
F & ~ 7 and axiom VY[a). 1q ~ Fq &g, we first check that
map unify {£ ~ £q | € « &, &q « &q} succeeds. If so, then
we create the new constraint 7, ~ 7 where 7/, is the sub-
stituted version of 7g, and we extend 7/, with the following
step (note that we only save 7/, at this point as a matter of
convenience) :

Step 7 (F &) (LeftToRight (Fq &g, 7q) loc(axiom)).
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An Arglnjection reduction step is the result of applying
rule in figure 6: This rule inserts new information obtained
for arguments of a Type Family. As explained, this may be
due to the injective properties of the type family. Whether
this is the case or not does not matter as we always want
to show any changes to the type family to the programmer
when an error occurs. When we insert the reduction step,
however, is quite subtle. First of all, we only do so if tv €
fo(€) because we will only substitute an argument of F when
this is the case. Furthermore, we do not add a reduction step
when tv is a ff-variable. As explained in section 3.1, such
variables are only introduced during the flattening process
which allows the type inference process to consider nested
type family separately. When we encounter a f-variable in
this rule, we are only undoing a flattening step which is
introduced by the type inference system and should thus
not be shown to the programmer. To conclude, we introduce
the following reduction step to the type F [tv — &€ when
tv € fo(€) and tv # f:

Step (F [tv — 51]5) (F E) (ArglInjection (tv, &)).

The after type is the same type family as the before type
with its arguments substituted by the first constraint given
to the interact rule. The Arglnjection reduction type saves
this constraint to be able to show it in a possible error later
on.

4.1 Building a Reduction Trace

The above information is collected along with the type infer-
ence process. If we find a type inconsistency, and a type, say
7, that will be reported on in the type error message was the
result of type family rules being applied, then we can use
that information to construct a trace. Our implementation
uses two phases.

Phase 1: following reduction steps. We apply the reduc-
tion steps, in reverse order, starting with r and working our
way backwards. At some point, a type is reached without a
reduction step. In this case, we inspect the type and check
if it is a type application or a type family. If it does and
the type contains nested monotypes, we proceed to phase 2,
otherwise we are done.

Phase 2: diving deeper. 1t is important to note that the
reduction steps of recursive monotypes do not know that
they were part of another type family or type application.
This is due to the flattening that happens during type infer-
ence. For the nested monotypes, we first perform Phase 1, to
obtain all their reduction steps, and this may again lead to
recursing on these types. When we are done tracing back all
the type family steps, we need to insert the steps back into
the higher-level type of which the nested monotype was a
part. Let us show this situation with an example. Let us have
the following type families



Heuristics-based Type Error Diagnosis for Haskell

interact(tv ~ &, F gg ~ &)
where tv € fo(€) or tv € fo(&) =
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tv~ & AF [tv — §1]§: ~ [tv = &1&

Figure 6. Interaction rule

type family H a b where
H Int Int = Float

type family J ¢ where
J Int = Int

and the type haskellH (J Int) (J Int). During type infer-
ence, this type is flattened to haskellH betal beta2 with
constraints betal ~ J Int and beta2 ~ J Int. haskell]
Int reduces to haskelllnt but does not know that it was
initially part of H. Fortunately, inserting a trace back into a
higher level type is not difficult: we loop over every step in
the trace and encapsulate the after and before types in the
higher level type. To be able to do this, we need to know
what the argument was that the type belonged to. For type
families, we therefore keep track of which arguments were
already processed. We therefore also choose to present the
traces within these arguments from left to right.

As alast step we compact multiple applications of the same
reduction rule to reduce the trace. Consider for example

type family Loop a where
Loop [a] = Loop a
Loop a = a

and the type haskellLoop [[[[Int]]]]. It is clear that the
result type after type inference is haskelllnt. However, it
takes five top-level react phases to reach this conclusion of
which four use the exact same instance. Showing these four
steps separately is unnecessary so we squash these four steps
and instead mention in the error how often the instance was
used. The after and before types of the new Step become
the after step of the first step and the before step of the last
step in the sequence. In a later section, we shall show some
examples of Reduction Traces.

4.2 Difficulties with the current approach

There are cases in which our reduction traces currently fail
to build a trace from start to finish. In some cases, it even fails
to build a trace at all. It unveils a problem with the reduction
traces that arise from the fact that we construct our traces
during the standard type inference process, which of itself
is not necessarily a linear, predictable process.

Problem 1: the order of phases. The phases of building a
reduction trace as described in section 4.1 are executed in a
fixed order. Only when a type does not contain a reduction
step, do we consider the possible traces in its recursive argu-
ments. However, a type family instance may contain a type
family on its right-hand side. After application, we may thus

have a new type family inside a type which may be reduced
to another type. As a result, we have a type that has a reduc-
tion step and also contains a recursive type with a reduction
step. In this situation, the current implementation falls short.
The ordering of phases should become more subtle.

Problem 2: order of applications of a nested type fam-
ily. Consider

type family Const a b where
Const ab=0>b

type family Id c where
Idc=c

tfconst :: a -> b -> Const a (Id b)
tfconst x y = x

Here, the function tfconst contains a type error because
Const a (Id b) reduces to b and x has type a. So how do
the type family reductions take place:

1. Const a (Id b) isflattened,leading toConst a betal
and the new constraint betal ~ Id b.

2. Id b is reduced to b and we obtain the constraint
betal ~ b.

3. Const a betal is reduced betal.

4. betal is substituted with b in the constraint betal ~ a
to create the constraint a ~ b where we return an er-
Tor.

Steps two and three violate the order in which most reduc-
tions take place. The top-level type family is reduced before
the reduced nested type family is reinserted. As a result, b
only contains the step that it was reduced from Id b. This
situation only happens in case we have very general type
families like Const and Id that may be applied to any type
and thus also with type variables. In situations like this, the
trace becomes incomplete as the reduction from Const will
be omitted from the trace.

We designed a fix by restricting top-level reaction that a
type family may only attempt a reaction if all its arguments
are beta free. In other words, all possible nested type families
inside a type family must be considered first before the top-
level family is reduced. In case a nested type family cannot
be reduced, the top-level family will also stay unreduced. We
argue that this does not change the type system: we do not
allow fewer type families to be type-checked, and if a type
family is fully reducible, the type inference system will still
do so, albeit in a different order. In case a type family is not
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(fully) reducible, the type inference system will still return
an error.

We did find, however, that in some cases, the error is a bit
too general. Consider the following somewhat less general
example:

type family Const a b where
Const a b =b

type family Id c where
Id Int = Int

tfconst a->b ->Const (Id a) b
tfconst x y = x

Id is now less generic and only allows Int as an argument.
As aresult Id a in the type signature will not be reducible.
In case we still allowed f-variables to be in the type family
arguments during the top-level react phase, Const would
still be reducible, and we would get an error that tells us
that Id a is not reducible. In the new situation, Const will
not be reduced, as it will remain in the form Const betal b
after flattening. After substitution, the type inference system
will tell us that Const (Id a) b in total is not reducible.
We argue that this is not a problem as the situation is very
specific. Furthermore, as we will see when we discuss our
heuristics later in this paper: the type to blame is still part
of the type and can be blamed.

4.3 Problem 3: looping trace construction

During the creation of the trace, we try to substitute some
type variables to check if the result type has a trace that we
may potentially explore. This turned out to be dangerous
because it can cause looping. Especially when the substitu-
tion resulting from type inference is certainly not correct. If
the type variable we substitute is also present in the before
type, we end up in a loop because we eventually consider
the type variable again. In the current implementation, we
built in a safety measure that stops the creation of the trace
after a certain amount of going into recursion. This amount
is currently set to 50. See [7] for an example.

5 Heuristics for type families

Will be in the final version. And will be discussed in the
presentation

6 Related work

Will be in the final version. It will discuss more or less the
same work as does [2].

7 Conclusion

Will be in the final version.
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ABSTRACT

Region based memory management is a compile-time alternative to
garbage collection, where allocations are placed in lexically scoped
regions, either manually by the programmer or by a static program
analysis: region inference. The precision of such an analysis—that
is, determining in which region an object should be allocated, and
when regions can be deallocated—has a significant impact on the
run-time performance of the program. To increase the precision
of region inference for higher-order programs, we adapt higher-
ranked type and effect systems to region inference. In this work
we discuss the problems of extending prior work on higher-ranked
program analysis to polymorphic languages, and present our novel
region inference analysis for a lazy, polymorphic language with
higher-order types.
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1 INTRODUCTION

Region based memory management is a compile-time alternative
to garbage collection, where the heap is split into lexically-scoped
regions. Each allocation is placed in a region, and at the end of the
lexical scope of a region, all objects in the region may be deallocated.
The programmer or the compiler has to decide where regions are
introduced, and for each allocation the region it is placed in.

We can support region based memory management in the lambda
calculus by extending it with two constructs: letregion to intro-
duce a new region, and @ to link each allocation with a region.
Regions are referred to by region variables, denoted by p.
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e = ...
| letregion p ine
le@p

The construct letregion p in e introduces a new region p which
can be used in the body e. This region may be used to store inter-
mediate values in the computation e and all objects in that region
will be deallocated when the computation finishes. The result of
that computation should thus not be stored in region p.

Region inference, introduced by [20], converts a program with-
out regions to a program that uses regions. This has been exten-
sively studied in the MLKit compiler [24, 25]. Vejlstrup [26] pre-
sented a static program analysis to find the memory requirements
of the regions (as they can in general be unbounded) to efficiently al-
locate many regions on the stack instead of the heap [4]. For some
programs region inference gives imprecise results, where many
allocations are placed in a region with a long lifetime; either the
program should then be rewritten to be more region-friendly, which
is often difficult to do for the programmer, or the compile-time re-
gion inference can be combined with run-time garbage collection
[9, 11]. Recently, regions have been popularized under the name
lifetimes in Rust, a programming language that enforces memory-
safety at compile time using regions [17]. Contrary to MLKit with
region inference, Rust requires the user to place regions in the
program.

Region introduction (1)

Allocation

1.1 Region inference

Regions can be inferred with a static program analysis [3, 24] via a
type and effect system [18]. In a type and effect system, the type
system of the source language is annotated with analysis-specific
annotations. For region inference, a function type is annotated with
a discription of how the function may use regions. The precision
of such an analysis will impact the run-time performance of the
program.

In this paper, we introduce a new region inference algorithm
for a polymorphic language with higher precision for higher order
functions. We illustrate the general ideas of the analysis with some
examples. First, consider the inc function, which increments its
integer argument by one:

inc x = x + 1

If we assume that integers are boxed, then the evaluation of this
function will lead to allocating a new integer object. Hence there is
no relation between the region of the argument x and the region
where the result is stored, and we can thus store them in different
regions. Now consider the identity function:

id x = x
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In this case there is a relation between the region of the argument
and the result, as we do not allocate a new integer object, but reuse
the existing object which is already placed in a region. Instead of
enforcing that the those regions are the same, as done in [24], we
only require that the region of the argument lives at least as long
as the region of the result. Then we can pretend that the result is
actually stored in the output region, as the input region cannot be
deallocated when the output region is still needed.

The components of a compound value may be stored in multiple
regions; for instance in case of a list, the list objects (the nil [] and
cons : objects forming the linked list structure) may be stored in a
different region than the elements in the list. For the function map,
the analysis must decide on the regions for both the list objects and
the elements.

map _ [] =[]

map f (x:xs) = f x : map f xs

The list objects of the result are allocated in the function, similar
to the integer objects in inc, so no relation between the input region
and the output region is enforced (assuming strict evaluation). How
the regions for the elements should be handled depends on function
f, which is an argument to map. In our analysis, we let annotations
also be functions: the annotation of map is a function taking the
annotation of f as an argument and then returning the relation
between the regions of the input and the regions of the output.
The annotations of higher order functions are thus higher order
annotation functions. The analysis can now find that the input and
output regions of map inc are unrelated. In case of map id, we do
find that the region of the elements in the list of the input should
live at least as long as the region of the elements in the output.
By handling higher order functions this way (with higher-ranked
polyvariance, that is polymorphism on annotation variables), and
letting annotations be functions as well, we can get higher precision.

Lazy values are also treated as compound values: we assign them
one region for the thunk, the run-time representation of a lazy value,
and one region for the computed value. The free variables of a lazy
value must outlive the thunk as those values need to be available
when the thunk needs to be evaluated. This may give them a long
lifetime and cause high memory usage. Our analysis makes use
of strictness information, inferred by a strictness analysis [5, 13]
or given by the user. This may reduce the number of lazy values
or shorten their lifetime. To illustrate the latter, the region of the
thunk may be deallocated before the region of the values, which
for instance happens with the regions of the elements of an array
in the function head: this function takes a list of lazy values, and
returns a strict value. The region of the thunks could be deallocated
after calling head.

1.2 Contributions

We introduce a region inference algorithm with higher-ranked poly-
variance for a polymorphic, lazy language. We extend on previous
work on analyses with higher-ranked polyvariance, as applied to
flow analysis [14] and dependency analysis [22], by using a lambda
calculus as annotation language, and adapt this to region inference.
Whereas previous work on higher-ranked polyvariance was ap-
plied to monomorphic languages, we extend this to polymorphic
languages and show that the precision of the type system is not
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orthogonal to analysis precision: by the inclusion of polymorphism
in the source language, previous approaches of higher-ranked anal-
ysis do not work any more. We show that the main problem is that
fixed-point iteration isn’t guaranteed to terminate and that some
fixed-points are undecidable, and work towards possible solutions.

We have an implementation of the analysis in the Helium com-
piler as described in section 7.1.

1.3 Analysis overview

Our region analysis splits the heap in regions and links each alloca-
tion to a region. As the components of a compound value may be
stored in multiple regions, for instance a list whose elements are
stored in a different region than the list objects, we assign regions
to values by defining a mapping Pa : 7 — P from types of the
source language 7 to the shape of the region variables P called the
region sort, which is a structure of tuples of region variables.

To represent the “lives at least as long as” relations between
those variables, we use annotations. The language of annotations is
based on the lambda calculus; annotations can be functions taking
annotations and regions as arguments. Such an approach for higher-
ranked analysis has been applied to other analyses [14, 23]. When
analysing a lambda function, the annotation function takes the
regions where the arguments and the returned value of a function
are stored and returns the constraints between these regions.

Besides taking the regions of arguments of the source function,
an annotation function also takes annotations of the arguments as
arguments in an annotation function. For instance, the annotation of
map takes the annotation of the function argument as an argument
in the lambda calculus. This annotation language is introduced in
section 3.

In the analysis we can use the region variables of arguments and
the return value and we can allocate regions local to a function. This
is not always sufficient; sometimes we need to introduce regions
not bound by an argument or return value of a function, and not
bound locally in the function. In such case we can add additional
region arguments to a function.

To generate those annotation terms, we introduce the escape
check in section 4, which figures out for each region whether it es-
capes the lifetime of the function and/or can be unified with another
region. If it does escape, and cannot be unified, then it becomes an
additional region argument. To handle (mutual) recursive declara-
tions, we use fixed-point iteration (section 5). Whereas previous
work has shown that fixed-points in a higher-ranked analysis are
guaranteed to exist and be reached with fixed-point iteration in a
language without polymorphism, we show that by the inclusion of
polymorphism, some functions do not have a fixed-point. Finally
we show the mapping from source terms to annotation terms in sec-
tion 6. At the end, we briefly mention how data types are supported
in the analysis in section 6.4.

1.4 Source language

We introduce the analysis on the source language based on System
F [10] with laziness [2] whose types and syntax are shown in figure
1. We write 71 — 72 to denote the type (—) 71 72, (71, 72) for a tuple
type (,) 71 72 and similar for tuple types with more elements. A
strict type !z may only be used as the argument type of a function or
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Figure 1: Source language

Types

ru=(—)|D Function & Data type
|t7|Va. 1 Application & quantification
| |!7 Type variable, Strict type
[OTG) TG Unit, Tuples

Program

e (77757

Toplevel bindings

fao=\x:7—> f|Va. f Lambda, Quantification
| e Function body

Patterns

p=(x:1)|C @r(x:1) Tuple, Constructor

Expressions

ex=c Call
|let!x:7 = eine Strict let
|letx:7 = cine Lazy let

| letrecx:7z = cine Recursive let

| match x {p —e } Pattern match

Call

cu=x|C Variable, Constructor
[OTGHIG) T Unit, Tuple
lex|c @t Value & type application

as the type in a variable binding. We write 7’ [« := 7] to denote the
instantiation of & with 7 in 7’ and (Va. ') 7 reduces to v/ [« = 7].
We treat |(Va. 1) and Ya. !7 as equal types.

A program p consists of a list of bindings x : 7 = f. We may
omit types in examples if they are trivial or redundant. Lambdas
and quantification may only occur at the root of a binding, which is
assured in the language by the separation between toplevel bindings
f and expressions e. The bound value of a lazy and recursive bind
must be a call ¢, which is a chain of type and value arguments
applied to a function, tuple or constructor. The reason for this
restrictions is that region analysis needs concrete information on
the runtime behaviour of closures and this representation makes
that explicit and corresponds to how a functional program can be
executed. A program in a language as Haskell [16] can be converted
into this format with lambda lifting, by moving non-trivial subterms
to let bindings and/or new toplevel declarations with arguments
for the free variables [15]. Strictness can be inferred automatically
(5, 13].

Expressions are always strict: when an expression is executed,
then its value is evaluated to a value of a strict type. Constructor
calls must be saturated (all arguments must be given) and are also
strict. Hence a strict let and a let whose binding is a constructor
call must have a strict type.
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We define the arity of a function as the number of lambdas in
the definition.

arity(\x : 7 > f) = 1 + arity(f)
arity(Va. f) = arity(f) (2)
arity(e) = 0

The arity is thus not a property of the type; a definition x; = \x — x
has arity 1 but x3 = x7 has arity 0, whereas they have the same type.
Calls to a function may provide more or fewer arguments than the
arity of the function. If a function returns a function, then it can be
called with more arguments than its arity (currying).

A thunk is the runtime representation of a lazy computation. It is
represented as a linked list of arguments and a function pointer. A
lazy computation is, by the syntax in figure 1, always a function call
and can thus be represented in this thunk form. A call providing too
few arguments results in a thunk where the remaining arguments
can be passed later on. Each item of the linked list corresponds with
one argument to the call and the last element of this list points at
the callee. After evaluating a thunk, we store the resulting value in
the thunk, to avoid recomputing the same expression.

We assume that all values are stored as pointers to objects. The
analysis could however be adapted to not infer regions for unboxed
values.

2 REGION VARIABLES

Region inference decides for each object, in which region it will
be allocated. We reference those regions using region variables,
which are denoted by p, the Greek letter rho. A value in the source
language may need multiple region variables, as nested fields of an
object may be allocated in different regions. Instead of annotating
the types with those regions, for instance as !Integer?!, we store
the regions separately in a structure of tuples of region variables.
The reasons for this change are that this allows us to have a simpler
annotation language and makes the analysis more precise for some
polymorphic functions. This will become clear when we introduce
the annotation language in section 3. We write p to denote a tuple
or tree-structure of region variables and use tuples of regions to
structure multiple region variables.

pu=pl (pp....) 3

Note that the tuple may also be empty (a unit), which we use
for types that do not require additional region variables, such as
integers, and we also support tuples of one element. We have two
special regions, the global region pgjopal and the bottom region p, .
The lifetime of the global region is the full execution of the program.
This region is used for global variables and for code that cannot
be analysed. The bottom region has no meaning at runtime. All
regions outlive the bottom region, but no other region is outlived
by the bottom region. It is used in the analysis for regions which do
not escape out of a function. We call the “type” of region variables
the region sort, denoted by P (P is the Greek capital letter rho).

Pu=pP Monomorphic region sort
|P(aT) Polymorphic region sort )
| (P, 13, .. ) Tuple
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The tuples allow us to create a tree of region variables. A leaf of that
tree may be a monomorphic region sort, which is just a single region
variable, or a polymorphic region sort, which is used for values of
a polymorphic type. When instantiating such a polymorphic type,
the polymorphic region sorts will be replaced by the region sorts
of the instantiated type. Throughout this paper, we use the hat to
denote a tuple-structure.

We write p : P to denote that regions j have region sort P.
For clarity, we will sometimes interleave both structures and for
instance write (p1 : P, py : P) instead of (p1, p2) : (P, P).

2.1 Region assignment

We define a mapping Pp : 7 — P from types of kind * to region
sorts. For strict values, we need one region to store the value and
for lazy values we need one region for the thunk and one for the
evaluated value. As the thunk and the evaluated value are stored
in different regions, the thunk may be deallocated earlier than the
evaluated value in some programs. Depending on the type, we may
also need regions for nested values, for instance the elements of a
list, which are found in P} The subscript A (Delta) represents the
data type environment, which we briefly discuss in section 6.4.

PACT) = (P,P3()
Pa(7) = (P, P, Py (1)) if 7 is not strict

PRt > 12) = ()
PR(0) =0
PR((r1,72)) = (P, P, Py(71), P, P, Py (12))
Pi(aty...ty) =Platy...1p)
P3 (Ya. T) = Substitute P{ a 7 ) with P in P} (1)

®)

Function Py gives the region sort for the fields of a type. Func-
tions do not have additional region parameters, as the annotation
on the function is an annotation function taking the region argu-
ments of the input and output. For each element of a tuple, we
need a region to store the thunk for that element, a region for the
evaluated value and a region for fields of the element.

2.2 Polymorphism

To illustrate why we need polymorphic region variables, we will
consider the following example and explain why other approaches
have less precision.

ifThenElsePair :: Bool -> a -> a -> a -> (a, a)
ifThenElsePair True x y z = (X, Yy)
ifThenElsePair False x y z = (y, z)

In a classic type and effect system, we would, in the annotated
type system, leave the type variable g, to be instantiated later at
the uses of this function. This does mean that the types (including
their regions) of arguments x and z should be equal, which causes
poisoning. If the function was not polymorphic, but for instance
specialized to [Int], then the regions may be different. Now we
have two annotated types and neither of them is strictly better than
the other. In this type system we would not have principal types:
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there is no guarantee that a most general type for a function exists,
from which all other types can be derived.

By storing the region variables of a polymorphic value separately,
we can avoid this form of poisoning. As the number of regions
needed for this type variable depends on the type it is instantiated
with (it could be a compound value as a list), we have special syntax
to denote the regions of a type variable, P( « 7 ). Depending on
the kind of the type variable, the type variable may also be applied
with other types, which for instance happens with type variable
m in the type of return :: Monad m => a -> m a for monads
in Haskell. When a type variable is instantiated, we will substitute
this polymorphic region sort, which are the leaves in the tree of
region variables, with the region sort of that type, by substituting
it with the subtree of that region sort.

2.3 Instantiation

Region sorts may be instantiated, by substituting a type variable o
with a type 7 denoted by P[a := 7] a. The substitution requires envi-
ronment A to instantiate the type variable of a polymorphic region
sort (P a 7 )) and expand it to the region sort of the instantiated
type.

Pla=71]p =P

Pty ... 1) ifa=d

Pl 1 ... , J
Pl 7] ... 1))

m)la=1]r = {

otherwise )

where 7] = 7j[a = 1]

(ﬁl,...,ﬁn) [a:=1]p = (151[0( =1]p, ..., Ppla = T]A)

2.4 Lifetime relation

The analysis computes a relation on the lifetimes of region variables
in a program. We express this relation using >, which means “lives
at least as long as”. For brevity we will however pronounce p; > p2
as “p1 outlives py” instead of “p; lives at least as long as py”.

Given a relation R, we write x <g y for (x,y) € R, x >g y for
(y,x) e Rand x =g y for (x,y) € R A (y,x) € R.

Definition 2.1 (Lifetime relation). A relation R C P’ x P’ is a life-
time relation on set P’ with {p., pgloba} € P" C P if the following
holds:

o R isreflexive and transitive (i.e. a preorder [21])
e Forallp € P, p; <g pandp <g pglobal

Definition 2.2 (3, partial order on lifetime relations). We say that
a lifetime relation R is at least as precise (or constrained) as R and
write Ry 3 Rz (and Ry E Ry) if for all py, p2, p1 =g, p2 implies
P1 2R, P2.

We write [a > b,c > d,...]" for the smallest lifetime relation
satisfying the given constraints, namely the transitive closure [21]
of these constraints with pg|opa added as top element and p, as
bottom. We write Ry U Ry for the smallest lifetime relation R such
that R 2 Ry and R 3 R,. This is the transitive closure of R; U Ry.

2.5 Containment

Containment means intuitively that the fields of an object outlive
the object. For instance for a tuple, the elements should live at least
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as long as the tuple. We formalize this with a containment function
Ch : TP — R, taking the type and regions of a value and returning
a lifetime relation on those regions. The type should be of kind =
and the region variables should have sort Pa(7).

Ca(!7, (p2, p3)) = Cx (7, p2, P3)
Ca(7. (p1, p2, p3)) = [p2 = p1] 1 Cx (7, p2, p3)

For non-strict values, we require that the region in which the
value is stored outlives the region containing the thunk. This pre-
vents that an evaluated thunk points at a deallocated value.

Note that g3 may not just be a single region, but may represent
an empty list (for types without additional region variables) or a
list of region variables. The constraints between these regions and
the region of the value (p2) are specified in Cy : 7 X P X P> R
First we consider tuples. A tuple has three region variables for each
field, namely a region to store the thunk, one for the value and
one for nested fields of the element. The last of these can itself
be a list of multiple region variables. We require that the region
containing the thunk outlives the region of the tuple itself and that
the region of the value outlives the thunk. Furthermore, the value
in the thunk may have more region variables in p3, which can give
more constraints.

Cr((71,72), p, (P12: P10 P1. P21, P20s P2))
= [p1o = p1r. p1r = p, p2o = pat.par = pl” (8)
U Cx (11, p1o, p1) U Co (72, p20, p2)

Calati...za,p.p1) = [p1 2 p] 9

CR(rp.0) = L (10)

Containment is needed to enforce that there are no pointers to
deallocated objects. When combining regions with garbage collec-
tion, this is required to allow the garbage collector to trace the heap
[11]. If one wouldn’t enforce containment, you could for instance
allow that the items of a list are deallocated if the list is only used
to compute its length.

3 ANNOTATIONS

Besides regions, we must now also assign annotations to variables.
The language of annotations is a functional language based on the
typed lambda calculus. An annotation of a function will take the
regions of the arguments and return value and give the relation
between those regions. In such an annotation, the region variables
of arguments and the returned value are all distinct and the relations
between those regions are stored in a lifetime relation (section 2.4).

As an example, consider the following functions, both of type
Int — Int:

id x = x
inc x = x + 1

Assume that the argument has region p; and the result py. Func-
tion id returns its argument and hence you may expect that regions
p1 and py should be the same. We however only require that the
region of the argument p; lives at least as long as the return region
p2, resulting in the lifetime relation [p1 > pz]. In the second exam-
ple, inc, we return a new object and hence there are no constraints
between p; and pa.
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Similar to region variables of the argument, the annotation func-
tion also takes the annotations of the argument. Whereas region
arguments are concrete in the sense that they directly represent the
region in which a value is stored at runtime, annotation variables
are more abstract as they describe the relations between region
variables when a higher order argument is applied. To be more
precise, annotations describe relations between the regions of the
arguments and the return value of a function.

3.1 Sorts

As the annotation language is a typed functional language, we will
start by introducing those types. To avoid confusion with types in
the source language, we will call the types of annotations sorts.

su=R|(53) Relation, Tuple
| [s;f’]l — s Function
|Ya.s | ¥(aT) Quantification, Polymorphic sort
l==110

A relation, R, is a lifetime relation on regions. A tuple sort is
used for types with multiple annotations, similar to the tuple used
in region sorts.

The function sort is used to retrieve the regions and annotations
of an argument or return value of a function (in the source language).
We may limit how region arguments are used in a function. We
annotate region arguments with a lifetime context, denoted by
1. The lifetime context 1, pronounced local bottom, denotes that
those argument may only be used on the right hand side of an
outlives constraint (>) or in applications to functions with lifetime
context 1. Thus, the function may not extend on the lifetime of
those region variables, but these region variable can be used to
extend the lifetimes of other region variables. When we do not
annotate the region argument, it may be used on both sides in the
lifetime relation. We write [ for the lifetime context, [ := 1 | 0.
This lifetime context only applies to the region arguments of an
annotation function.

The quantification sort is used for polymorphic values. Note that
this quantifies over types instead of sorts. Similar to region sorts,
we also have a polymorphic sort here. This sort will be replaced
when its type variable is instantiated. We write s 7 to denote the
instantiation of a quantification, which we will later formalize in
section 3.5.5, and s.n to denote a one-based projection, where s must
be a tuple sort of at least n elements. A projection (s1, s2, ..., sn).k
simplifies to sg.

3.2 Sort assignment

Similarly to region sorts, we define a mapping ¥ : 7 — s from
types to sorts. We annotate a function type r; — 72 with a func-
tion taking the annotations and regions of 7; and returning a pair
containing the effect of a call to this function and the annotation of
the returned value. The first has sort [(), P] — [(), PA(!TZ)]l — R
and is a function taking the region of the previous thunk, used for
partial applications as described below, and the region variables
of the return value. The function returns the constraints on those
return regions in terms of the other regions.
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Ya(r1 = 12) = [¥a(r1); PA(T1)] —

([0:P] = [0:Pa(lm)] 1 = R ¥a(z)) 2

For other types, we propagate the annotations on nested func-
tions. For instance, for a tuple type, we create a tuple with the
annotations of the elements.

Fa((r1,. .. 7)) = (Fa(r1), ..., ¥al(n))
Ya(ary...th) =¥(ar...t )

YA (Ya. 1) = Va. Pa(7)

PA(0) =0
YA (I7) = Ya(7)

(13)

3.2.1 Partial applications. When partially applying a function, a
thunk object is constructed containing a pointer to the function
and its arguments. Thunks may form a linked list when applying
a variable containing a partially applied function. As an example,
consider the following code:

fxy
a=f
a

zZ=xX+y+z
1

2

Variable b contains a thunk object, pointing at a. We thus need a
containment constraint, saying that the region of thunk a outlives
the region of thunk b. The annotation function thus needs to get the
region of the previous thunk as an argument. We pass this region
variable in an additional lambda, with as argument [(), P], as seen
in the sort of a function in equation 12.

Note that the argument for the region of the previous thunk
is only used for partial applications. When partially applying a
function with the first argument, as we do in the definition of a, it
points at a global function.

3.3 Annotation language

The analysis works with annotations from a language based on the
typed lambda calculus. The syntax of the annotation language is
shown in figure 2. Bottom, L, means that there are no constraints
on the argument and return regions of some function and T implies
that everything is stored in the global region.

A lambda or an abstraction is written as A [tﬁ 18P P]l —alt
introduces both region variables (p) and an annotation variable ¢
in body a. The abstraction is annotated by a lifetime context, the
same as the lifetime context on a function sort. Lambdas can be
applied with an application, written as a [a; p];.

A relation, written as a list of outlive constraints within brack-
ets, describes a relation on the lifetimes of region variables. The
constraints in the list must be unique and transitively closed. Reflex-
ivity and constraints of the form pgjobal = p or p > p are implicit
and should not be listed. For brevity, we may also write p; > p2 to
denote a pairwise outlives relation, e.g. [(p1, p2) = (p3, pa)] means
[p1 2 p3.p2 2 pal.

To accommodate polymorphism, we need quantification (Ya. a)
and instantiation a {r}. Instantiating an annotation will cause that
polymorphic region sorts and polymorphic annotation sorts of the
instantiated type variable are instantiated with the given type.

Ivo Gabe de Wolff and Jurriaan Hage

The language has tuples, as some types need multiple annota-
tions. Tuples are represented as a comma-separated list of anno-
tations. To extract elements out of a tuple, we have (one-based)
projection, a.n.

Furthermore, we have a join operator, which is the least annota-
tion (with respect to the partial order defined below) greater than
both of its arguments.

In section 2.4, we defined a partial order on lifetime relations,
e.g. annotations of sort R. We extend the definition to annotations
of arbitrary sorts with the usual extension [8, 22], written as a C a’.
We write a = a’ whena C @’ and a’ C a.

3.4 Sorting rules

The sorting rules are the “typing rules” of the annotation language
and describe the sorts of annotations. We write A;> + a : s to
denote that annotation a has sort s in data type environment A and
sort environment >, which contains the sorts of the annotation and
region variables in scope. It is a set with elements of the form ¢ : s,
p:Plorp:Plar ... ), respectively bindings of annotation
variables, monomorphic region variables and polymorphic region
variables. The [ denotes the lifetime context of the lambda which
introduced those region variables. We can only introduce region
variables of a monomorphic sort or a polymorphic sort; region
variables of a tuple sort are not allowed; tuples should be bound
to a multiple region variables. We will however write {p : Py
which should be read pairwise, e.g. {(p1, p2) : (P1,P2)} denotes
{p1 : P, py : P}. We assume there is no shadowing of variables.

The sorting rules are given in figure 3. In the rule for quantifi-
cation, ftv(Z) denotes the free type variables in . Most rules are
as you would expect for a functional language, we highlight some
nonstandard rules here. For region variables, we have subeffecting.
It is allowed to use a variable with any lifetime context as having
lifetime context local bottom, and we may use a monomorphic re-
gion variable (p : Pasa polymorpic variable or as a tuple (p : ph.
Note that in the notation that we use, P is syntax (the monomorphic
region sort) and P is variable (denoting any region sort).

A lifetime relation consists of outlive constraints of the form
p > p’. For each outlive constraint we require that if both operands
are polymorphic, then they should be polymorphic on the same
type. Furthermore, the left hand side must have lifetime context
any and cannot be local bottom. The sorting rule for a lifetime
relation with multiple constraints says that all constraints on their
own should be valid, and it should be a lifetime relation according
to definition 2.1.

Figure 2: Language of annotations

az=1|T Bottom, Top
| A [lﬁ 15 P P]l —a Abstraction
|| alapl; Variable, Application
|a U al [[MH Join, Relation
|Ya.a|a{r} Quantification, Instantiation
|(a)]an Tuple, Projection
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Figure 3: Sorting rules of annotations

Y:seX p:f’lez A;Zl—p:ﬁ A;ka;Pl
m A;er:ﬁl A;ka;ﬁi A;Xl—p:ﬁl
A;Zl-ﬁlzpl A;Zl-ﬁn:l{’n AizU{lP!Sl}U{ﬁ:ﬁl}ka:sz

ASka:s aé¢ftv(l)
A;ZrVa.a:Va.s

AXEL:s ANZET:s

ASFag: [sl;f’]l—wz ASrag:s; ASEp: P

NEF(P1,..epn) (Pl,...,ﬁn) A;Zkl[lﬁ:sl;ﬁ:f’]l > a: [sl;p] — s

ASEp:P ASEp Pl NSk [przp(] iR

A3 ag [ag; ply: s2

A;3F [pn = pp] : R The relation is a lifetime relation

AZr[pzp']:R

ASFp:Plat ... 1) ASFp P

A F [[pl Zpi,...

ANSFp:P ASFp :Plat ... o)t

> Pn ZP;J] ‘R

NSFp:Plar ... ) MSFp :Plat ... )l

ASrH[p=p]:R

NS Fa:Va.s NS rkap:sy MXrkap:sy

NSH[p=p']:R

N2 vrac(sy,.

AS+H[p=p]:R

.Sn) 1<k<n AXraj:s AZray:s

ASvra{r}:sla:=1]p NZF(ay,..

3.5 Evaluation rules

We will introduce the evaluation rules of the annotation language
in this section, ignoring name collisions and alpha conversion. We
write a — a’ to denote that a well sorted annotation a evaluates

to a’. The “evaluates to” relation is reflexive and transitive.
a1 — ay a; — as
a — as

a—a

3.5.1 Sub-annotations. The subterms of annotations may be eval-
uated.
a—ad

A[t//:s;,é:f’]l»—»a—»A[tﬁ:s;ﬁ:ﬁ]lHa’

’ ’
a1 4 a2 a4 a—ad

Ya.a — Ya.d'

a1 [ag; pl; — a) [a);p],

’
1

(a1,....an) — (af,...,ap)

a; — a; anp — a, a a4

a{t} —d {1}

’
1

ajUay — ajUa,

’
a a4 ap —a] a; — a

ai—a.i

3.5.2 Tuples. A projection extracts an element from a tuple.

(a1,...,an).i) — a;

3.5.3 Join. Ajoin of two lifetime relations evaluates to the smallest
lifetime relation containing both operands.

R=[p12p}eesPn = PpPrst = Plrsyee s Pm = P
lpr=pl-ipn = pp] U [pnst = Plpys-opm = pi] — R

The join has bottom as identity and is associative, commutative
and idempotent.

Llla—a (a1 Uay) Uas — a; U (az Uas)

TUa— T ajlday —aylla; alla—a

S an) : (s1,...,5n)

NS Fak: s, A;Xkajlay:s

Furthermore, we have some rules on how joins and bottoms
distribute over other annotations. For quantifications and lambdas,
we move the join inward. With alpha conversion, we can assure
that the type variable, region variables and annotation variable
have the same name on both sides.

(Va. a;) U (Va. az) — Ya. a1 Uay

(A[Y:p1 = @) U (ATyspl; = a2) — Alyspl - a1l

Va.L— 1  Aly:sip:PljpL— 1

For applications and instantiations, we move the joins outward.

(a1 Uay) [a,pl; — a1 [a,pl; U a2 [a,p]; Lfapl;— L

(ayUag) {t} — ay {r} U ay {r} 1L{r}— L

3.5.4 Application. An application can be evaluated if it targets an
abstraction, with a substitution.

(A [y 501 Bl o @) Loz poli — @[y = a2l 1 = o]

The substitution of the annotation argument ¢ is a syntactic sub-
stitution (ignoring name collisions). The substitution of region
variables is slightly different as a lambda takes a tree of region
variables. As noted before, a single region p may also be passed to a
tree of region variables. The constraints in a lifetime relation must
after substitution be converted to a lifetime relation again, as there
might be new transitively implied constraints after the substitution.

3.5.5 Instantiation. Aninstantiation of a quantification, (Va. a) {r}
and its sort (Va. s) 7, can be evaluated by substituting type vari-
able a with type 7 in a and s. A polymorphic annotation sort
Y{a1y ... 1) issubstituted withWa(ary ... ) and P{a 1y ... )
with P{(a 71 ... ). A polymorphic region variable, bound by a
lambda, may be replaced by a structure of region variables.
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3.5.6  Normal form. If an annotation cannot be evaluated further,
we say that it is in normal form. As the join is commutative and
associative, we enforce an arbitrary order on annotations and order
the annotations in a join accordingly. Furthermore variables must
be saturated, which we ensure by eta expansion.

4 BINDING REGIONS WITH ESCAPE CHECK

So far we have described how analysis values can be represented
in our setup, but we haven’t shown how those terms are computed.
To decide where regions are bound, we add the escape check, which
does the actual analysis-specific work by detecting which regions
can be allocated within the function and which regions may be
unified with others. After this section, we explain how the con-
structs in the source language are mapped to annotation terms in
the annotation language.

4.1 Additional region arguments

When analysing a toplevel definition, we get access to the regions
of arguments and the return value and the global region, and we
can allocate new local regions. In some higher order functions, this
is not sufficient. In these cases, we add additional region arguments
to the function. For example, in the (.) operator in Haskell for
function composition, we add an additional region argument for
the intermediate value (the result of one function, to be passed
to the second). In case of (inc id) x, that additional region
argument may be instantiated with the same region as the input x,
and in case of (id . inc) x it can be instantiated with the same
region as the result of the entire expression.

The analysis starts by assigning region variables to the local
bindings of the function. The escape check will then decide for each
of those regions, whether it can be unified with another region or
can be allocated within the function. If neither of those options
happens, then that region becomes an additional region argument.

We must adapt the run-time representation of thunks to support
additional region arguments. A thunk is a linked list of arguments,
where the last item points at the function being called. We now must
change this to be an object containing both the function pointer
and the additional region arguments. For partial applications we
would already allocate an object for the thunk, but when using a
toplevel function with additional region arguments without passing
any arguments this change does have a larger impact: without re-
gion based memory management, using a toplevel function would
not result in any allocation, but now we must allocate an object
containing the function pointer and additional region arguments.
This is a tradeoff; using additional region arguments we can instan-
tiate the regions differently for the different uses of the function.
Instead we could also remove the additional region arguments and
replace them by the global region, which eliminates the need for
this additional allocation, but reduces the precision of the analysis.

4.2 Escape check

The analysis performs the escape check to decide which regions may
be allocated within a function or may be unified with others. It oper-
ates on an annotation, which we expect to be a function originating
from a source function of a certain arity n. We take the lifetime
relation of the subannotation corresponding with the effect after
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being applied with n arguments (i.e., we drop the subannotations
corresponding with applications of fewer than n arguments) and
also check whether region variables occur elsewhere in the effect
or in the annotation of the returned value. If a region variable is
used elsewhere, except in an application with lifetime context local
bottom, we call it a higher order region variable as this is caused by
a usage of an function argument of a higher order function. Occur-
rences of region variables in applications with lifetime context local
bottom (1) may be ignored, as such applications cannot extend the
lifetime of those regions; those applications can only only extend
the lifetime of other regions in terms of those. We cannot default
higher order region variables, as we may get more constraints on
them if the annotation of the higher order function argument is
given.

Before we introduce the defaulting rules which we use in the
escape check, we must first introduce the term directly outlives.

Definition 4.1 (Outlive set). The outlive set outlive(p,) of aregion
pu in a lifetime relation R is the set of all regions p, # py, such that

Pu 2 Po-

Definition 4.2 (Directly outlives). We say that region p,, directly
outlives region p, if outlive(p,) = outlive(py) U {v}.

A region directly outlives at most one region. In first order func-
tions, we can find regions which directly outlive an other region
by looking at the relation specified in the normalized annotation.
For higher order functions, we do not yet know all constraints, as
some regions, the higher order region variables, may be influenced
by the annotations of the arguments. The escape check performs
the following rules:

e If an additional region argument p does not occur in the
form p > p’ and is not a higher order region variable,
then no constraints require this region to be live outside of
this function. We allocate this region within the function,
substitute it with p in the remaining constraints and keep
applying this rule until no further regions can be allocated
within the function.

o If two regions p; and p, exist with the constraints p; > p
and py > pi, at least one of them is an additional region
argument and they have the same region sort, then we can
unify them.

e Finally we substitute a region p; with py if p; is an addi-
tional region argument, not a higher order region variable,
they have the same region sort and p; directly outlives pj.
This rule is applied repeatedly.

Note that the second rule can be applied to higher order region
variables, as additional constraints cannot cause the constraints
p1 = p2 and p2 > p; to disappear. Also note that because we don’t
need to consider applications with lifetime context local bottom, we
can detect that the Maybe objects in mapMaybe :: (a -> Maybe b)
-> [a] -> [b] can be allocated within the function: even though
we do not know what the function does to construct those Maybe
values, we still know that they cannot escape mapMaybe.
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5 FIXED POINT ITERATION FOR (MUTUAL)
RECURSION

As the source language contains recursive definitions, we must
support them in the analysis. In type inference, also in inference
for type and effect systems, we would assign an type/annotation
variable to the recursively used declaration and refine that using
unifications. As our annotation language is richer, we cannot use
unifications. We use fixed-point iteration, where we initially assign
bottom (the lowest value in the lattice) as the annotation value to
the recursively used declaration. We iterate by using the result-
ing annotation as the annotation of that declaration for the next
iteration, until we reach a fixed-point.

The source language has two ways to introduce (mutual) recur-
sive declarations: recursive functions and recursive let-bindings.
Our implementation actually has a third form, as we apply the anal-
ysis in our implementation to an intermediate language with SSA
[1, 7], which may contain loops after the tail call optimization pass.
Those recursive bindings are handled the same as the recursive
let-bindings.

In our domain, region inference, we need to perform the escape
check which will bind and unify regions. Instead of introducing the
escape check as a separate construct in the annotation language, we
need to combine it with fixed-point iteration: The escape check is
not monotone, whereas fixed-point iteration requires a monotonic-
ity. Furthermore, the escape check may find that some regions do
not escape the lifetime of a function, and by performing the escape
check within the fixed-point iteration (as opposed to first finding a
fixed-point and then running the escape check) we allow the region
to be allocated within the function and not have any constraints
with the recursive calls. We extend the annotation language with
two fixed-point combinators:

ax=...|fixs.a Fixed-point

| fix escape {ﬁ} : ( [n,s]:a ) Fixed-point with escape check

The first fixed-point combinator, fix s. a, evaluates to the least
annotation a’ of sort s such that a @’ = d’, if we can reach that
fixed-point. We will later discuss how we can handle functions for
which we do not reach a fixed-point (or cannot detect that we are
in a fixed-point) in a certain number of iterations.

The second fixed-point combinator includes the escapes check.
In contrary to previous higher ranked analyses, we must now
couple the fixed-point iteration with the escape check to unify
and remove region variables, as the transformation in the escape
check is not monotone. A fixed-point with escape check, written
as fix escape {}3} : ([n1,s1] < a1, ..., [ skl ¢ ag), has sort (P —

$1,..., P — sp). Annotation a; should have sort [(s1,...,s,), )] —
[(); P] — s; and should correspond with a function type of arity at
least n;. The fixed-point evaluates to a tuple (a].0, ..., a;c.O) such

that for all i € {1,...,k}, ag is equal to the result of the escape
check applied to a;(a}), if we can find such a value.

We use this to analyse a group of k functions where function i
has annotation a;, arity n; and sort s;. The annotation and sort are a
tuple: to handle recursive let bindings, we must store an annotation
per variable together with the actual annotation of the analysed
function in the tuple.
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5.1 Evaluation

A fixed-point fix s. a, where a : [s; ()] — s. is evaluated by repeat-
edly applying a starting with L, until a fixed-point is reached. The
evaluation of a fixed-point with escape check is similar, but we will
try to remove additional region arguments there, as described in
section 4.2. A fixed-point with escape check can only be evaluated
if the body has no free variables, as free variables could cause the
escape check to be inconsistent.

A fixed-point can sometimes be detected by checking syntactic
equivalence after evaluating the terms. As shown previously in [22],
this is not sufficient as there exist pairs of normalized functions with
the same behaviour but a different notation. If the source language
is monomorphic, and we thus do not have a polymorphic sort, we
can detect equivalence of two functions by applying them with all
possible inputs of the correct sort. The set of possible inputs is finite;
it may be very large but it is at least possible. If this source language
does have polymorphism, then this set can become infinite: there
might be infinitely many types with which we can instantiate a
polymorphic annotation. The detection of a fixed-point is not the
only problem, some functions also do not have a fixed-point.

As an example, consider the function iterate :: (a -> a) ->
a -> [a] which repeatedly applies the function and returns the
values in an infinite list. If the function passed to iterate rotates
a tuple of size n, i.e. shifts all elements of a tuple one place and
places the last at the beginning, then we would need to perform
at least n iterations in fixed-point iteration to make sure that the
annotation of the first element of the tuple is propagated to all
positions in the tuple. The function is however analysed before
we know how it is used and how type argument a is instantiated,
and we can choose an arbitrarily large n. This function does not
have a least fixed-point, and we have considered various options to
handle those functions. We could simply use T as annotation if a
function does not have a fixed-point or if the fixed-point cannot be
found. We could also perform fixed-point iteration starting at top:
the annotation after any iteration is admissible, and hence we can
stop iterating at any time. This does cause that the analysis loses a
lot of precision.

Another option would be to just keep the fixed-point combinator
in the annotation, to be evaluated later when more information
about the use of the function is known. When the function is used,
we may know the type with which the type argument is instantiated
or the function passed to the higher order function, and be able to
evaluate the fixed-point. We experimented with this, but it becomes
difficult to make use of the information later on. Furthermore, we
do need to perform code generation on the higher order function,
before we know it’s used: we can keep the fixed-point combinator
in the annotation, but we still need to know which regions need to
be placed where. Hence we do need to evaluate a fixed-point with
escape check to a normal fixed-point combinator, which can be done
by basing the escape check on some steps of fixed-point iteration
starting at top. It is helpful to implement additional evaluation rules,
for instance detecting whether an argument is invariant (always
passed the same value in calls in the fixed-point) and removing the
invariant argument, to evaluate more fixed-points.
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6 INFERENCE

We write A,T,p + e : deffects dresult t0 denote that if expression e
in data type environment A and annotation environment I' needs to
store its result in regions g, then it causes effect gefect and returns
a value with annotation aegyt-

We introduce an environment I' mapping variables to the anno-
tations and regions of their values. A top-level function (a toplevel
binding whose arity is at least one) x : 7 = f is present as x :
(13, a)T, where P is the sort of the additional region arguments and
a:[0); }3] — YA (7) is the annotation of the function. A top-level
constant or a local variable x of type 7 is present as x : (a, p) where
a : Yo(7) and p : Po(7) are its annotation and regions.

6.1 Top-level definitions

We write A,T + f : ato denote that a top-level declaration f has
annotation g, in data type environment A and annotation environ-
ment I'. Top-level definitions are always stored in the global region.
In the analysis we distinguish top-level functions and top-level
constants. Recall that lambdas only occur in top-level definitions,
not in expressions. This format isn’t restrictive, as a program can
for instance be converted into it with lambda lifting [15]. We call a
top-level definition with lambdas, i.e. arity(f) > 1, a function, and
one without a constant.

6.1.1  Functions. Rule FUNCTION annotates a toplevel function x :
7 = f with an annotation a : YA (7), written as A, T Frunction f ¢ @-
As defined in ¥p, the annotation on a function type contains the
effect of calling the lambda and the annotation on the result. We call
the rightmost lambda in a function the saturated lambda and the
others unsaturated. The effect and annotation of a saturated lambda
follow directly from the expression in the body (rule SATURATED
LamBpA). Rule UNSATURATED LAMBDA places the containment of
the thunk object (or closure) that would be created for an unsatu-
rated call as the effect: the thunk refers to the previous thunk (the
applied function) and the arguments of the application. We show
the inference rules for functions in figure 4.

6.1.2 Constants. A top-level constant x : 7 = f (where arity(f) =
0) is annotated with both an effect aefect : R and an annotation on
the value apegyyy : Ya(7), written as A, T Feonstant f © deffects Gresult-
The effect is not needed for usages of this toplevel definition, but it
is necessary to analyse and compile the code for the top-level as

Ivo Gabe de Wolff and Jurriaan Hage

well: Can local variables of the declaration for instance be allocated
locally or should they be placed in the global region? Later on, we
will strip the effect away in function N.

AT Feonstant [ ¢ Geffects Gresult
AT Ff ¢ (Geffects Aresult)
AT Feonstant f @ Geffects Aresult
AT Feonstant Y. f ¢ Geffects Y- Aresult)
AT, pglobal F € :
AT Feonstant € :

[ConsTANT]

[C. QUANTIFICATION]

Qeffect> Gresult

[CoNsTANT BoDY]
Qeffects Gresult

6.2 Binding groups

We introduce a judgement AT+ {x1 : 7y = fi; ... Xp : Tn = fan} :
I’ to denote that if the program with bindings x1, . . ., x, with all
free variables present in I is analysed, then T” O T adds the anno-
tations of x1, ..., x, to I'. Note contrary to other type (and effect)
systems, I' does not contain bindings for the introduced indentifiers
X1, ..., Xn. Instead, this judgement tells how those bindings extend
the environment I' to . Rule SPLIT can split a program in binding
groups, clusters of (mutually) recursive functions. Non-recursive
functions are alone in such a group. Splitting in binding groups
improves both the performance and precision of the analysis.

St u{r,.ormr=A{1....n}
AT v {xp, :Tp, = for5 -+ Xpp 1T, = fio } ¢ FI;
A,l"Ul"l:I—{xr1 STy = fr e X T = fra ) T’
ATr{x1:m1=fi; ... Xn:tn=Jfn} : T’

Rule PROGRAM analyses a a binding group by introducing a fixed-
point with escape check. All free region variables of the annotations
are bound as additional region arguments. The escape check will
detect whether those regions do not escape and can be allocated
locally. Free polymorphic region variables become monomorphic
additional region arguments, as they may need to be passed at call
sites before the type arguments are known. If the escape check
unifies such a variable with another region variable, then it may
become polymorphic again and we wouldn’t lose precision.

For recursive calls we use the same additional region arguments:
there is no polymorphic recursion on additional region arguments.
If the escape check would detect that a region doesn’t escape, then
all recursive calls will get their own local region.

k+m=n {by,..

[SpriT]

Figure 4: Inference of toplevel functions

AT Function f ¢ @

AT Function f ¢ @

ATFHS :a [FuncTION]

Y1, Y2, lp’a"Pprevious: P+ Pa(11), Presult : Pa(72) fresh

[FUNCTION QUANTIFICATION]

AT Ffunction Y- f : Ya. a)

ATUA{x: (Y1,P)}, Presult F € :

’
Aeoffect> Gresult

effect = A[Y2 ()’Pprevious : Pl AlYs 2 (), Presult : PA(TZ)]l — Ca(r1,p) U aéffect

[SATURATED LAMBDA]

AT Frunction \x : 71. € : A[Y1 : ¥a(71), p : PA(71)] > (Geffects Aresult)

‘//1, ¢2, l//3’ Ppreviouss /5 : PA(Tl)’ ﬁresult : PA(!TZ) fresh

ATUA{x: (Y1, 0)} Function O ¢ faresult

deffect = A[Y2 ()spprevious : Pl Ay 2 (), Presult © PA(!TZ)]i — Ca(r1, p) U [ﬁprevious 2 ljresultvo]]

[UNSATURATED LAMBDA]

AT Function VX 2 71 f ¢ A[Y1 : ¥a(71), § : Pa(71)] = (Geffect: Aresult)
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In case a binding is a toplevel constant, then we must convert
its annotation to an annotation without the effect and without
additional region arguments. This conversion happens in functions
N and n. The formalisation is shown in figure 5.

if arity(f) =0

otherwise

((a [Os pglobal]) -2 pglobal)

Nix (fs Padd» @) =
fix (> Padd.» @) {(a [O; Padd.]> Pglobal)

N(f P a) _ ((a [()?pglobal])-Z; pglobal) ifarity(f) =0
B (0 otherwise

(P,a)r
(R,s) ifarity(f) =0
s otherwise

n(f,s) :{

6.3 Expressions and calls

The rules for pattern matching on lists and non-recursive let bind-
ings bring the new variables in scope and propagate the effects of
the subterms. Together with the rule for recursive let bindings, they
are shown in figure 6. We use a similar notation as for expressions
for calls: A,T, p Feall € : Geffects Gresult> but p may here correspond
to a lazy type instead of a strict type; in contrast to expressions,
calls may have a lazy type. When a call is used strictly, either in
an expression or when calling a constructor (including tuple), we
can forget about the thunk region with respectively Expr CALL or
StriCcT CALL.

AT, (pt, pos P) Feall € :
AT, (po, p) F € & Geffects Aresult

AT, (pt, po, P) Feall €
AT, (po, p) Feall € :
The constraints in rule VAR1 for local variables assure that the
regions of the variable outlive the destination regions. For a call
to a toplevel declaration (VAR2), we don’t need to generate those
constraints, as it is already stored in the global region. We do have
to apply the annotation with additional region arguments there.

Aeffect> Aresult

[Expr CALL]

deffect> Aresult

[STrICT CALL]
Qeffect> Aresult

x:(ap2) el
[p2 = p1]", a
x:(Pa)yy el
AT, (pt, pos P) Feall X ¢ Padd Z Pr> @ [(); Padd]
Rule Aprry for applications passes the regions and annotation of the

annotation, the regions for the output of the call and the region of
the previous thunk to the annotation of the function. The resulting

- [Var1]
AT, Py Fean X -

[Var2]
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effect (a.1) is combined with the effect of the function expression,
containment of the value and containment of the thunk,

A . function _function
AT, Prunction Feall € : Aoffect > Presult

X : (aargument’pargument) er

function

4= Gresult

[aargument§ Pargument]

Athunk = [[(pfunction-l,ﬁargument) 2 ,Dt]]
7 is the type of ¢ and prunction : Pr(7) fresh

. [Aprry]
AT, (pt po, p) beall € X

N function
CA (T, Prunction) U Aoffect  H Gthunk

U a.1[(), prunction-2] [0 (o, ﬁ)]l’ a.2

Rule INSTANTIATE for type applications in calls uses the same
regions as the subexpression to store the value, as it is allowed to
use a monomorphic region variable p : P for any region sort P.

AT, preac :
AT, p Feall ¢ @T :

Qeffects Gresult

Aeffect> Aresult 1T}

[INSTANTIATE]

Unit has no effect nor annotations. A tuple has an annotation
containing all the annotations of the fields. The effect of construct-
ing a tuple ensures that the region variables of the values stored in
the tuple outlive the corresponding regions of the tuple.

[Un1T]

AT, prean O ¢ L O

[TupLE-2]
AT, peonstructor Feall (> ) : L,
V(Zl. V(Zz.
Aln = e, (pf, p7, p1) = (PP, Plar))] =
(L A2 - ¥az), (ph, p3, p2) : (P, P, Plaz))] =
(AL 0, Pl = A= 0, (L P) - Pa(M(ar, a2))]
= [(p}, p7. P13y p3, P2) = B,
(Y1, ¥2)))

6.4 Data types

To add support for data types in the analysis, we must handle data
types in the assignment of region variables (P ), the assignment
of annotations (¥p), containment (C) and the annotations and ef-
fects of constructing and pattern matching and store the required
information in data type environment A. We support algebraic data
types as seen in Haskell, where the type variables of recursive posi-
tions are invariant (we support no polymorphic recursion; finger
trees [12] for instance cannot be handled), and recursion does not
occur in contravariant positions. Unsupported data types should

Figure 5: Inference of a program

¥,y fresh

Thix =T U {x1 : Nax(fi, 5, Y1), ..., xn « Nax(fn, ps ¥on) }
ATgx F fn @ an
[arity (i), ¥a(r1)] : A[Y 5,0 = O] = ALY : 0:p: Pl - ay,

AT F fii: a1

fix escape {ﬁ} :

Larity (o). ¥a (en)] < ALY 5.0 = O]+ ALY’ < 0:p < P] v an

p: Dis alist of (monomorphic) free region variables of ay, . .., an

s = (n(f1. ¥a(11)); - ... n(fo, ¥a(7n)))

—> a

A,rl—{xll‘[]:f];

Xnith=fu} : TU Lo N(fL P 1), ... xn s N(fn, P, d’ n)}
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Figure 6: Inference of pattern matching and let bindings

x:((a1,....an), (p. (P}, P}, P1. - .. Pl P Pn))) €T

AT U {xi: ((phplpi)ai) i€ {1...n}} pre :

Qeffects Aresult

AT, p+match x {(x1 : 71, ..

Pbound : Pa(7) fresh

bound A A
ATU{x: (ar;)s?lrllt » Phound) }: A F €body * Qeffect ¢

. Xp i Tp) > e} :

AT, Phound t €bound : Aofect > &

[MATcH]
Qeffects Aresult

bound
result

body
result

bound

body

AT, prlet! x : 7= epound iN ehody : Ca(7 Phound) U @

Phound * Pa () fresh

bound 4 5
AT U {x: (ar:sltrllt s Pbound)> A + €body * Deffect ¢

STRICT LET
bound body  body [ ]

effect effect’ “result

bound _bound

AT, Pbound Feall Chound Aoffect > Presult

body  body

result

AT, pFletx:7=chound in €body * Ca(7, Phound) U @

i fresh p1: Pa(11), ..., pn : Pa(zy) fresh

R 1 1
A, Thounds A1 Feall €1 ¢ Geffect Hresult

s=(R (¥Yr(r1),...,¥r(1n)))

ATU{x1:(a21,p1),....,xn:(a2.n,pn)}, P F evody

a=fixs. A[Y:s,0: 0l (algee U @leer (@logue - - -

body [Lazy LET]

effect’

body
result

bound

effect La

Fbound =Tu {xl : (lsz )61)’ <o Xpt (Wz-”, ﬁn)}

A, Thounds Pn Feall Cn

n n
Geffect® Fresult

n
’ aresult) )

body

. body
" effect’

result

AT,prletrecx;:m =cy,..

use T as annotation. We assign regions and annotations per mutual
recursive group of data type, where we assign regions and annota-
tions per field, per constructor, per data type. Recursive positions
of the data type are given the same regions and annotations. When
constructing and pattern matching, we propagate the appropriate
regions and annotations. When assigning annotations, we group
data types in mutual recursive groups, by looking at all the types
it uses. For regions, we may ignore types in function types, as Py
doesn’t use them. We refer to section 3.4 of [8] for more details.

7 CONCLUSION

To improve the precision of automatic region based memory man-
agement, we presented a higher-ranked region inference algorithm.
The analysis gathers outlive-constraints as relations between re-
gion variables and binds the regions using the escape check. The
annotations of higher order functions are higher order annotation
functions: such an annotations is a function that takes the annota-
tion of the argument.

We extended previous work on higher-ranked analyses to region
inference and a polymorphic source language. The latter caused
problems with fixed-point iteration: it is more difficult to detect a
fixed-point, and some polymorphic higher-order functions do not
have a fixed-point. We have shown various directions for solutions
to this problem.

7.1 Implementation

We have an implementation of the analysis available online’. This
implementation is based on an experimental LLVM backend [7], so

Thttps://github.com/Helium4Haskell/helium/tree/regions/src/Helium/
CodeGeneration/Iridium/Region

- Xn 1 Tn =Cp inepody ¢ Ca(T, p1) U...Ca(tn, pn) UalUag /. a

12

body body [RECURSIVE LET]

result

there may be bugs unrelated to region inference. The implementa-
tion differs slightly to the formalisation in this paper. We use De
Bruijn indices [6] to avoid name collisions. We add containment on
the regions for the return value of a function. This conflicts with
the lifetime context 1, but improves the results of the escape check.
The formalisation of 1 should be refined to allow this. The handling
of let-bindings is different in our implementation, as the analysis is
implemented on an SSA-based intermediate representation. Hence
we don’t create nested fixed-points, but instead create one large
fixed-point [8, 19].

7.2 Future work

To evaluate the full potential of higher-ranked region inference
in Haskell, the run-time part needs to be implemented. We have
experimented with a higher-ranked analysis to infer the memory
size of a region [19], as previously done in a non-higher-ranked
analysis [26]. This should be integrated with a run-time system
to allocate bounded regions on the stack and unbounded regions
on the heap [4], and to handle programs where region inference
behaves poorly, a runtime garbage collector could, selectively for
some regions, reduce memory usage [11].

The evaluation of fixed-points requires more attention. If the
analysis can easier detect that a fixed-point is reached, or does
not exist, then the analysis can become faster. Better strategies to
handle functions that do not have a fixed-point will improve the
precision of the analysis.
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Abstract. This paper describes the design and implementation of the
support for closures, i.e., anonymous functions that can capture non-local
variables from surrounding scopes, in PolyHok, a higher-order polymor-
phic DSL for GPU computing embedded in the Elixir functional lan-
guage. The main abstraction of PolyHok are higher-order GPU kernels,
i.e., GPU kernels that can take device functions as arguments before be-
ing launched. There are many challenges in supporting closures in such a
language. CPU code must be able to reference GPU code, like functions
and closures, at host code, so that kernels can be configured at launch
time. Closures, in a dynamic language like Elixir, are functions gener-
ated at run time, and in the case of PolyHok, they must have their types
inferred in order to be JIT compiled into GPU code. Variable capturing
is also a challenge as device code is capturing variables that are located
in the CPU, and not in the device. The implementation of closures pre-
sented in this paper is completely based on Metaprogramming, without
modifying Elixir’s compiler.

Keywords: closures, DSL, GPU, Metaprogramming

1 The PolyHok DSL

The PolyHok DSL for writing GPU kernels embedded in the Elixir functional
language [1]. It is a higher-order, dynamically typed, imperative language sup-
porting loops, CUDA grid and block constants, and in-place update of arrays, as
can be seen in the example of Figure 1, where a kernel for a simple parallel map
is presented. In the Figure, we see the definition of a PolyHok module (line 3). A
PolyHok module is just like a regular Elixir module, but it also allows the defini-
tion of kernels, using the defk keyword (line 4), and device functions, using the
defd keyword (line 13). Kernels are implemented using the PolyHok DSL (lines
4 to 12). The map_ker kernel showcases the main characteristics of the DSL: it is
imperative, providing loops (line 9) and in-place update (line 10), it gives access
to CUDA grid and block constants (lines 5-7), it is higher-order, i.e., function £
is an argument to the kernel (line 4) and is applied to all positions of the array
argument al (line 10), and it is dynamically typed, i.e., the programmer does
not type variables and types are inferred at runtime.
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1 require PolyHok 1 def map(input, f) do

2 2 shape = PolyHok.get_shape (input)

3 PolyHok.defmodule PMap do 3 type = PolyHok.get_type(input)

4 defk map_ker(al,a2,size,f) do 4 result_gpu =PolyHok.new_gnx(shape,type)
5 ind = blockIdx.x * blockDim.x 5 size = Tuple.product (shape)

6 + threadIdx.x 6 threadsPerBlock = 128;

7 str = blockDim.x * gridDim.x 7 number0fBlocks = div(size +

8 8 threadsPerBlock - 1,
9 for i in range(ind,size,str) do 9 threadsPerBlock)

10 a2[i] = f(a1lil) 10

11 end 11 PolyHok.spawn (4PMap.map_ker/4,

12 end 12 {number0fBlocks, 1,1},

13 defd inc(x) do 13 {threadsPerBlock,1,1},

14 x+1 14 [input,result_gpu,size, f])
15 end 15 result_gpu

16 end 16 end

A GPU kernel for a map skeleton Pure Elixir map skeleton

Fig. 1. GPU kernel and Elixir implementation for a map skeleton

The PolyHok DSL can be seen as a low-level language that programmers
can use to construct high-level Elixir abstractions. For example, the pure Elixir
function defined in Figure 1, implements a parallel map using the map_ske kernel.
The map skeleton takes as an input a GNx array, i.e., an array that is located
in the GPU memory (input) and a device function (£). It first creates a GNx
array to hold the result of the map computation, with the same size and type
as the input array (line 4). Then, after computing the number of threads and
blocks to be used, the map_ske kernel is launched with the spawn primitive (line
11). PolyHok’s spawn takes as arguments a kernel to be launched, two tuples
configuring the GPU’s grid, and a list of arguments to be passed to the kernel.
Finally, once the kernel has been executed, the map skeleton returns the GNx
array containing the map’s result (line 15).

The reader should notice that in-place updates are limited to PolyHok ker-
nels, and the purely functional part of Elixir cannot offload a GNx from the
GPU memory while it is being modified by kernels, since a call to get_gnx is
blocked while the GNx is in use on the GPU. A PolyHok kernel can be seen as
an isolated Elixir process that does not communicate. However, a kernel can still
be executed by a regular Elixir process that communicates and runs PolyHok
kernels as needed.

We can use the map skeleton and the inc device function from Figure 1, on
different array types, as can be seen in the script of Figure 2. First, three host
arrays of different types (integer, float, and double) are created using the Nx
library (lines 3 to 4). In the example, we employ Elixir’s composition operator
(1>), which uses the expression on its left as the first argument of the expression
on its right. In the first two compositions (lines 6 to 9 and lines 11 to 14), both map
and inc are applied to arrays of different types (i.e., integer and float). On the
third composition (lines 16 to 19), we perform the same computation on an array
of doubles, but instead of using the inc function, a device anonymous function is
used. Device anonymous functions are defined using PolyHok.hok primitive that
does not allow variable capture. As with device functions, PolyHok anonymous
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functions can be written using a subset of Elixir or PolyHok. Also, pure Elixir
functions can not be invoked on device anonymous functions, only PolyHok or
CUDA functions can be called.

1

10
11
12
13
14
15
16

17

19

2

n = 10000000

arrl = Nx.tensor ([Enum.to_list(l..n)],type: {:s, 32})
arr2 = Nx.tensor ([Enum.to_list(l..n)],type: {:f, 32})
arr3 = Nx.tensor([Enum.to_list(l..n)],type: {:f, 64})

host_resl = arri
|> PolyHok.new_gnx
|> PMap.map (&PMap.inc/1)
|> PolyHok.get_gnx

host_res2 = arr2
|> PolyHok.new_gnx
|> PMap.map(&PMap.inc/1)
|> PolyHok.get_gnx

host_res3 = arr3
|> PolyHok.new_gnx

|> PMap.map(PolyHok.hok fn x -> x + 1 end)
|> PolyHok.get_gnx

Fig. 2. Using the map skeleton with arguments of different types

Closures in PolyHok

We extend PolyHok with the PolyHok.clo primitive, that allows the defini-
tion of an anonymous device function that can capture non-local variables from
surrounding scopes at run time, as in the following example:

1

©

dev_arr = PolyHok.new_gnx(Nx.tensor (Enum.to_list(1..1000), type: :s32))
x = 10

fun = PolyHok.clo fn y -> x + y end

host_arr = dev_arr

|> Ske.map(fun)
|> PolyHok.get_gnx

In the example, we define a closure (line 5) that captures the value of variable

x (defined in line 3). Then, the closure is applied to all elements of a device array
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(previously defined in line 1), using a map skeleton (line 8). Hence, all elements
of the final host_array are incremented by 10.

Closures in PolyHok can capture numerical values and also GNx arrays.
Numerical values are captured by value, i.e., converted into device values and
passed as extra arguments to the device function, and GNx arrays are captured
by reference, i.e., the anonymous function receives a pointer to the device array.

Providing closures in a higher-order language for GPU programming allows
two main advantages. First, it allows to simplify the interface of skeletons. For
example, the function argument of a map, usually relies on other values besides
the ones that come from the input array. For example, in the NBodies program
(see Section 5), that simulates how physical forces influence a dynamic system
of particles, for each body in the system we have to check all other bodies
to calculate the force impact. Hence, to implement it as a map, the function
argument needs not only the current body, but a reference to array of bodies
and its size. We could hard code values inside anonymous functions, but then
we would need different versions fo the program for different sizes. We could
also provide different implementations of a map that receive extra arguments to
be passed to the anonymous functions. Closures solve this problem as they can
capture the specific values for the computation being performed at run time.

Closures also allow the implementation of other high-level abstractions, as
for example, array comprehensions, as described in the next Section.

3 Array Comprehensions

List comprehension is another abstraction that can be implemented using higher-
order functions. Using List Comprehensions, programmers can use notation sim-
ilar to set theory to describe new lists based on existing ones. Using Elixir’s
macros, it is possible to implement simple array comprehensions, which are trans-
lated to calls to skeletons configured with closures. For example, the following
array comprehension:

1 host_array = Nx.tensor(...)
2 x =10
3 host_resp = PolyHok.gpu_for n <- host_array, do: x * n

which multiplies the elements of an input array by 10, can be translated by the
macro on Figure 3, to the following code:

1 PolyHok.new_gnx (host_array)
2 |> PMap.map(PolyHok.phok(fn n -> x * n end))
3 |> PolyHok.get_gnx

Closures are crucial for the implementation of array comprehensions, since, oth-
erwise, the expressions allowed in the comprehensions would be very limited.
Since GNx arrays are captured by reference, they can also be used inside com-
prehensions as in this implementation of saxpy:

1 host_resp = PolyHok.gpu_for i <- 0..99999, do: 2 * a[i]l + b[i]
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defmacro gpu_for({:<-, _ ,[var,tensor]},do: b) do

quote do:
PolyHok.new_gnx (unquote(tensor))
|> PMap.map(PolyHok.phok(fn (unquote(var))->(unquote b) end))
|> PolyHok.get_gnx

end

o oA W N e

Fig. 3. Macro for compiling a simple Array Comprehension

4 Implementation

The implementation of closures in PolyHok relies on compilation time support,
through macros, and execution time support, for the JIT compilation of closures.
These issues will be detailed in the extended version of the paper.

5 Experiments

In the extended version of this paper we plan to include experiments comparing
programs using PolyHok with closures with programs written in pure CUDA, in
order to understand the impact of using the high-level abstractions provided by
PolyHok.

6 Conclusions and Future Work

This paper described the support for closures implemented in the PolyHok DSL,
a higher-order polymorphic DSL for writing GPU kernels. In the extended ver-
sion of this paper we plan to discuss how the PolyHok system was modified to
support closures, compare our design with related works, and present experi-
ments comparing PolyHok with pure CUDA, with the object of understanding
the overhead imposed by the high-level of abstraction provided by PolyHok.
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Abstract

A modern trend in Formal Languages and Automata Theory edu-
cation uses a design- and programming-based approach to teach
students about finite-state machines and regular languages. Follow-
ing the steps of a design recipe, students use FSM, a domain-specific
language embedded in Racket, to design, implement, validate, and
verify deterministic and nondeterministic finite-state machines. As
part of the design process, students implement state invariant pred-
icates to validate the role of machine states. Writing thorough unit
tests for state invariant predicates, however, is notoriously difficult
as test suites grow large very quickly. This article describes a tool
to automatically and thoroughly test all such predicates for a given
machine. The tool uses the given machine’s transition relation to
provide good test coverage by finding all paths to intermediate
states between the machine’s starting state and any of its final
states. The result is an elegant way to test state invariants using a
single expression. Despite operating in a search space that grows
exponentially, empirical measurements suggest that the use of the
tool is feasible for typical problems studied in a Formal Languages
and Automata Theory course.
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1 Introduction

A modern approach in Formal Languages and Automata Theory
(FLAT) education introduces students to the systematic design of
finite-state machines [29]. Unlike most approaches to FLAT ed-
ucation, where students implement machines by pencil and pa-
per [14, 21, 24, 38, 41] or by using a GUI-based system like JFLAP
[22, 39, 40] or OpenFLAP [26], this new approach makes students’
interest and experience in programming an integral part of the
learning process. To this end, students are not expected to learn
how to implement finite-state machines solely by looking at exam-
ples. Instead, they are presented with a design recipe that provides
scaffolding for the development and implementation of machines
from a problem statement to a verified solution.

A design recipe is a series of steps, each with a concrete outcome,
that defines a systematic process to design and implement programs.
It is a teaching methodology first pioneered by Felleisen et al. for
a one-semester programming course for beginners [10] and later
expanded by Morazan into a 2-semester sequence for beginners
[27, 28]. In the FLAT context relevant to this article, design recipes
are used to implement deterministic (dfa) and nondeterministic
(ndfa) finite-state machines in FSM (Functional State Machines)-a
domain-specific language, embedded in Racket [11], for the FLAT
classroom [30]. By following the steps of the design recipe, a student
reasons about each component needed to build a machine. For
instance, students attach meaning to each state before developing
a transition relation. In turn, invariant predicates are written to
validate the role of states.

When a machine applies a transition rule, the input word may
be partitioned: the consumed input (ci) and the unconsumed input.
We can, therefore, speak of an invariant property the ci needs to
satisfy for the machine to be in a given state. Invariant proper-
ties may be tested by implementing a state invariant predicate. An
invariant predicate is given the ci and determines if a condition
holds. This condition defines the role of the state. For example,
the role of a state may be that the ci is empty or that the ci has
an even number of bs. Invariant predicates, of course, must be
thoroughly tested to validate that they work properly. This task
sounds deceptively simple, but is (for good reason) difficult to per-
form. The major stumbling block is that thorough testing does not
only depend on the invariant-predicate’s implementation. It also
depends on the machine’s transition relation. If there is at least one
sequence of transitions that take the machine from its starting state
through a state R to a final state (equivalently, there exists at least
one path from the starting state through R to a final state in the
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Figure 1 Machine and invariant test failure highlighting.

(check—-inv-holc
(check—inv-fails-~

A-INV ' (a
A-INV

a

'(b b)

(b) Invariant test failure highlighting.

transition diagram), then the testing suite for R needs to include
words obtained by using all transition rules on paths that take the
machine from its starting state to R. To do so for all states in a
machine is tantamount to counting/finding all paths in a directed
graph, a problem that is known to be #P [45]. That is, there is no
known polynomial time algorithm to find a thorough testing suite
for a machine’s state invariant predicates. To intuitively understand
this, consider the number of possible paths without repeating a
state in a transition diagram that is as a complete graph with n
nodes. There are n*(n-1) paths of length 2, nx(n-1)*(n-2) paths
of length 3, and so on until n! paths of length n. Thus, the total
number of paths is 2?:2H§:n-1+1 j. The complexity is worse for
invariant testing, because paths cannot be limited to those without
repeated nodes.

This article describes a tool integrated into FSM to automatically
test state invariant predicates for dfas and ndfas using a single
expression:

(sm-test-invs <machine> (list state <inv>)*)

Given a machine and a list of pairs containing a state and its in-
variant predicate, the tool performs a traversal of the transition
relation to identify the words that must be used to test each state
invariant predicate. If none of state predicate invariants fail, the
tool returns an empty list of failures. Otherwise, it returns a list of
pairs containing a state and a list of words for which the state’s in-
variant predicate failed. Given that the machine invariant testing is
NP, the goal for the tool is not to be efficient for arbitrary machines.
Instead, the goal is for the tool to be a useful and practical for typi-
cal problems studied in a FLAT classroom. The article is organized
as follows. Section 2 briefly describes the FSM interface for dfas
and ndfas. Section 3 presents an overview of the design recipe for
state machines and an illustrative example. Section 4 describes the
developed tool to automatically test state invariant predicates and
presents empirical data that suggests classroom use of the tool is
feasible for problems typically studied in a FLAT course. Section 5 il-
lustrates how the tool is used for debugging. Section 6 compares and
contrasts with related work. Finally, Section 7 presents concluding
remarks and directions for future work.

2 Finite-State Machines in FSM

2.1 Constructors and Observers

FSM provides support for both dfas and ndfas. The constructors
have the following signatures:

make-dfa: K ¥ S F § — dfa make-ndfa: K ¥ S F A — ndfa

Each takes as input the machine’s states (K), input alphabet (X),
starting state (SeK), final states (FCK), and a transition relation
represented as a list of transition rules. For a dfa, the transition
relation () must be a function. For an ndfa, the transition relation
(A) does not have to be a function. Each transition in a relation has
the form: (state symbol state).Each state must be a member of
K. For a dfa transition rule, the symbol must be in 3. For an ndfa
transition rule, the symbol must be in 3 U {e}, where € denotes that
no input is read. A dfa accepts an input word, w, if after reading all
of w’s elements it ends in a final state. Otherwise, w is rejected. An
ndfa accepts w if there is a computation that ends in a final state
after reading all of w’s elements. If no such computation exists, then
the ndfa rejects w.

The primitive sm-showtransitions returns a trace of a single
accepting computation. For example, the following is the trace of
an ndfa for the language L=a(ab)*aa"* appliedto '(a a b a a a):

(((aabaaa)s
((@abaaa A
((b a aa) B)

((a a a) A)
((a a) o
((a) D)
O D)
accept)

A computation is a list of configurations. Each configuration is a
pair containing the unconsumed input and the machine’s current
state. In any given configuration, the part of the input word that is
missing, ci, is the consumed input.

2.2  Unit Testing

FSM provides a DSL to write unit tests, which is tightly-coupled
with the design recipe for state machines (discussed in Section 3.1).
It allows programmers to write succinct tests for machines and
invariant predicates.

Finite-state machines are designed to accept words in a given
language and to reject words not in the given language. To test a
machine, M, the following syntax is used:

(check-accept? M <word>") (check-reject? M <word>")

Each given word is tested by applying the machine to it. If all the
words are correctly accepted/rejected the tests pass. Consider the
following test suite for, M, a machine deciding L=a(ab)*aa":
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Figure 2 The state invariant predicate for A.

Figure 3 The State Machine Design Recipe

(define (A-INV ci)
(and
(eq? (first ci) 'a)
(even? (length (rest ci)))
(andmap (A (p) (equal? p '(a b)))
(foldl
(A (s acc)
(if (or (empty? acc)
(= (length (first acc)) 2))
(cons (list s) acc)
(cons (list (first (first acc)) s)
(rest acc))))
"0
(rest ci)))))

(check-accept? M '() '(@aa) '(@a) '(@aabaaa)

(check-reject? M '(b) '(ab) '(aaa) '(@aabaa))
The generated fail test reports are recipe-based errors:
Step 6 of the design recipe has not been

successfully completed. The constructed machine,
M, does not accept the following words: () (a a)

Step 6 of the design recipe has not been
successfully completed. The constructed machine,
M, does not reject the following words: (a a a)
(aabaa)
In addition, the program window highlights the words that cause
the test to fail. The words that cause check-reject? to fail, for
example, are displayed in Figure 1la.

As mentioned, students write an invariant predicate for each
state. For instance, the transition diagram for M is:

Observe that whenever the machine transitions into A, the con-
sumed input that led the machine to A must be in a(ab)*. A’s in-
variant predicate may be implemented as displayed in Figure 2. To
test A-INV, the following test suite may be proposed:

(check-inv-holds? A-INV '(a a a) '(a a b a a)
'(a b aa))

(check-inv-fails? A-INV '(b b) '(a a b) '(b a))
Upon running the tests, the generated fail test reports are:
Step 6 of the design recipe has not been
successfully completed. The following test cases
for the invariant, A-INV, fail when they should
hold: (a a a) (a b a a)

Step 6 of the design recipe has not been
successfully completed. The following test case

(1) Name the machine and specify the input alphabets

(2) Write unit tests

(3) Associate a state with tracked conditions, and identify the
start and final states.

(4) Formulate the transition relation

(5) Implement the machine

(6) Run the tests and, if necessary, redesign

(7) Design, implement, and test an invariant predicate for each
state

(8) Prove L = L(M)

for the invariant, A-INV, holds when it should
fail: (a a b)

Upon clicking on the first error, Figure 1b displays the highlight-
ing of the words that cause check-inv-holds? to fail. Clicking
on the second error causes the words that cause the second test
to fail to be highlighted (in this case, the second word given to
check-inv-fails?).

2.3 Visualizations

Finally, FSM integrates a suite of static and dynamic visualization
tools to help students understand FLAT concepts. The static visu-
alization tools include those to generate a transition diagram [36]
(e.g., used to generate the graphic for M) and to generate a compu-
tation graph given a machine and a word [32, 33]-a computation
graph summarizes all the paths in a computation tree to provide
visual proof that a word is accepted or rejected. In such static visu-
alizations, every node represents a state and every edge represents
a transition rule.

The dynamic visualization tools include machine execution [31]
and an array of transformation algorithms. During machine execu-
tion visualization, the value of the state invariant predicate may be
observed for the state transitioned into (i.e., green when it holds and
red when it fails). The transformation algorithm tools include, for
example, the ndfa to dfa transformation [35], the transformations
to and from finite-state machines and regular expressions [34], and
construction algorithms for closure properties of regular languages
[25].

3 Machine Design

At the heart of the finite-state machine design process is the mean-
ing of states. States represent conditions that need to be clearly
defined. A state’s condition is a property of the consumed input
that must hold when the machine transitions into said state in an
accepting computation. This section outlines the design recipe for
state machines and presents an illustrative example.

3.1 The State Machine Recipe

The 8-Step design recipe for state machines is displayed in Figure 3
[29], where L is the target language the machine is designed to
accept. Step 1 requires students to select a descriptive name for
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the machine and, for finite-state machines, specify the input al-
phabet!. Step 2 requires students to write a thorough suite of unit
tests. For finite-state machines, this means writing tests for words
in the machine’s language and for words not in the machine lan-
guage. The check-accept? and check-reject? syntax described
in Section 2.2 is used.

Step 3 asks for informal descriptions of the conditions states
represent. Students are taught to start by specifying the conditions
the starting state and the final states represent. Following this, stu-
dents reason about how the machine transitions between states as
a word is consumed. Each time a new condition is encountered,
a new state is needed. Based on the result of Step 3, Step 4 asks
students to formulate the transition relation. Note that “guessing
work” is eliminated if Step 3 is successfully completed before for-
mulating an answer for Step 4. This is important, because it allows
for students and instructors to discuss finite-state machine design
using a common language.

Step 5 requires the collection of answers from Steps 1-4 to imple-
ment the machine using the constructors described in Section 2.1.
Step 6 has students run the tests. If any errors are thrown or if
any tests fail, students are taught to revisit the steps of the design
recipe to fix bugs. In addition to the instructors encouraging this
practice, the FSM error-messaging system [8] and the FSM fail test
reports encourage this practice by including the step of the design
recipe that has been unsuccessfully completed. This is important,
because the steps have meaning for students from lectures and the
textbook. Therefore, their inclusion encourages them to think in
terms of design and recall or look up how the step is satisfied in
the solutions of previous problems.

Step 7 asks students to formalize the answer to Step 3. This is the
step in which informal descriptions are turned into state invariant
predicates. This is a difficult step for two reasons. The first is that
informal descriptions may be too informal and, therefore, may re-
quire a revision step to clarify the condition a state represents. This
challenge is something that advanced Computer Science students
usually handle well. The second is that state invariant predicates
must be tested and the testing suite must be thorough. The latter
part poses a new challenge for students. Consider testing the invari-
ant predicate for a state N. To be thorough, words generated from
all possible transitions used in computations paths that may lead
the machine to accept and that take the machine from its starting
state to N must be tested. That is, thoroughness is dependent on the
machine’s transition relation and not just on the implementation
of the invariant predicate. In part, this challenge has motivated the
work presented in this article.

Finally, Step 8 asks for establishing the equivalence between,
L, the language the machine is designed to decide and, L (M), the
language of, M, the machine implemented. This is done in two
steps. First, students develop a proof by induction on the number
of steps taken by an accepting computation to prove that invariant
predicates always hold. To aid students in this step the dynamic vi-
sualization tool for machine execution accepts invariant predicates
as optional arguments to observe if they hold. Invariably, every

!The emphasis on finite-state machines follows from noting that the design recipe is
also used to develop pushdown automata, which require a stack alphabet to be defined.
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Figure 4 The dfa for L={w|w contains aabab}.

s (define CONTAINS-aabab

9 (make-dfa '(S AB CDE)

10 "(a b)

11 IS

12 '(E)

13 '"((SaA) (SbS) (AaB) (AbS)

14 (BaB) (BbC) (Cab) (CbS)

15 (D aA) (DbE) (EakE) (EbE)))
16 (check-accept? CONTAINS-aabab

1 '@abab) '(bbaaababhb))
15 (check-reject? CONTAINS-aabab

19 'O '(bbaaaba) '(aabaa))

(a) FSM implementation.

(b) Transition diagram.

semester, students realize that their invariant predicates do not al-
ways hold despite unit tests passing. That is, they realize that their
invariant predicate testing is not thorough enough. Second, based
on invariant predicates always holding, they prove the equivalence
of the stated languages.

3.2 Illustrative Example

To illustrate the design process, consider a classical application
of finite-state machines that is the foundation of the KMP algorithm
[19]: detecting a pattern. Our sample problem is to design a dfa
to decide L={w|w contains aabab}. The result of following the
first 6 Steps of the design recipe are displayed in Figure 4a and
the transition diagram for the implemented machine is displayed
in Figure 4b. The backbone of the machine from S to E detects
progressively larger consecutive portions of the pattern. When a
letter is read that does not match the next element in the pattern,
the machine transitions to the state whose role matches the largest
possible prefix of the pattern to the suffix of the consumed input.
For example, if the machine is in state D then the largest suffix of
ci that matches the pattern (i.e., aabab) is aaba. Upon reading an a
the largest suffix of ci that matches the pattern is aa and, therefore,
the machine transitions to, B, the state whose role is satisfied. The
role of each state is documented on lines 1-7 indicating the part of
the pattern detected.
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Figure 5 CONTAINS-aabab’s predicates and auxiliary functions.

1

; (define (contains-aabab? w)
+  (and (>= (length w) 5)

(or (equal? (take w 5) '(a a b a b))
6 (contains-aabab? (rest w)))))

o (define (end-with? suffix w)

0 (and

1 (>= (length w) (length suffix))

12 (equal? suffix (take-right w (length suffix)))))

15 (define (S-INV ci)

16 (and (not (end-with? '(a) ci))

17 (not (end-with? '(a a) ci))

18 (not (end-with? '(a a b) ci))
19 (not (end-with? '(a a b a) ci))
20 (not (contains-aabab? ci))))

3 (define (A-INV ci)

2 (and (end-with? '(a) ci)

25 (not (end-with? '(a a) ci))

26 (not (end-with? '(a a b a) ci))
(not (contains-aabab? ci))))

0 (define (B-INV ci)

51 (and (end-with? '(a a) ci)

32 (not (contains-aabab? ci))))

35 (define (C-INV ci)
5 (and (end-with? '(a a b) ci)
37 (not (contains-aabab? ci))))

w0 (define (D-INV ci)

21 (and (end-with? '(a a b a) ci)

12 (not (contains-aabab? ci))))
43

14

15 (define E-INV contains-aabab?)

The needed state invariant predicates to satisfy Step 7 of the
design recipe are displayed in Figure 52. Each predicate tests that
ci does not contain the pattern and that the largest suffix of ci
that matches any prefix of the pattern is the prefix represented by
the predicate’s state. For instance, consider A-INV. This predicate
tests that ci ends with an a, that no other prefixes of the pattern

%The predicates are not optimized to eliminate code duplication. Such an optimization
may be pursued after completing a machine’s design
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that end with a match ci’s suffix, and that ci does not contain the
pattern.

Observe that unit tests for the state predicate invariants have not
been included. This done to drive home the point that writing such
tests is not straightforward. How do you determine a thorough set
of tests for each invariant predicate? For instance, consider writing
the following tests for A-INV:

(check-inv-holds? A-INV '(a) '(a a b b a))
(check-inv-fails? A-INV "(b) '"(a b b) "))

Is this a thorough enough suite of tests? Even a cursory look at the
transition diagram in Figure 4b reveals that the testing is lacking.
At the very least, the set of words in the testing suite ought to
traverse every transition that may be used to reach A in an accepting
computation. This follows from observing that it does not matter
how A is reached in an accepting computation. The invariant must
hold, because once the machine is in A, the unconsumed input may
transition the machine to E where the word is (eventually) accepted.
Under this light, the test suite for check-inv-holds? ought to
include, for example, (b a) and (a a b a a b b a).In fact, it
ought to cover all transitions used in accepting computations from
S to A. To guarantee such testing coverage, all paths from S to A
need to be computed. We note that for the machine in Figure 4, the
number of words in a thorough test suite for all invariant predicates
is 50°. Clearly, it is not reasonable nor practical for any programmer
to write that many unit tests.

We also note that the test suite for check-inv-fails? is also
lacking. It ought to include words that end with an a that should
not take the machine to A such as (a a b a) (which ought to take
the machine to D) and (a a) (which ought to take the machine to
B).

4 Testing-Word Generation

Consider testing B-INV, the invariant predicate for a state B. Deter-
mining a thorough test suite requires traversing all paths to B, in-
cluding transitioning through any loops. This is hard, because a dfa
or ndfa may be arbitrarily complex and contain arbitrarily nested
transition loops. Even for a simple machine, like CONTAINS-aabab
displayed in Figure 4b, it is not immediately obvious to an FSM
programmer how to determine the set of words for each state that
provides the necessary coverage of transitions.

Despite machine and invariant validation making machine verifi-
cation easier, there are two problems with forcing FSM programmers
to determine on their own a thorough test suite. The first is that it
is a time-consuming and error-prone process. Untangling nested
loops, for example, is always a challenge. The second is that it
distracts attention away from machine verification. In fact, deter-
mining a thorough testing suite can be harder than verifying a
machine.

4.1 Implementation

Our solution, therefore, is two-fold. We encourage the writing of
unit tests given that it is important for students to reason about
their design. We also adopt the solution put forth by QuickCheck

3This number is obtained using the word generation software described in the next
section.
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[2, 15]: generate tests [17]. It is now possible to automatically test a
machine’s state invariant predicates in FSM. A test suite of words for
each state, C, is generated that provides the necessary (minimum)
coverage to include every transition that any accepting computation
may use to reach C. The implemented solution operates in 3 steps:

(1) Machine refactoring
(2) Word generation
(3) Invariant testing

4.1.1 Machine Refactoring. The goal is to obtain a test suite for
each state that covers all possible transitions on accepting compu-
tations. It is possible, of course, for a machine to contain transition
rules that never lead to accept. For instance, consider the following
dfa:

a

This machine has, ds, a dead/trap state. Any computation that
reaches this state never leads to accept. Therefore, there is no need
to generate a test suite for ds. That is, a testing suite for the invariant
predicate for ds does not need to be generated nor does the testing
suite for any state invariant predicate need to provide coverage
for the transitions in and out of ds. We note that an arbitrary
finite-state machine may have an arbitrary number of dead/trap
states.

The first step, therefore, is to refactor the given machine by
removing all dead/trap states and the transitions into and out of
them, which does not change the language of the machine. This is
accomplished by determining the states reachable from the starting
state and then filtering out those states from which a final state is
not reachable. Both of these subtasks are performed using a breadth-
first traversal of the transition relation (or, equivalently, the graph
representing the machine’s transition diagram). The result of this
process for the machine above yields:

a

Test suites are only generated for S, A, and B.

4.1.2  Word Generation. To generate a test suite for each state in a
refactored machine, a breadth-first traversal of its transition relation
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is performed. The traversal accumulates two values: a queue of
computations to explore (each computation represented as the list
of transition rules used) and a list of computations found. The
queue is used to search for longer computations by only applying
transition rules that have not been used in a given computation.
In this manner, the needed coverage of transitions is obtained. A
consequence of this search policy is that a loop is traversed at most
once, thus, reducing the amount of work done when, for example,
a loop contains a nested inner loop. The list of computations found
is used to generate test suites for each state invariant predicate. For
each state, K, in an accepting computation, the (sub)word that leads
to K is made part of K’s testing suite.

Initially, the list of found computations is empty and the queue
contains a number of computations equal to the number of transi-
tions out of the given machine’s starting state. Therefore, initially,
each computation contains a single rule. At each step, the first
computation in the queue is removed and extended by applying
all applicable rules not used in the computation to its current state.
The new computations are added to the queue and the computation
removed from the queue is added to the list of found computations.
When the queue becomes empty the accumulated list of found
computations is returned.

To illustrate the process, consider the search for computation
using the refactored machine above. The search starts with the
following values:

Queue: (((S b B))
(S a A

Computations: ()

There are two computations to explore: one for each transition
rule out of S. The first step removes the first computation from the
queue, adds a new computation to the queue, and adds the first
computation to the list of found computations. The resulting state
of the accumulators is:

Queue: (((S a A))
((SbB) (BaB)))
Computations: (((S b B)))
Note that the computation ((S b B)) will be used to generate (b)
as part of the test suite for B’s invariant. The process is repeated to
yield the following state for the accumulators:

Queue: (((S b B) (B aB))
((SahA) (Ab A
Computations: (((S a A))
((S b B)))

Note that the computation ((S a A)) will be used to generate (a)
as part of the test suite for A’s invariant. The process is repeated
and there are no unused transitions that apply to B. Therefore, the
first computation is removed from the queue and and added to the
list of found computations. No new computations are added to the
queue:

Queue: (((Sa A (AbA)))
Computations: (((S b B) (B a B))
(s a A)
((S b B)))

Observe that (b a) shall be part of the testing suite for B’s invariant.
A similar step is taken again to yield:

639
640
641
642
643
644
645
646
647
648
649

650

652

659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695

696



697
698
699

700

702
703
704
705
706
707

709
710
711
712
713
714
715
716
717
718

720

729

736

750

Automatic Testing for Finite-State Machines

Queue: ()
Computations: (((S a A) (A b A))
((SbB) (BabB))
(S aA)
((s b B)))

Observe that (a b) shall be part of the testing suite for A’s invari-
ant. Given that the queue is empty, the process stops and the list
containing the 4 found computations is returned.

The returned list of computations is traversed to generate the
needed test suite for each state. For this example, the test suite for
each state is:

(s CON
(A ((a) (a b))
B ((b) (b a))))

The empty word is always added to the test suite for the machine’s
starting state.

4.1.3 Invariant Testing. The function that tests state invariant pred-
icates takes as input a machine and a list of pairs. Each pair contains
a state and the state’s invariant predicate. The function returns a list
of pairs. Each pair contains a state and a word for which the state’s
invariant predicate does not hold. If the returned list is empty, then
the invariant predicates hold for every word in the test suite.
Testing is performed by traversing the returned list of test suites.
For each state, the words in the test suite for which the state’s
invariant predicate does not hold are accumulated and used to
construct the list of pairs returned by the testing function.

4.2 Empirical Measurements

Given that thorough invariant testing is in NP, the presented empir-
ical study does not measure performance on arbitrary finite-state
machines to determine if the algorithm is practical in general-we
know from the start that it is not and that arbitrarily large machines
will not be successfully processed. Instead, empirical measurements
are taken using machines that are typically studied in a FLAT course
to determine if the developed algorithm makes the tool’s use in a
FLAT classroom practical/feasible.

Empirical data is presented for 17 finite-state machines used
in an introduction to FLAT course at Seton Hall University in the
Spring 2025 semester. Table 1 outlines the characteristics of the 17
machines: number of states, number of transition rules, alphabet
size, number of final states, machine type, number of dead states,
and number of dead transitions (i.e., transitions in or out of a dead
state). The majority of the machines have 7 or more states. A ma-
jority of the machines also have over 10 edges. Thus, the majority
of the machines are nontrivial, when compared to typical examples
found in FLAT textbooks. We also note that machines M1, M14, M15,
and M17, each with over 30 transitions rules each, are more com-
plex that the average machine studied in a FLAT textbook. These
machines are the result of large course projects at our institution
(e.g., searching for a given long pattern in a DNA strand). Nonethe-
less, the data collected is presented in the spirit of thoroughness.
It is, indeed, good to know, as the data below suggests, that some
machines with large number of edges can be automatically tested
in a reasonable amount of time.

For each machine, the study includes four experiments:

Conference’17, July 2017, Washington, DC, USA

Machine | K| | R| | [Z] | |F] | Type | Dead K | Dead R
M1 10 | 40 | 4 5 dfa 1 16
M2 7 14| 2 6 dfa 1 3
M3 4 9 3 3 | ndfa 0 0
M4 8 |17 | 4 | 4 | ndfa 0 0
M5 7 18] 3 3 | ndfa 0 0
Meé 6 | 8 | 2| 4 | ndfa 0 0
M7 7 |10 | 3 | 1 | ndfa 0 0
M8 7 121] 3 1 dfa 1 11
M9 6 | 10| 3 1 | ndfa 0 0

M10 4 8 2 3 dfa 1 3
M11 2 4 2 1 dfa 0 0
Mi2 3 2 2 | ndfa 0 0
M13 4 6 3 1 | ndfa 0 0
Mi14 9 |35]| 5 3 | ndfa 0 0
M15 10 | 40 | 4 5 dfa 0 0
M16 6 |12 | 2 1 dfa 0 0
M17 7 135] 5 1 | ndfa 0 0

Table 1: Machine characteristics.

(1) Refactored using words generated by using any transition
at most once in a computation

(2) Unrefactored using words generated by using any transition
at most once in a computation

(3) Refactored using words generated by using any transition
at most once twice

(4) Unrefactored using words generated by using any transition
at most twice

Refactored and unrefactored machines are used to measure the ben-
efit/penalty of refactoring. The goal of permitting words generated
by using any transition at most once twice is to test words that
traverse nested loops in the transition relation. For each experiment,
automatic testing execution time (in ms) is collected 50 times for a
total of 3400 experiments. Data is collected using the laptop issued
to students at our institution (processor/OS).

For each machine, the number of test words generated allowing
the use of a rule at most once is displayed in Table 2. The median
value for the refactored machines is 45 and the median value for
the machines that are not refactored is 50, which clearly suggest
that it is not reasonable to expect anyone to write a test suite that
provides good coverage of the transitions used to reach each state.

The average runtime to test each machine using words generated
by using any transition at most once in a computation is displayed
in Figure 6. The most salient feature, regardless of whether ma-
chines are refactored or not, is that for most machines the running
time is under a fifth of a second (i.e., under 200ms), with most
machines having an execution time under a millisecond. The sole
exception is M15 for which we observe an average running time
of about 6 seconds when the machine is refactored and about 2
seconds when the machine is not refactored. This difference in per-
formance is explained by M15’s characteristics displayed in Table 1.
This machine has 40 edges and no dead states. Therefore, the time
penalty observed is attributed to an unsuccessful attempt to remove
dead states in a machine with a large transition relation that has no
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Machine | Refactored | Not refactored | Refactored | Not refactored
Edge use once once twice twice
M1 325 51024 36834 unfeasible
M2 45 65 1607 3830
M3 15 15 57 57
M4 26 26 66 66
M5 66 66 351 351
M6 10 10 18 18
M7 17 17 43 43
M8 62 1598 363 165131
M9 62 62 363 363
M10 12 37 47 408
Mi11 11 11 125 125
M12 4 4 6 6
M13 50 50 3159 3159
M14 8 8 12 12
M15 1284774 1284774 unfeasible unfeasible
M16 51024 520124 unfeasible unfeasible
M17 27060 27060 unfeasible unfeasible

Morazan, Turano, Garced, and Fields

Table 2: Number of test words generated for each machine using rules at most once and twice using Windows.

Figure 6 Average testing times using words generated from computations that use a transition at most once.
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dead states. Despite the performance gap, refactoring the machine
still yields an execution time that does not disrupt a smooth user ex-
perience. We conclude, therefore, that classroom usage of the tool is
feasible as part of a typical undergraduate FLAT course. In addition,
we note that the data also suggests that it is feasible for students to

use the tool to debug their designs for typical assignments found
in FLAT textbooks.

The average runtime to test each machine using words gen-
erated by using any transition at most twice in a computation is
displayed in Figure 7. This data paints a much more nuanced picture.
First, we observe that testing some machine becomes unfeasible
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Figure 7 Average testing times using words generated from computations that use a transition at most twice.
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(i.e., M15-M17), which is indicated by a height of -1 in Figure 7. We
note that testing M1, without refactoring, becomes unfeasible using
Windows. Although we cannot be absolutely certain, it is reasonable
to hypothesize that the Linux Out-Of-Memory (0OOM) Killer kernel
function [20] prevents the DrRacket IDE from crashing by termi-
nating non-essential processes to make enough memory available
for testing to terminate normally. Second, we observe that signifi-
cant gains in performance are achieved for some machines (e.g., M8,
and M1 under Windows) and that the penalty for refactoring when

invariant tests all pass. A perceptive instructor is likely to imme-
diately notice that '(a a b a a b a b) is rejected. Clearly,
that is a bug given that the word ends with aabab and ought to
be accepted. Naturally, the student is upset because all her tests
pass. After some discussion, it becomes clear that simply trying to
analyze the transition diagram is leading the student nowhere.

At this point, the student is encouraged to use FSM’s tool to
automatically test state invariant predicates as follows:

(sm-test-invs CONTAINS-aabab

no gains are observed is extremely small. Thus, we conclude that
the machine refactoring step ought to remain an integral part of
the testing algorithm.

5 Machine Debugging

Two examples are presented to illustrate how the software to auto-

(list 'S S-INV)
(list 'A A-INV)
(list 'B B-INV)
(list 'C C-INV)
(list 'D D-INV)
(list 'E E-INV))

matically test state invariant predicates is used to debug machines.

5.1 Debugging CONTAINS-aabab

The first is a student-designed machine that served as the inspira-
tion for the machine displayed in Figure 4. The student has imple-
mented the following buggy dfa in FSM to decide if a given word
contains aabab:

She has also implemented the state predicate invariants displayed
in Figure 5 along with a testing suite for them. Her machine and

The tool yields the following results:

'(((aabaa) A)
((aaabaa) A)
((baabaa) A)
((baaabaa A
((@aabaab) S)
((aaabaab) S)
((baabaab) S)
((baaabaab)s)

The invariant predicates for S and A do not always hold. The list
of failing words provides the student with a new starting point
for debugging. She can observe how the machine processes the
problematic words by launching the dynamic visualization tool.
Figure 8 displays the final state of the dynamic visualization tool
when CONTAINS-aabab is applied to '(a a b a a). The student
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Figure 8 Final dynamic visualization tool state.

Word:
Consumed: a a b a a

The current number of possible computations is 1 (without repeated configurations).
All computations end in a non-final state and the machine rejects.

JEEaa M e eesms

Restart Forward Backward Finish Holdtodrag Zoomin Zoomout Minzoom Midzoom Maxzoom Wordstart Wordend Prvnotinv Nxtnotinv

Figure 9 The ndfa for L=(b(bb)* U a*)(ccc)™.

can see why A-INV fails. The machines ends in A (indicated by the
violet edge), but should not given that the given word ends with ' (a
a). This suggests to the student that there is a bug in the transition
function and they quickly realize that from D on an a the machine
ought to move to B, not A. Upon updating (D a A) to (D a B) all
tests pass and sm-test-invs returns the empty list. The student
also adds the following test:

(check-equal?

(sm-test-invs CONTAINS-aabab
(list 'S S-INV)
(list 'A A-INV)
(list 'B B-INV)
(list 'C C-INV)
(list 'D D-INV)
(list 'E E-INV))

"O)

Observe that this is a succinct and elegant way of testing state
invariant predicates.

5.2 Debugging an ndfa

Consider implementing an ndfa to decide:

L = (b(bb)* U a*)(ccc)*

Following the steps of the design recipe, a student has implemented
in FSM the ndfa displayed in Figure 9. A cursory look at the transi-
tion diagram suggests that the machine is correct. There are two
paths from S to D: one consumes a* and the other consumes b(bb)*.
This correctly implements the union of these two languages. Both
of these paths end by consuming a c. Thus, when the machine
transitions into D, ci€(b(bb)* U a*)c. Observe that the number of
cs is multiple of 3 minus 2. When the machine transitions into E
and F, respectively, the number of cs is multiple of 3 minus 1 and a
multiple of 3.

Based on this the student argues that the machine is correct, but
tests for the predicate invariants for D, E, and F are failing. The tests
are not shown in the interest of brevity. Given that the transition
relation appears correct, the predicate implementation needs to be
examined:

(define (D-INV ci)
(letx [(bcs (takef ci (A (s) (not (eq? s 'c)))))
(cs (drop ci (length bcs)))]
(and (or (B-INV bcs) (A-INV bcs))
(andmap (A (s) (eq? s 'c)) cs)
(= (remainder (length cs) 3) 1))))
(define (E-INV ci)
(letx [(bcs (takef ci (A (s) (not (eq? s 'c)))))
(cs (drop ci (length bcs)))]
(and (or (B-INV bcs) (A-INV bcs))
(andmap (A (s) (eq? s 'c)) cs)
(= (remainder (length cs) 3) 2))))
(define (F-INV ci)
(letx [(bcs (takef ci (A (s) (not (eq? s 'c)))))
(cs (drop ci (length bcs)))]
(and (or (B-INV bcs) (A-INV bcs))
(andmap (A (s) (eq? s 'c)) cs)
(= (remainder (length cs) 3) 0))))
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Upon using the described automatic invariant testing tool the
following result is obtained:

"(((b c) D)
((b cc) E)
((bccc)F)

The words that are causing the invariant predicates to fail all have
the correct properties. That is, an odd number of bs followed by a
number of cs modulo 3 corresponding to 1, 2, and 0, respectively,
for D, E, and F. Further observe, that all the test words that fail
are for computations traversing D. This suggests that there is a
bug in at least D-INV. Upon inspecting its implementation, the
student realizes that they have used B-INV, instead of C-INV, in the
implementation of D-INV. They further acknowledge that the same
bug is present in E-INV and F-INV, because they copied, pasted,
and edited the second argument to remainder to implement E-INV
and F-INV.

6 Related Work

6.1 Validation in FLAT Education

Most FLAT textbooks do not address validation of dfas and ndfas
(e.g., [14, 21, 24, 38, 41]). This is expected for two reasons. First,
students are not expected to take their ideas beyond the pencil and
paper design and, therefore, there is no possibility of running tests.
Second, FLAT textbooks rarely, if ever, address the correctness of
state machines and focus much more on the correctness of transfor-
mation constructors (e.g., the transformation of an ndfa to a dfa).
A notable exception is Morazan’s textbook which is tightly-coupled
with FSM [29]. The work presented in this article builds on his work
by automating the testing of state invariant predicates. The result is
the use of a single function to validate all state invariant predicates
for a machine. Instead of writing individual tests for each predicate,
a single expression is used and when invariant predicates fail, the
failed words in the test suite are returned to the programmer to aid
in debugging.

GUI-based state machine simulators offer machine testing fa-
cilities. JFLAP [39, 40] and Automaton Simulator [7], for exam-
ple, allow users to build their own machines by manually draw-
ing a transition diagram (i.e., placing nodes and edges). Like FSM,
such machines may be tested by providing a list of words to deter-
mine which are accepted and which are rejected. Most simulators,
however, only allow for a single word to be tested at a time (e.g.,
[1, 3, 12, 13, 18, 43]). Automata Tutor [4, 9] is a popular tool to
provide students machine building exercises. Unlike FSM, users only
receive feedback based on the exercise they are trying to solve. That
is, it is not a platform for building arbitrary machines.

Before FSM, the only software system that addressed the need
to validate state invariants is ProofChecker [42]. This system is
restricted to dfas, but is notable given that it allows students to
specify state invariants and then performs automatic validation of
invariants. Unlike FSM, invariant validation is not linked to gen-
erating a test suite based on using the given machine’s transition
relation. Instead, all words of a predetermined length are gener-
ated and used to test invariants. As a consequence, thorough test
coverage is not guaranteed.
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6.2 Test Generation

Arguably, the best-known test generation software is QuickCheck
[2, 16]. A programmer defines a predicate for a property that spec-
ifies how a piece of code ought to work. QuickCheck generates
random type-safe inputs and tests if the predicate holds. If the
predicate fails, a shrinking step is performed to reduce the input
to a minimal counterexample. To allow programmers to perform
better targeted testing, QuickCheck allows programmers to write
their own test generators. Like QuickCheck, the work presented
in this article automatically generates tests for the programmer. In
contrast, the work presented does not rely on random generation of
tests. Instead, finite-state machines provide a domain that allows the
generation of tests by traversing a transition relation. QuickCheck’s
shrinking step, to some degree, is built-in to the traversal of the
transition relation by not allowing the use of a transition relation
within a computation more than once.

Westphal and Voigtlander describe a specification and testing
domain-specific language to teach students how to write interac-
tive Haskell programs [44]. This framework provides support for
expressing read/write specifications, capturing the trace of an exe-
cuted program, writing a function to determine if a trace is valid
given the specification, and a testing procedure to check programs
against the specification. Testing is performed by repeatedly taking
a random sample of a generalized trace for a given specification,
extracting the inputs from said trace, and determining if the trace
of a program being tested when given said inputs is covered by the
generalized trace. In the work presented in this article, the notion
of a generalized trace is tantamount to a refactored machine after
removing states that do not lead to a final state. The extraction of
inputs is performed by the traversal of the transition relation. In
contrast, the work presented does not specify the notion of a trace.
Instead, validation is performed by testing properties specified by
the programmer as state invariant predicates.

There is a growing pool of software tools to perform automatic
testing. Hypothesis is a property-based testing library for Python
that is inspired by QuickCheck, which provides mechanisms for
targeted testing [23]. Proptest is a property testing framework for
Rust that is inspired by Hypothesis and QuickCheck [6]. Unlike
QuickCheck that only allows one generator and shrinker per type,
Proptest allows for multiple of these for a type using strategies—
each defines how to generate and shrink values. ScalaCheck [37]
and RapidCheck [5] are libraries for property-based testing used,
respectively, in Scala and C++ that are also inspired by QuickCheck.
Like cited work, these libraries substitute test writing with property
writing and randomly generate input values. In contrast to all of
the cited work, the work presented moves away from random
testing given that thorough testing may be achieved by traversing a
machine’s transition relation. In addition, FSM programmers do not
need to write properties—which simplifies testing for FLAT students.

7 Concluding Remarks

This article presents a novel tool to test state invariant properties
for deterministic and nondeterministic finite-state machines. The
tool is integrated into the FSM and generates a thorough testing
suite that covers all possible transitions on accepting computations.
The testing suite is generated by traversing the given machine’s
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transition relation (or, equivalently, the machine’s transition dia-
gram) and accumulating, for each state A, all words that transition
the machine into A. The process is guaranteed to terminate given
that any loop in the transition relation is traversed only once for
any computation. However, given that finding all paths in graph
is a #P problem, the tool is only proven useful for the typical FLAT
classroom. Nonetheless, the result is a testing function that allows
all state invariants to be elegantly tested using a single expression.
When invariants fail, the testing function returns the states and the
words for which invariants failed. This information is used by the
programmer to debug their design before attempting to verify their
machine.

Future work is three-fold. First, the described software will be
extended to serve as the basis for generating test cases for dfas and
ndfas using QuickCheck [2, 15]. This will require the generation of
regular expressions, not words, for all paths to a state in any com-
putation that may lead to accept. In essence, a regular language will
be defined for each state in a given machine. Second, the methodol-
ogy will be extended to pushdown automata. Third, human-factors
studies will be conducted to ascertain student perceptions about the
usefulness of the tool to debug machines and to assist in developing
correctness arguments.
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Abstract

Functional array processing is a variant of functional programming
where not lists and trees are in the focus of attention but densely
stored, immutable arrays. This focus fosters data-parallel opera-
tions on functional arrays that by construction are free of side-
effects. On larger arrays this offers a wealth of concurrency that can
be exploited by compiler and runtime system for parallel execution
in a completely transparent way, i.e. without any traces of paral-
lelism and without any directions how to precisely exploit concur-
rency in the code. Single Assignment C (SAC) is one example of a
functional array language that supports fully implicit parallelization
for a variety of architectures, almost like a compiler optimization.

The ever changing landscape of hardware platforms in the mul-
ticore domain gives rise to new issues that we aim to address in
this work. One such issue pertains to the ever growing number of
cores that creates an ever growing design space regarding the effec-
tive number of cores to use for some data-parallel operation within
an application. Here, we extend our previous work on feedback-
directed runtime adaptation with a stronger focus on energy sav-
ings.

The other issue we address is the impact of heterogeneous plat-
forms on code generation. Functional array processing demands a
fully automatic solution to the scheduling and mapping of data-
parallel operations. We leverage our existing feedback-directed
compilation architecture for this purpose.

Categories and Subject Descriptors  Software and its engineering
[Software notations and tools]: Dynamic compilers

Keywords Functional array programming, Single Assignment C,
heterogeneous multicore, loop scheduling, data parallelism

1. Introduction

Single Assignment C (SAC) is a purely functional, data-parallel ar-
ray language [Grelck and Scholz(2006b), Grelck(2012)] with a C-
like syntax (hence the name). SAC features homogeneous, multi-
dimensional, immutable arrays and supports both shape- and rank-
polymorphic programming: SAC functions may not only abstract
from the concrete shapes of argument and result arrays, but even
from their ranks (i.e. the number of dimensions). A key feature of
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SAC is fully compiler-directed parallelisation for a variety of archi-
tectures. From the very same source code the SAC compiler gen-
erate code for general-purpose multi-processor and multi-core sys-
tems [Grelck(2005)], CUDA-enabled GPGPUs [Guo et al.(2011)],
heterogeneous combinations thereof [Diogo and Grelck(2013)] as
well as clusters of workstations [Macht and Grelck(2019)].

One of the advantages of a fully compiler-directed approach to
parallel execution is that compiler and runtime system are techni-
cally free to choose any number of cores for execution, and by de-
sign the choice cannot interfere with the program logic. This prop-
erty is usually referred to as malleability. Malleability raises one of
the central questions of this paper: what would be the best number
of threads to choose for the execution of a data-parallel operation?
This choice depends on a number of factors, including but not lim-
ited to

e the number of array elements to compute,
e the computational complexity per array element and

e the compute platform.

For a large array of computationally challenging values mak-
ing use of all available cores is a rather trivial choice on al-
most any machine. However, smaller arrays, less computational
complexity or both inevitably lead to the observation illustrated
in Fig. 1. While for a small number of threads/cores we often
achieve almost linear speedup, the additional benefit of using
more cores increasingly diminishes until some (near-)plateau is
reached. Beyond this plateau using even more cores often shows
a detrimental effect on performance. This is an effect of dimin-
ishing performance returns per core in the presence of super-
linear cost for synchronisation and the organisation of parallel
execution in general [Nieplocha et al.(2007), Saini et al.(2006),
Suleman et al.(2008), Pusukuri et al.(2011)].

From a pure performance perspective we would aim at the
number of threads that yield the lowest execution time, i.e. the
highest speedup in relation to sequential execution. In the example
of Fig. 1 that would be 16 threads. However, we typically observe
a performance plateau around that optimal number. In the given
example we can observe that from 12 to 20 threads the performance
obtained only marginally changes.

Now, the landscape of computing has profoundly changed over
the last decade, and investing a disproportional amount of re-
sources, and hence energy, for a marginal gain in performance
is a bad choice in most, if not almost any, application domain and
scenario. The 8 additional cores in the example of Fig. 1 could
more productively be used for other tasks or powered down to save
energy.

Hence, we are looking at the gradient of the speedup curve. If
the additional performance benefit of using one more core drops
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Figure 1. Typical speedup graph observed for multi-core execu-
tion, reproduced from [Grelck and Blom(2020)]

below a certain threshold, we constitute that we have reached the
optimal number of threads. Where exactly this threshold lies, is
highly application-, situation- and platform-dependent.

In classical, high performance oriented parallel computing our
issues have hardly been addressed because in this area users have
typically strived for solving the largest possible problem size that
still fits the constraints of the computing system used. In today’s
ubiquitous parallel computing world [Catanzaro et al.(2010)], how-
ever, the situation has completely changed, and problem sizes are
much more often determined by problem characteristics than ma-
chine constraints. However, even in high performance computing
domain some problem classes inevitably run into the described is-
sues: multi-scale methods. Here, the same function(s) is/are applied
to arrays of systematically varied shape and size [Grelck(2002)].

We illustrate multi-scale methods in Fig. 2 based on the exam-
ple of the NAS benchmark MG (multigrid) [Bailey et al.(1991),
Grelck(2002)]. In this so-called v-cycle algorithm (A glimpse at
Fig. 2 suffices to understand the motivation of the name.) we start
the computational process with a 3-dimensional array of large size
and then systematically reduce the size by half in each dimen-
sion. This process continues until some predefined minimum size
is reached, and then the process is sort of inverted and array sizes
now double in each dimension until the original size is reached
again. The whole process is repeated many times until some form
of convergence is reached.

With a given data-parallel operation and for some platform of
choice it is the size of the involved arrays that determines the num-
ber of cores that can efficiently be used. Hence, the best number
of cores to use is different on the various levels of the v-cycle. Re-
gardless of the initial problem size, we always reach problem sizes
where we better reduce the number of cores before we tend towards
purely sequential execution for the smalles problem sizes.

All the above examples and discussions lead to one insight:
in most non-trivial applications we cannot expect to find the one
number of cores that is best across all data-parallel operations
within an application. But even for a single operation on a given
platform the best number of cores to use appears impossible to
determine via some form of static analysis.

Therefore, we proposed a (mostly) transparent feedback-directed
compilation architecture [Grelck and Blom(2020)]. We follow a
two-phase approach that distinguishes between offline training runs
and online production runs of an application. In training mode com-
pilation we instrument the generated code to produce an individual

performance profile for each data-parallel operation. In production
mode compilation we associate each data-parallel operation with
an oracle that based on the performance profiles gathered offline
chooses the number of threads based on the array sizes encountered
at production runtime.

Even for a given platform, the overall design space in terms of
array operations, array sizes and potential core counts is huge and,
typically, too large to exhaustively explore via profiling. In our pre-
vious work [Grelck and Blom(2020)] we used fourth-order polyno-
mial interpolation of the measurement results. This has proven sub-
optimal, in particular on cc-NUMA architectures, where the perfor-
mance profile often does not expose the text book characteristics of
Fig. 1. In this work we revise the choice for more reliable results.

Orthogonal to rising numbers of cores on a chip, we can ob-
serve a trend towards heterogeneous compute platforms. Hetero-
geneity can have many facets, such as CPU/GPU, tensor cores,
crypto cores, etc, but in our current work we focus on binary com-
patible cores that expose different time/energy characteristics when
executing the very same code. We address (variations of) ARM’s
BIG little architecture with some number of energy-hungry perfor-
mance cores and a number of energy-saving less-performant cores.
Our general assumption is a small number of classes of cores with
a certain number of identical cores per class.

Such architectures offer an even greater design space for
scheduling and mapping. In any data-parallel operation, not spe-
cific to functional array programming, we typically oberved a de-
gree of concurrency that excedes the number of cores available by
various to many orders of magnitude. Therefore, a scheduler is re-
quired that decides which core computes which elements of a data-
parallel operation. This is generally referred to as loop scheduling.
While functional array programming in SAC is characterised by
multi-dimensional array comprehension instead of nested loops
typical for imperative solutions, the resulting scheduling problems
are quite similar.

Like for instance OpenMP in the imperative parallel program-
ming world, SAC features both static and dynamic scheduling tech-
niques. With static scheduling the mapping between elements of the
multidimensional index space of an array comprehension is fixed
a-priori. This choice has the advantage of efficiency as neither syn-
chronisation nor communication between cores is needed during
the execution of a data-parallel operation. However, static schedul-
ing silently assumes that the time to compute one element of the
index space is about the same as for any other element.

This property indeed holds for many typical data-parallel oper-
ations, but not for all. If the time to compute one element of the
index space significantly varies from element to element, dynamic
scheduling techniques are recommended. Dynamic schedulers in-
crementally assign work to cores, and whenever a core has com-
pleted its assignment, it receives more work until completion of the
operation. Starting out from the basic concept of self-scheduling,
a plethora of dynamic scheduling techniques have been proposed.
They guarantees decent load balancing at the expense of higher
synchronisation overhead, in particular as core counts are on the
rise.

Even more silently static schedulers assume homogeneity of
compute units, silently because homogeneity used to be a given
until very recently. With multiple classes of cores the underlying
assumptions of static schedulers are no longer met. Now, we could
switch to dynamic schedulers to solve our problem, but we do not
favour the overhead introduced by dynamic scheduling. Moreover,
we can observe that the heterogeneity of platforms (as described
above) is much more regular than the potential performance het-
erogeneity of irregular array operations, where computational de-
mands could be randomly distributed over the index space of an
array comprehension.
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Figure 2. Algorithmic v-cycle structure of NAS benchmark MG as a representative of multi-scale methods, reproduced from [Grelck(2002)]

Therefore, we propose to leverage our feedback-directed com-
pilation archtecture instead and determine the relative performance
difference between the different kinds of cores available on the plat-
form. This can be done in a very fine-grained manner, not only spe-
cific to a certain application, but effectively specific to an individual
array comprehension kernel. In production mode we can, therefore,
apply efficient static scheduling and obtain excellent load balancing
capabilities on heterogeneous platforms at the same time.

The remainder of the paper is organised as follows. Section 2
provides some background information on SAC, and in Section 3
we sketch out its compilation for (homogeneous) multi-core archi-
tectures. In Section 4 we describe our feedback-directed compila-
tion approach. In Section 5 we revise some aspects of feedback-
directed compilation based on experience gained. We describe the
modifications for heterogeneous system architectures in Section 6.
Finally, we draw conclusions in Section 7.

2. Single Assignment C (SAC)

As the name “Single Assignment C” suggests, SAC combines a
purely functional semantics based on the context-free substitution
of expressions with a C-like syntax and overall look-and-feel. This
design is meant to facilitate adoption in compute-intensive appli-
cation domains, where imperative concepts prevail. We interpret
assignment sequences as nested let-expressions, branches as condi-
tional expressions and loops as syntactic sugar for tail recursion;
details can be found in [Grelck and Scholz(2006b)]. Despite the
fundamentally different semantics, all syntactic constructs adopted
from C show precisely the same operational behaviour as in C
proper.

SAC provides genuine support for truly multidimensional and
truly stateless/functional arrays using a shape-generic style of pro-
gramming: any SAC expression evaluates to an array, and arrays
are passed to and from functions call-by-value. Array types in-
clude arrays of fixed shape, e.g. int [3,7], arrays of fixed rank,
e.g. int[.,.], and arrays of any rank, e.g. int [*]. The latter in-
clude scalars, which we consider rank-0 arrays with an empty shape
vector.

SAC only features a very small set of built-in array operations,
among others to query for rank and shape or to select array ele-

ments. Aggregate array operations are specified in SAC itself using
WITH-loop array comprehensions:
with {
( lower_bound <= idxvec < upper_bound) : expr;

( lower_bound <= idxvec < upper_bound) : expr;
}: genarray ( shape, default)

Here, the keyword genarray characterises the WITH-loop as an ar-
ray comprehension that defines an array of shape shape. The default
element value is default, but we may deviate from this default by
defining one or more index partitions between the keywords with
and genarray.

Here, lower_bound and upper_bound denote expressions that
must evaluate to integer vectors of equal length. They define a
rectangular (generally multidimensional) index set. The identifier
idxvec represents elements of this set, similar to induction variables
in FOR-loops. In contrast to FOR-loops, we deliberately do not
define any order on these index sets. We call the specification of
such an index set a generator and associate it with some potentially
complex SAC expression that is in the scope of idxvec and thus
may access the current index location. As an example, consider the
WITH-loop

A = with {
([1,1]<=iv <[4,5]):
([4,0]<=iv <[5,5]):
}: genarray( [5,5], 10);

10*iv [0]+iv [1];
42,

that defines the 5 x 5 matrix

10 10 10 10 10
10 11 12 13 14
10 21 22 23 24
10 31 32 33 34
42 42 42 42 42

WITH-loops are extremely versatile. In addition to the dense
rectangular index partitions, as shown above, SAC supports also
strided generators. In addition to the genarray-variant, SAC
features further variants, among others for reduction operations.
Furthermore, a single WITH-loop may define multiple arrays
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or combine multiple array comprehensions with further reduc-
tion operations, etc. For a complete, tutorial-style introduction to
SAC as a programming language we refer the interested reader
to [Grelck(2012)].

3. Compiling SAC for multithreaded execution

Compiling SAC programs into efficiently executable code for a va-
riety of parallel architectures is a challenge, where WITH-loops play
a vital role. Many of our optimisations are geared towards the com-

position of multiple WITH-loops into one [Grelck and Scholz(2006a)].

These compiler transformations systematically improve the ra-
tio between productive computing and organisational overhead.
Consequently, when it comes to generating multithreaded code for
parallel execution on multi-core systems, we focus on individual
WITH-loops. WITH-loops are data-parallel by design: any WITH-
loop can be executed in parallel. The subject of our current work
is: should it?

Originally, the SAC compiler has generated two alternative
codes for each WITH-loop: a sequential and a multithreaded im-
plementation. The choice which route to take is made at runtime
based on two criteria:

o If the size of an index set is below a configurable threshold, we
evaluate the WITH-loop sequentially.

e If program execution is already in parallel mode, we evaluate
nested WITH-loops sequentially.

Multithreaded program execution follows an offload (or fork/join)
model, as illustrated in Fig. 3. Program execution always starts
in single-threaded mode. Only when execution reaches a WITH-
loop for which both above criteria for parallel execution are met,
worker threads are created. These worker threads join the master
thread in the data-parallel execution of the WITH-loop. A WITH-
loop-scheduler assigns index space indices to worker threads ac-
cording to one of several scheduling policies. At last, the master
thread resumes single-threaded execution following a barrier syn-
chronisation. We refer the interested reader to [Grelck(2005)] for
all details.

The total number of threads, eight in the illustration of Fig. 3, is
once determined at program startup and remains the same through-
out program execution. This number is typically motivated by the
hardware resources of the deployment system. Due to the mal-
leability property of the data-parallel applications concerned, ap-

plication characteristics are mostly irrelevant. While it would be
technically simple to determine the number of available cores at
application start, SAC for the time being expects this number to be
provided by the user, either through a command line parameter or
through an environment variable.

As illustrated on the right hand side of Fig. 3 SAC does not lit-
erally implement the fork/join-model. We rather spawn all worker
threads right at program start time and, thus, before the first WITH-
loop is encountered during program execution. Furthermore, all
worker threads are preserved until program termination. The con-
ceptual fork/join model is implemented through two dedicated bar-
riers: the start barrier and the stop barrier. At the start barrier
worker threads wait for activation by the master thread. At the stop
barrier the master thread waits for all worker threads to complete
the parallel section while the worker threads immediately pass on
to the following start barrier. We use highly efficient tailor-made im-
plementations that exploit properties of the cache coherence proto-
col, but are essentially based on spinning. All details about our bar-
rier implementations in particular and SAC’s multicore implemen-
tation in general can be found in [Grelck(2003), Grelck(2005)].

4. Feedback-directed compilation

As usual, feedback-directed compilation in SAC consists of two
modes: the training mode and the production mode. When compil-
ing for training mode, the SAC compiler instruments the generated
multithreaded code in such a way that

e for each WITH-loop and each problem size found in the code
we systematically explore the entire design space regarding the
number of threads;

e we repeat each experiment sufficiently many times to ensure a
meaningful timing granularity while avoiding excessive train-
ing times;

e profiling data is stored in a custom binary database.

Fig. 4 shows pseudo code that illustrates the structure of the gen-
erated code. To make the pseudo code as concrete as possible, we
pick up the example WITH-loop introduced in Section 2.

The core addition to our standard code generation scheme is a
do-while-loop plus a timing facility wrapped around the original
code generated from our WITH-loop. Let us briefly explain the latter
first. The pseudo function StartThreads is meant to lift the start
barrier for num_threads-1 worker threads. They subsequently ex-
ecute the generated function spmd_fun that contains most of the
code generated from the WITH-loop, among others the resulting
nesting of C for-loops, the WITH-loop-scheduler and the stop bar-
rier. The record spmd_frame serves as a parameter passing mecha-
nism for spmd_fun. In our concrete example, it merely contains the
memory address of the result array, but in general all values referred
to in the body of the WITH-loop are made available to all worker
threads via spmd_frame. After lifting the start barrier, the mas-
ter thread temporarily turns itself into a worker thread by calling
spmd_fun directly via a conventional function call. Note that the
first argument given to spmd_fun denotes the thread ID. All worker
threads require the number of active threads (num_threads) as in-
put for the WITH-loop-scheduler.

Coming back to the specific code for training mode, we immedi-
ately identify the timing facility, which profiles program execution,
but why do we wrap the whole code within another loop? Firstly,
the functional semantics of SAC and, thus, the guaranteed absence
of side-effects allow us to actually execute the compiled code mul-
tiple times without affecting semantics. In a non-functional context
this would immediately raise a plethora of concerns whether run-
ning some piece of code repeatedly may have an impact on appli-
cation logic.



1 size = 5 x 5;

2

3 A = allocate_memory( size * sizeof(int));
4

5 spmd_frame . A = A;

6 num_threads = 1;

7 repetitions = 1;

8

9 do {

10 start = get_real_time ();

11

12 for (int i=0; i<repetitions; i++) {
13 StartThreads( num_threads,

14 spmd_fun,

15 spmd_frame);

16 spmd_fun( 0, num_threads, spmd_frame);
17

18

19 stop = get_real_time ();

20

21 repetitions , num_threads

22 = TrainingOracle (unique_id,

23 size ,

24 num_threads ,

25 max_threads ,

26 repetitions ,

27 start ,

28 stop);

29

30 while (repetitions > 0);

Figure 4. Compiled pseudo code of the example WITH-loop
from Section 2 in smart decision training mode. The vari-
able max_threads denotes a user- or system-controlled up-
per limit for the number of threads used (reproduced from
[Grelck and Blom(2020)]).

However, the reason for actually running a single WITH-loop
multiple times is to obtain more reliable timing data. A-priori we
have no insight into how long the with-loop is going to run. Shorter
runtimes often result in greater relative variety of measurements.
To counter such effects, we first run the WITH-loop once to obtain
an estimate of its execution time. Following this initial execution a
training oracle decides about the number of repetitions to follow in
order to obtain meaningful timings while keeping overall execution
time at acceptable levels.

In addition to controlling the number of repetitions our training
oracle systematically varies the effective number of threads em-
ployed. More precisely, the training oracle implements a three step
process:

Step 1: Dynamically adjust the time spent on a single measure-
ment iteration to match a certain pre-configured time range.
During this step the WITH-loop is executed once by a single
thread, and the execution time is measured. Based on this time
the training oracle determines how often the WITH-loop could
be executed without exceeding a configurable time limit, by de-
fault 500ms.

Step 2: Measure the execution time of the WITH-loop while sys-
tematically varying the number of threads used. This step con-
sists of many cycles, each running the WITH-loop as many times
as determined in step 1. After each cycle the execution time of
the previous cycle is stored, and the number of threads used
during the next cycle is increased by one.

Step 3: Collect measurement data to create a performance profile
that is stored on disk. During this step all time measurements

collected in step 2 are packaged together with three characteris-
tic numbers of the profile: a unique identifier of the WITH-loop,
the size of the index set (problem size) and the number of repe-
titions in step 1. The packaged data is stored in the application-
specific binary smart decision database file on disk.

Let us have a closer look into the third step. In training mode
the SAC compiler determines the unique identifier of each WITH-
loop by simply counting all WITH-loops in a SAC module. The
resulting identifier is compiled into the generated code as one
argument of the training oracle. Here, it is important to under-
stand that we do not count the WITH-loops in the original source
code written by the user, but those in the intermediate represen-
tation after substantial program transformations by the compiler
[Grelck and Scholz(2006a)].

The index set size may be known at compile time, as in our
simple example, or may only be computed at runtime. In case of
a genarray or modarray WITH-loop the size of the index set
coincides with that of the array defined, and is already required for
the purpose of memory allocation independent of our current work.
However, in the case of a fold-WITH-loop we need to generate an
expression that symbolically describes the index set size based on
the generators’ lower and upper bound specifications (and possibly
their strides).

Possibly in contrast to readers’ expectations we do not systemat-
ically vary the problem size, although quite obviously the problem
size has a major impact on execution time as well as on the opti-
mal number of threads to be used. Our rationale is twofold: firstly,
it is quite possible (and hard to rule out for a compiler) that the
problem size does affect the program logic (not so in our simplis-
tic running example, of course). For example, the NAS benchmark
MG, that we referred to in Section 1, assumes 3-dimensional argu-
ment arrays whose extents along each of the three axes are pow-
ers of two. Silently running the code for problem sizes other than
the ones prescribed by the application, may lead to unexpected and
undesired behaviour, including runtime errors. Secondly, only the
user application knows the relevant problem sizes. Unlike the num-
ber of threads, whose alternative choices are reasonably restricted
by the hardware under test, the number of potential problem sizes is
theoretically unbounded and practically too large to systematically
explore.

We store all preprocessed and aggregated profiling data ob-
tained in training mode in a custom binary data base file for subse-
quent use in feedback-directed production mode. All details can be
found in [Grelck and Blom(2020)].

When compiling production mode binaries in feedback-directed
compilation mode the comoiler locates and reads the corresponding
database files created by training mode binaries. This way we
can move almost all overhead to production mode compile time
while keeping the actual production runtime overhead minimal. In
production mode the SAC compiler

1. reads the relevant database files;
2. merges information from several database files;

3. creates a recommendation table for each WITH-loop.

These recommendation tables are compiled into the SAC code.
They are used by the compiled code at runtime to determine the
number of threads to execute each individual array comprehension
kernel.

The combination of name and architecture must match with
at least one database file, but it is well possible that a specific
combination matches with several files, for example if the training
is first done with a maximum of two threads and later repeated with
a maximum of four threads. In such cases we read all matching



database files for any maximum number of threads and merge them.
The merge process is executed for each WITH-loop individually.

As in training mode we identify each WITH-loop by a unique
identifier. Since training and production mode compilation does not
lead to different intermediate code representations otherwise, we
are guaranteed to obtain the same unique identifier for each WITH-
loop in either mode. These unique identifiers are matched with the
identifiers in the database files to create subselections of database
rows.

Average execution times are turned into a performance graph
by taking the inverse of each measurement and normalising it to
the range zero to one. To diminish the effect of outliers we use
fourth-order polynomial interpolation of the measurement results
to improve curve fitting. With a fourth-order polynomial there can
be more than one point matching the user-defined gradient. We
use the point with the least number of threads as recommenda-
tion. Then, we determine the gradient between any two adjacent
numbers of threads in the performance graph and compare it with
a configurable threshold gradient (default: 10 degrees). The rec-
ommended number of threads is the highest number of threads for
which the gradient towards using one more thread is above the gra-
dient threshold. The gradient threshold is the crucial knob whether
to tune for performance alone or for performance/energy trade-offs.
At last, the entire recommendation table is compiled into the pro-
duction SAC code, just in front of the corresponding WITH-loop.

5. Revising feedback-directed compilation

In [Grelck and Blom(2020)] we evaluate our approach using two
different machines.The smaller one is equipped with two Intel
Xeon quad-core E5620 processors with hyperthreading enabled.
These eight hyperthreaded cores run at 2.4 GHz; the entire system
has 24GB of memory. Our larger machine features four AMD
Opteron 6168 12-core processors running at 1.9 GHz and has
128GB of memory. Both systems are operated in batch mode giving
us exclusive access for the duration of our experiments. We refer to
these systems as the Intel and as the AMD system, respectively,
from here on.

As microbenchmark, to start with, we use the element-wise
addition of two matrices. Since we are interested in stressing the
platform architecture as well as our multi-core runtime system, we
investigate two fairly small problem sizes of 400x400 elements
and 50x50 elements, respectively. The rationale here is that it is
typically much easier to obtain good performance with parallel
execution if the problem sizes are large. We show the results of
our experiments in the form of speedup graphs in Fig. 5 for the
16-core Intel system and in Fig. 6 for the 48-core AMD system.

What we can observe is that our original feedback-directed does
not necessarily find the sweet spot in parallelisation that we are
aiming for. We identify as the main culprit the interpolation of train-
ing data by a fourth-order polynomial. This choice was motivated to
smooth training data under the assumption that performance curves
behave (roughly) as shown in Fig. 1 and we mainly would need to
identify the characteristic parameters of said curve for each indi-
vidual array comprehension, data size and platform.

However, as Fig. 5 and in Fig. 6 reveal, this is not necessarily the
case. Furthermore, (relatively) small problem sizes, the ones we are
most interested in, are particularly prone to runtime performance
behaviour that does not follow the characteristics of Fig. 1.

The 16-core Intel machine effectively only has 8 cores that are
hyperthreaded and thus appear to the operating system as 16 cores.
As a consequence, we observe in Fig. 5 that speedups grow linearly
up to 8 cores, then drop sharply when using 9 cores and, again, rise
thereafter. Such behaviour significantly irritates our polynomial
interpolation, and the feedback mechanism recommends to use
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Figure 5. Performance on Intel 8-core hyperthreaded system with
(red) and without (solid blue) feedback-directed compilation for
two different problem sizes; feedback-directed recommendations:
9 and 9.

9 cores, one off from the actual best-performing configuration of
8 cores.

The 48-core AMD machine has 4 processors with 12 cores each,
organised as a cc-NUMA architecture. This results in excellent
speedups when using one core per processor, but in a temporary
decline in performance when going beyond. This decline is quickly
amortised when increasing the number of cores uses, but the de-
cline suffices to, again, irritate our polynomial interpolation. As a
result, we observe for the larger problem size that our tooling rec-
ommends to only use 26 cores, although the vanilla speedup figures
scale all the way up to 48 cores. For the smaller problem size, the
recommendation of 24 cores is decent for absolute performance,
but suboptimal for energy concerns as 12 cores roughly deliver the
same performance.

In consequence of the empirical data we obtained with feedback-
directed compiation we give up on fourth-order polynomial inter-
polation and actually on interpolation at all. Instead, we interpret
the raw data and draw conclusions from those. This fairly minor
change to our implementation avoids the artifacts of interpolation
that we observe in Fig. 5 and in Fig. 6.

So far, we have always trained on all possible core counts. This
yields a complete performance overview, but with continuously
growing core counts, training time might become infeasible, or at
least undesirable. We propose to refine our training programme to
start with powers of two numbers of cores and then to run additional
experiments based on a feedback-directed oracle that strategically
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Figure 6. Performance on AMD 48-core system with (red) and
without (solid blue) feedback-directed compilation for two differ-
ent problem sizes; feedback-directed recommendations: 26 and 24.

aims at identifying interesting turning points in performance char-
acteristics.

6. Feedback-directed compilation for
heterogeneous platforms

Despite their architectural peculiarities both our experimental sys-
tems are in principle uniform in the sense that all cores are of the
same kind and would deliver the very same performance when ex-
ecuted in isolation. In particular on mobile platforms and when-
ever energy consumption is of a particular concern, this is less
and less the case. While we see special-purpose compute hardware
on the rise that requires custom binary code, ARM has pioneered
the big. LITTLE architectural model. Here, binary-compatible cores
could exeute the very same code, but with very different perfor-
mance characteristics in both execution time and energy consump-
tion. Popular examples of these architectures are the Odroid family
of boards or NVidia’s Jetson product line.

Such platforms create particular challenges for implicit or auto-
matic support for parallelism. Here, compiler and runtime system
must not only decide about the best number of cores given the spe-
cific user preferences, but thay must decide about the best number
of cores in each category of cores, usually high performance cores
with high power draw vs low performance cores with low power
draw. The optimal choice could be in using only one category of
cores or some cores of either category or even all cores available.

Since this problem escapes any static analysis even more than
our original problem, we propose to leverage our existing feedback-
oriented compilation infrastructure to address this problem as well.

With thread pinning we have complete control over which cores
we use during the training phase. Hence, we can first apply our
existing solution to each kind of cores individually, and then expand
the training to combinations of core types. Previously, we have used
a very simple metric for energy consumption: using fewer cores
is better than using more cores. With heterogeneous architectures,
the problem becomes more tricky. However, we can leverage the
performance counters typically available on modern hardware to
create a multi-dimensional performance/energy map.

7. Conclusions and future work

Feedback-directed compilation is a one key to high performance in
high-level function array prgramming. In particular for automatic
parallelisation the design space for code generation significantly
grows. With today’s dozens or even hundreds of cores, the question
where to effectively exploit which level of cincurrency becomes a
relevant problem. Feedback-directed compilation in SAC addresses
this problem while mostly retaining the promise of functional pro-
gramming to program what to compute but not how.

Unfortunately, some design aspects of our initial solution,
namely interpolation by fourth-order polynomials, do not stand
the test of time. In this work we analyse the issues and revise this
design choice. Moreover, we propose an extension of our feedback-
directed compilation scheme to improve load balancing on hetero-
geneous platforms without incurring the overhead of dynamic load
balancing schemes.

Both the Odroid family of boards or NVidia’s Jetson product
line also feature an onboard GPU. However, for the time being we
ignore the GPU in our mapping decisions. In the future, we plan
to leverage our feedback-directed compilation scheme to include
GPUs. This would be very interesting beyond platforms such as
Odroid and Jetson and likewise apply to homogeneous CPU archi-
tectures accompanied by one or multiple GPUs for workload accel-
eration.

References

[Bailey et al.(1991)] D.H. Bailey, E. Barszcz, J.T. Barton, D.S. Browning,
R.L. Carter, L. Dagum, R.A. Fatoohi, P.O. Frederickson, T.A.
Lasinski, T.A. Schreiber, R.S. Simon, V. Venkatakrishnam, and S.K.
Weeratunga. 1991. The NAS Parallel Benchmarks. International
Journal of Supercomputer Applications 5, 3 (1991), 63-73.

[Catanzaro et al.(2010)] B. Catanzaro, A. Fox, K. Keutzer, D. Patterson,
B. Y. Su, M. Snir, K. Olukotun, P. Hanrahan, and H. Chafi. 2010.
Ubiquitous Parallel Computing from Berkeley, Illinois, and Stanford.
IEEE Micro 30, 2 (2010), 41-55.

[Diogo and Grelck(2013)] M. Diogo and C. Grelck. 2013. Towards
Heterogeneous Computing without Heterogeneous Programming.
In Trends in Functional Programming, 13th Symposium, TFP 2012,
St.Andrews, UK (Lecture Notes in Computer Science, Vol. 7829),
K. Hammond and H.W. Loidl (Eds.). Springer, 279-294.

[Grelck(2002)] Clemens Grelck. 2002. Implementing the NAS Bench-
mark MG in SAC. In 16th International Parallel and Distributed
Processing Symposium (IPDPS’02), Fort Lauderdale, USA, Viktor K.
Prasanna and George Westrom (Eds.). IEEE Computer Society Press.

[Grelck(2003)] Clemens Grelck. 2003. A Multithreaded Compiler
Backend for High-Level Array Programming. In 2nd International
Conference on Parallel and Distributed Computing and Networks
(PDCN’03), Innsbruck, Austria, Mohammed H. Hamza (Ed.). ACTA
Press, 478-484.

[Grelck(2005)] Clemens Grelck. 2005. Shared memory multiprocessor
support for functional array processing in SAC. Journal of Functional
Programming 15, 3 (2005), 353—401.



[Grelck(2012)] C. Grelck. 2012. Single Assignment C (SAC): High
Productivity meets High Performance. In 4th Central European
Functional Programming Summer School (CEFP’11), Budapest,
Hungary (Lecture Notes in Computer Science, Vol. 7241), V. Zsok,
Z. Horvith, and R. Plasmeijer (Eds.). Springer, 207-278.

[Grelck and Blom(2020)] C. Grelck and C. Blom. 2020. Resource-aware
Data Parallel Array Processing. International Journal of Parallel
Programming 48, 4 (2020), 652-674.

[Grelck and Scholz(2006a)] Clemens Grelck and Sven-Bodo Scholz.
2006a. Merging Compositions of Array Skeletons in SAC. Journal
of Parallel Computing 32, 7+8 (2006), 507-522.

[Grelck and Scholz(2006b)] Clemens Grelck and Sven-Bodo Scholz.
2006b. SAC: A Functional Array Language for Efficient Multi-
threaded Execution. International Journal of Parallel Programming
34, 4 (2006), 383-427.

[Guo et al.(2011)] Jing Guo, Jeyarajan Thiyagalingam, and Sven-Bodo
Scholz. 2011. Breaking the GPU programming barrier with the auto-
parallelising SAC compiler. In 6th Workshop on Declarative Aspects
of Multicore Programming (DAMP’11), Austin, USA. ACM Press,
15-24.

[Macht and Grelck(2019)] T. Macht and C. Grelck. 2019. SAC Goes
Cluster: Fully Implicit Distributed Computing. In 33rd International
Parallel and Distributed Processing Symposium (IPDPS’19), Rio de
Janeiro, Brazil. IEEE Computer Society Press.

[Nieplocha et al.(2007)] J. Nieplocha, A. M’arquez, J. Feo, D. Chavarria-
Miranda, G. Chin, C. Scherrer, and N. Beagley. 2007. Evaluating
the potential of multithreaded platforms for irregular scientific
computations. In 4th International Conference on Computing
Frontiers (CF’07). ACM, 47-58.

[Pusukuri et al.(2011)] K.K. Pusukuri, R. Gupta, and L.N. Bhuyan. 2011.
Thread Reinforcer: Dynamically determining number of threads via
OS level monitoring. In IEEE International Symposium on Workload
Characterization (IISWC’11), Austin, TX, USA. IEEE Computer
Society, 116-125.

[Saini et al.(2006)] S. Saini et al. 2006. A scalability study of Columbia
using the NAS parallel benchmarks. Journal of Computational
Methods in Science and Engineering SI, 1 (2006), 33—45.

[Suleman et al.(2008)] M.A. Suleman, M.K. Qureshi, and Y.N. Patt. 2008.
Feedback-driven threading: power-efficient and high-performance ex-
ecution of multi-threaded workloads on CMPs. In 13th International
Conference on Architectural Support for Programming Languages
and Operating Systems (ASPLOS-XIII), Seattle, WA, USA. ACM,
277-286.



A Quantum-Control Lambda-Calculus with Multiple
Measurement Bases’

Alejandro Diaz-Caro
Université de Lorraine, CNRS, Inria, LORIA
Nancy, France
Dpto. de Ciencia y Tecnologia. Universidad Nacional de
Quilmes.
Bernal, Buenos Aires, Argentina.
alejandro.diaz-caro@inria.fr

Abstract

We introduce Lambda-SX, a typed quantum lambda-calculus that
supports multiple measurement bases. By tracking duplicability
relative to arbitrary bases within the type system, Lambda-SX en-
ables more flexible control and compositional reasoning about mea-
surements. We formalise its syntax, typing rules, subtyping, and
operational semantics, and establish its key meta-theoretical prop-
erties. This proof-of-concept shows that support for multiple bases
can be coherently integrated into the type discipline of quantum
programming languages.

1 Introduction

Quantum computing is a computing paradigm to model quantum
mechanics. We can think quantum states and its evolution analo-
gous to a computation process. We can create a language model
then, and the study of it with language theory. In particular, we
can add type theory and correctness properties on it development.
Eventually, this create connections with the Curry-Howard iso-
morphism [19]. Recently, we observe a possible connection with
linear logic and may it lead a formal study of logic on quantum
mechanics.

Quantum algorithms are traditionally described using circuits,
but the need for higher-level abstractions led to the notion of clas-
sical control, where a classical computer drives quantum execution.
This idea, rooted in Knill’s qRAM model [15], was formalised by
Selinger [17] to enable classical control flow over quantum hard-
ware. This approach led to the development of the Quantum Lambda
Calculus [18], where programs are expressed by a tuple of a lambda
term together with a quantum memory. This calculus has been the
basis of languages like Quipper [13] and QWIRE [16].

An alternative paradigm is quantum control, introduced by Al-
tenkirch and Grattage in the language QML [1]. Here, the goal is to
avoid relying on a classical machine to drive a quantum computer,
and instead allow quantum data to control computation directly. Fol-
lowing this paradigm, a quantum-control extension of the lambda
calculus—later called Lambda-S; —was proposed in 2019 [8], using
realizability techniques [14], and given a categorical model in [10].

Lambda-S; was the result of a long line of research on quantum
control, started by Lineal [2]—the first extension of the lambda
calculus to embody quantum control. Lineal is an untyped lambda
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calculus extended with arbitrary linear superpositions. Its rewrite
rules ensure confluence and avoid cloning arbitrary terms—a for-
bidden operation in quantum computing [20]—and terms normalize
to canonical vector forms. To prevent cloning, it uses a call-by-base
strategy: applying a lambda abstraction Ax.t to a superposition
(a.v+ B.w) yields a.(Ax.t)v + f.(Ax.t)w. This guarantees that all
abstractions are linear and supports expressing matrices, vectors,
and hence quantum programs. These include non-unitary maps
and unnormalised vectors.

However, call-by-base breaks down in the presence of mea-
surement. For instance, if Ax.7'x denotes a measurement on the
computational basis, then applying it to a superposition yields
a.(Ax.w'x)v + B.(Ax.7'x)w, which fails to produce a probabilistic
collapse and instead behaves like the identity.

To solve this, Lambda-S [7] introduced a type-guided approach.
In Lambda-S, a superposed term of type A is marked with S(A),
allowing beta-reduction to be guided by the argument’s type. If B is
the type of base qubits |0) and |1), then S(B) is the type of arbitrary
qubits. Thus, in (Ax®.t) (. |0)+ . |1)), call-by-base applies, whereas
in (Ax%®) ) (a.]0) + f. 1)), a call-by-name strategy is used. The
latter requires a linearity check on ¢: the variable must not be
duplicated.

This modal distinction is dual to that of linear logic [12], where
types !A are duplicable. In Lambda-S, S(A) marks non-duplicable
types—and this duality is made explicit by its categorical models [9,
11].

Among various quantum lambda-calculus extensions, Lambda-S
stands out for its ability to distinguish between superposed states
and base states with respect to a given measurement basis.

Lambda-S; can be seen as a restriction of Lambda-S in which
only unitary matrices and normalized vectors are considered. The
technique to enforce this restriction was introduced in [8], and a
full definition of the restricted language was given in [10], merging
Lambda-S with that technique.

These languages favour the use of the computational basis, which
is sufficient for quantum computation. Indeed, a measurement in an
arbitrary basis can always be simulated by a rotation, followed by a
measurement in the computational basis, and then a rotation back.
However, restricting to a single basis introduces two important
drawbacks.

First, duplicability is not unique to the computational basis: it
is allowed in any basis, as long as the basis is known. Therefore, if
we can determine that a quantum state is in a given basis, we can
treat it as classical information.
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v=B|X Atomic types (A)
Y:=M|S(¥P)|¥xY¥ Qubit types (Q)
M:=v|MxM Base types (B)
A=Y |¥=A|SA) Types (T)

Figure 1: Type Grammar

Second, while Lambda-S and Intuitionistic Linear Logic (ILL) can
be seen as categorical duals—via an adjunction between a Carte-
sian closed category and a monoidal category, where Lambda-S is
interpreted in the Cartesian side and superpositions are captured
by a monad, while ILL is interpreted in the monoidal side with du-
plicable data captured by a comonad—this duality is not complete.
The asymmetry arises from Lambda-S being defined relative to a
fixed basis, while ILL does not favour any particular basis.

In this extended abstract, we take a first step toward addressing
this limitation by extending Lambda-S to track duplicability with
respect to multiple bases. We present a proof-of-concept system
that remains first-order for simplicity; the rationale and conse-
quences of this choice are discussed in Section 2.2. Furthermore,
we restrict attention to single-qubit bases, extended pointwise to
non-entangled multi-qubit systems. Supporting entangled measure-
ment bases would require additional complexity, and we leave such
extensions for future work. These and other simplifications are
intentional: our goal is not to provide a fully general system, but
to highlight a specific capability that has not been explored in the
literature so far—the ability to track duplicability with respect to
multiple bases.

For further details and a complete version of this work, see our
paper available on arXiv.

2 Lambda-SX
2.1 Types and terms

We consider two measurement bases: the computational basis, de-
noted by the type B, and the Hadamard basis, denoted by the type X.
The set B of base types is defined as {B, X}, closed under Cartesian
product, as shown in Figure 1.

Qubit types may be base types, their spans (denoted by the
modality S), or Cartesian products. The language is first-order:
function types are only allowed over qubit types. We work modulo
associativity of the product, and parentheses are therefore omitted.
We also use the notation []7; ¥; to denote ¥; X ... X ¥,.

We define a subtyping relation, shown in Figure 2. The intuition
behind subtyping is that it corresponds to set inclusion. For exam-
ple, A < S(A) holds because any set is included in its span, and
S(S(A)) < S(A) reflects the fact that the span operation is idempo-
tent. If A < B and B < A, then A and B are considered equivalent
types, and we write A ~ B. If A and B are syntactically identical,
we write A = B.

The set of preterms is denoted by A and is defined by the gram-
mar shown in Figure 3. As usual in algebraic calculi [2, 3, 8], the
symbol + is treated as associative and commutative, so preterms are
considered modulo these equational laws. The grammar includes
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A<B B=xC
A<C

A<A A<S(A)
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Figure 2: Subtyping relation
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(Lambda calculus)

(Constants)
(Linear combinations)

(Lists)

Figure 3: Preterms

first-order lambda calculus terms, constants (and their conditionals—
we write ¢?r-s as a shorthand for (?r-s)t), linear combinations (with
measurement as a destructor), and tensor product terms, written
using list notation since product types are considered associative.

The symbol # denotes an error and is used to handle measure-
ments of the zero vector when normalisation fails. The measure-
ment operations 7™ and 7y’ are responsible for normalising their
input prior to measurement. The casting operations )’ and " allow
converting between lists of superpositions and superpositions of
lists. Indeed, lists are used to represent tensor products. Conse-
quently, a tensor product of superpositions can be regarded as a
superposition of tensor products, which loses information about
separability. We may use | to denote either i’ or 1", depending on
the context.

Free variables are defined as usual, and the set of free variables
of a preterm t is denoted by FV(t). The sets of base terms (8) and
values (V) are defined by:

b=10) [ D]+ [I-)|beb

vi=x|Ax*t|b|0|v+0v|av|v®U

Base terms (B)
Values (V)

The type system is presented in Figure 4. A term is a preterm ¢
for which there exists a context I and a type A such thatT'+¢: A
is derivable.

2.2 Operational semantics

The operational semantics for terms is defined by the relation —,
The parameter p € [0, 1] represents a probability and is primarily
used in the probabilistic reduction rule associated with measure-
ment. Rule () is the standard call-by-name beta-reduction rule,
which applies when the argument is not basis-typed. Rules (),
(lin}), (Iin%), and (lin?) implement the call-by-base strategy [2], dis-
tributing the function over the argument when the bound variable
is basis-typed. For example (AxB.x ® x)(]0) + |1)) reduces first
to (AxB.x ® x) [0) + (AxB.x ® x) |1) by rule (lin*), and then to
[0) ® [0) + |1) ® |1) by rule (Bp). We have other rules for conditi-
ionals, vector space axioms, casting and measurement.
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Figure 4: Type system

We restrict the calculus to first-order terms for simplicity. In a
higher-order setting, one could consider the term Ax®® Ay® x,
which embed an unknown qubit within a perfectly duplicable
lambda abstraction. Several solutions are possible: restricting weak-
ening to non-arrow types, restricting the language to first-order, or
introducing annotations that prevent duplication of such terms. In
this work, we adopt the second option, as our goal is to provide a
proof-of-concept system for handling multiple measurement bases.

Figure 5 presents the reduction rules schemas for measurement:
each instantiation depends on the specific shape of the term being
measured.

The operation 7™ applies to a term of type S(]]; v;). Before
measurement, the term is implicitly converted to the computational
basis, yielding a sum of distinct basis vectors: Zj; 1 Balca) ®---®
|can), With cqj € {0, 1}. Measurement is performed on the first m
qubits, producing a collapse to |k) ® |¢x) with probability py =
% Yaer, |Ba|?, where Iy is the set of indices a such that the prefix
|ca1 - - cam) equals |k), and Z is the squared norm of the original
input.
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nm(.e [ai.]®|bhi>) —s e 1K) ® i) (proy)
: h 7m0 — (proy’)
Tz ( ’el [a:.] (hé |bh,»)) —p, k) ® i) (proyx)
= - g0 —y £ (proy2)

Figure 5: Measurement rules for the computational and
Hadamard bases

The state |¢y) is defined by normalising the suffixes of the terms
in Ik:
I$k) = D B Jcamn) @ ®lean),  wheret= " |B[.
a€ly a€ly
The rule for measurement in the Hadamard basis, 71’;'(", behaves
analogously, with the input expressed in the Hadamard basis and
|k) ranging over {+, —}™.

If the input to 7™ or n}’g is or reduces to 6, the result is #.

Example 2.1 (Measurement). To simplify notation, we write |abcd)
instead of |a) ® |b) ® |c) ® |d). Consider the following two semanti-
cally equivalent terms: 7% (e |0 + 10)+ |10 — 0)) and 7% ( % |0010)+

% [0110) + % |1000) — % |1010)). Both reduce, for instance, to

1 1 . o |a|?

[10) ® (‘/5 [00) + N |01)) with probability Ny

2.3 Examples

This section illustrates how the type system supports quantum

states, operations, and measurements in a functional style, high-
lighting its flexibility across multiple measurement bases.

Example 2.2 (Hadamard gate). The Hadamard gate can be im-
plemented in multiple ways, depending on the desired type. For
example:

FAxBx?|-)-+) : B =X

F A x20)-[1) : X = B

F A x2( -)-(f |+)) : B = S(B)
All these implementations yield equivalent results on arbitrary
inputs (in either basis), but the first preserves duplicability on inputs
|0) or |1), and the second does so on |+) or |-).

As an instance, we could write Ax®.(Ay*.y ® y)Hx as soon as H

is the first implementation of the Hadamard gate. Notice that we

are cloning a qubit; however, since the basis is tracked since the
beginning, this is perfectly valid.

Example 2.3 (CNOT gate). In the same way, the CNOT gate can
be implemented in multiple ways, for example

F Ax®"® (hd x) ® (hd x?NOT(t1 x)-t1x) : BxB = BxB
E ).xXXB. |0> ® (tl x)

+11) ® ((hd x?%NOT-(~=1).NOT)(t1 x)) : XX B = S(B X B)

where NOT is the NOT gate given by  Ax®.x?|0)-|1) : B = B.
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Example 2.4 (Bell states). The entangled Bell states can be pro-
duced by the following term, applied to a pair of computational
basis qubits:

F Ax®® CNOT(H(hd x) ® t1 x) : BXxB = S(B x B)

However, there are more interesting implementations. For example,
the following term maps |+) to the Bell state o and |-) to fio:

FAE AP yey)(x): X = S(BxB)

Example 2.5 (Applying gates to multi-qubit states). In general, we
can apply a gate to a qubit in a multi-qubit state, even if entangled,
with the same technique as used to apply Hadamard to the first
qubit in the Bell state. For example, applying CNOT to the first of
three qubits can be done as follows:

CNOT;, = Ax"**F CNOT((hd x) ® (hd t1x)) ® (t1 tlx)

Example 2.6 (Teleportation). We can use the Bell state to imple-
ment teleportation, which allows the transmission of an arbitrary
qubit state from Alice to Bob using an entangled pair and classical
communication. The term implementing it would be

F AxS® 722 1° Bob(()’ (Alice(x ® Bell(|0) ® |0)))))
:S(B) = (B xB xS(B))

where: Bell produces the Bell state, as defined earlier; Alice imple-
ments Alice’s part of the protocol, defined as: AxSE)*SBXB) 72 (g
H?(CNOT?’Z(T[" (" x)))), where H? is the Hadamard operator on
the first qubit: Ax®*#*E H(hd x)®t1 x. Bob implements Bob’s part:
AxBXBXB (hd x) ® (hd t1 x) ® (C-Z(hd x) ® (CNOT(hd tl x) ®
(t1 tl x))), where C-Z is: Ax®*® hd x?Z(t1 x)-t1 x.

3 Correctness

In this section we establish the main meta-theoretical properties
of our calculus. These results show that the type system is well-
behaved with respect to the operational semantics, and they guar-
antee consistency.

We begin in Section 3.1 with the proof of subject reduction (The-
orem 3.4), showing that the type of a term is preserved under
reduction. We then prove progress (Theorem 3.5), ensuring that
well-typed terms are either values or can take a reduction step. The
linear casting property follows (Theorem 3.6), showing that terms
of type S(B") can be rewritten—via explicit casting reductions—as
linear combinations of terms of type B". This result provides a
semantic justification for viewing casting as a projection onto a
measurement basis.

Finally, we show that all well-typed terms are strongly normalis-
ing (Section 3.2); that is, all well-typed terms always terminate.

3.1 Type soundness

3.1.1 Subject reduction. The typing rules are not syntax-directed
due to application (which has two typing rules), subtyping, weak-
ening, and contraction. Therefore, a generation lemma—stating
the conditions under which a typing judgment I' + ¢ : A can be
derived—is needed.

The substitution lemma, which plays a central role in the proof
of subject reduction, is stated as follows.

Alejandro Diaz-Caro and Nicolas A. Monzon

LEMMA 3.1 (SUBSTITUTION). IfT, x4 +t:Cand A+ r: A, then
ILAvrt[r/x]:C. o

The type preservation property is strongly related to subtyping.
In its proof, several auxiliary properties of the subtyping relation
are repeatedly used. The following lemma states these properties.

LEMMA 3.2 (PROPERTIES OF THE SUBTYPING RELATION). The sub-
typing relation < satisfies the following properties:

(1) fA=B<C=D,thenC<AandB < D.

(2) f A= B=<S(C=D),thenC<AandB<D.

(3) IfS(A) < B, then B=5(C) and A < C, for some C.

4) If ¥, XV, < A, then A ~ S(¥5 X ¥y) or A = V3 X ¥y, for
some V3, ¥,.

(5) IfA < B, then A and B contain the same number of product
constructors.

(6) IfA< ¥, = C then A~ ¥, = D for some ¥, and D.

(7) IfS(A) 2 S(¥; = C) then S(A) ~ S(¥, = D), for some ¥
and D.

(8) IfS(¥; = A) < S(¥; = B), then ¥, < ¥, and B < A.

Proor. The proof relies on several technical properties. Please,
refer to the paper arXiv version for the full proof. m]

The following properties are crucial for analysing cast elimi-
nation, as they constrain the shape of product-type subtypes and
relate them to simpler forms.

LEMMA 3.3 (PROPERTIES OF THE SUBTYPING RELATION ON PROD-
ucTs). The subtyping relation < satisfies the following properties on
product types:

(1) If(p XM < S(‘Iﬁ X S(\Pz)), then [ XM < S(\Pl X \1’2)
(2) IfM X = S(S(‘I’l) X \Ilz), then M x ¢ = S(q/l X \Pz)

Proor. The proof relies on several technical lemmas. Please,
refer to the paper arXiv version for the full proof. m]

We are now ready to state the main result of this section: the
subject reduction property, which ensures that types are preserved
under reduction.

THEOREM 3.4 (SUBJECT REDUCTION). I' + t : Aandt —, r
implyT' b r: A.

ProorF. By induction on the reduction t —, r. As an illustra-
tive case, consider rule (Iinr), where t = (t;+1t;)t3 and r = tyt3+ tot3,
with T + t : A. By the generation lemma, we have I' = I3, I3, &,
TE) CBILEF i+t :SW = O, TLE F t; : S(¥),
and S(C) < A. By the generation lemma again, I, E = I}, T,, &’
with I,E' + t : D,T,Z + t, : D, and S(D) < S(¥ = O).
Then Lemma 3.2.7 gives S(D) ~ S(¥; = E) with S(¥; = E) <
S(¥; = C), and Lemma 3.2.8 yields ¥; < ¥; and E < C. Hence,
from I[,E" + t; : S(¥o = E) and IL,E + t3 : S(¥2), we de-
rive T + tits,tot3 : S(E), and thus T + 13 + tot5 = S(S(E)).
Since S(S(E)) < S(E) < S(C) < A, by transitivity we conclude
Frr:A m]
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3.1.2 Progress. The next result is the progress theorem, stating that
well-typed terms in normal form must be either values or the error
term.

THEOREM 3.5 (PROGRESS). IfF t : A then t reduces, is a value, or
is?. o

3.1.3 Linear casting. Our system also exhibits a property we call
linear casting, which expresses the idea that terms of type S(B")
can be written using other terms of type B”, thanks to our linear
casting reduction rules. This is not trivial, as by subtyping we have
S(8") = ST, ).

THEOREM 3.6 (LINEAR CASTING THEOREM). H{| ¢ : S(B") implies
ﬂ t —)T Z [Oti.] b; with + bi : B".

Proor. By Theorems 3.5 and 3.4, we know that ) t —7 v with
F o : S(B"). By the generation lemma, we distinguish the following
cases:

e Ifo=|0)orv=|1),thento:B.

e Note that v # |+), since f} ¢ #— |+): casting can only
be eliminated through rules (cast|, ), (cast|_y), (cast|oy), or
(cast)yy). Hence, this case cannot occur. Similarly, v # |-)
for the same reason.

o Ifv has the formb; ® b, ® - - - ® by, with n > 1, and each b;
a value, then each b; must be either |0) or |1) by the same
argument.

o Ifo has the form }; [a;.] b;, with the b; having distinct types,
then each b; has the form b; ® b, ® - - - ® b,,, where each
b; € {10}, 1)}

Therefore,v = 3, [a;.] bi,and ) t —] ¥ [a;.] b; with+ b; : B". O

3.2 Strong normalization

We conclude the correctness properties by showing that terms
are strongly normalising, meaning that every reduction sequence
eventually terminates.

Let SN denote the set of strongly normalising terms, and |¢|
the number of reduction steps in a reduction sequence starting
from t. We also write Red(t) for the set of one-step reducts of ¢, i.e.
Red(t) = {r |t —, r}.

We start our proof by observing that, excluding rules ($,) and
(Bb), all other rules strictly decrease a well-defined measure. This
measure is invariant under commutativity and associativity of addi-
tion, meaning that terms like t+r and r+t, or (t+r)+sand t+ (r+s),
receive the same value. We define this measure in Definition 3.7
and prove these properties in Theorem 3.8.

Definition 3.7 (Measure). We define the following measure on
terms:

llx[l =0 12 t]] = e
[0l = o llerll = @Gliell + 2)Blirll + 2)
4l =0 lt@rl = Illell+[irll+1

o) 1I=0 el = 1lell + 5

=0 flae. el =111 ¢

H1+)1=0 llee.tll = 2]le]| + 1

1=)1=0 I e+ 0 rll = max{{l]l, [|[]}
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[|hd ¢ = ||¢]] + 1 [lt+ 7]l = |It]l + ||7ll + 2 (if not both are casts)s23
It ¢l = el + 1 2]l = l1ell + el
™l = el +m li2gerll = el + i -
el = [1el] + m

THEOREM 3.8 (MEASURE DECREASE AND INVARIANCE). The mea-
sure defined in Definition 3.7 satisfies the following properties:

e Ift =r by the commutativity or associativity properties of +,

then ||t = [|r]|.
o Ift —, r using a rule other than (B,) and (), then ||t|| >
lIll.

Proor. We only provide an example here.
la.(t+ )| =1+2[[t+r| =5+ 2|t] + 2|r|| = 3 + [|e.t]] + [Je.r|
=1+ ||la.t+ a.r| > ||at+ ar|

]

The previous result shows that all reduction sequences that do
not involve f-redexes are strongly normalising. We now combine
this with a standard reducibility argument to obtain the general
strong normalisation theorem. As a first step, we show that linear
combinations of strongly normalising terms are themselves strongly
normalising.

LEMMA 3.9 (STRONG NORMALISATION OF LINEAR COMBINATIONS).
Ifr; € SN forall1 <i<n, then 3. [a;.] r;i € SN.

Proor. By induction on the lexicographic order of

(2, Irl, 12E, [a rill). o

We now define the interpretation of types used in the strong
normalisation argument. From this point onwards, we write ¢ : A
to mean that the term t has type A in any context.

Definition 3.10 (Type interpretation). Given a type A, its interpre-
tation [[A] is defined inductively as follows:

[v] ={t:S(v) |t € SN}
[¥1 x P ] = {¢:S(¥; X ¥) | t € SN}
[¥=A]={t:S(¥=A) |forallre[¥], tr € [A]l}
[S(A] ={t:S(A) |t €SN, Tpst.t
—, Xilai]ri, ri € [A] on all paths}

with the convention that Z?:l [aj]ri = 0.

Since our language is first-order, this interpretation is sufficient.
Traditionally, type interpretations are defined either by introduc-
tion or elimination. In our case, however, this distinction is not
necessary for product types. This is because we define their inter-
pretation using a superposition type rather than a direct product.
This design choice is motivated by the interpretation of function
types, which requires certain linearity properties on the argument
type—properties that hold only when the type is a superposition.

Aterm ¢t € [[A] is said to be reducible, and an application ¢r is said
to be neutral. We write N for the set of neutral terms. In particular,
expressions of the form ¢?r-s are in N, since this is shorthand for
(?r-s)t.
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We now establish the main properties of reducibility. What we
refer to as LIN1 and LIN2 are in fact specific instances of the more
general adequacy property (Theorem 3.13).

LEmMA 3.11 (REDUCIBILITY PROPERTIES). For every type A, the
following hold:

(CR1) Ift € [A], thent € SN.

(CR2) Ift € [[A], thenRed(t) C [A]-

(CR3) Ift:S(A),t € N, andRed(¢) C [A], thent € [A].

(LIN1) Ift € [A] andr € [A]], thent+r € [A].

(LIN2) Ift € [A], then a.t € [A].

(HAB) 0 € [A], ¢ € [A], and for every variable x : A, we
have x € [[A].

Proor. All of these properties are proved simultaneously by
induction on the structure of the type. This unified presentation is
essential, as several cases rely on the inductive hypotheses applied
to their subcomponents. ]

LEmMA 3.12 (COMPATIBILITY WITH SUBTYPING). IfA < B, then

[A] < [B]. o

THEOREM 3.13 (ADEQUACY). IfT +t:Aand0 e T, then 0(t) €

[A]-
Proor. By induction on the derivation of T' + ¢ : A. m]

COROLLARY 3.14 (STRONG NORMALISATION). IfT + t : A, then
t € SN.

Proor. By Theorem 3.13, if 0 £ T, then 6(t) € [A]. By
Lemma 3.11.CR1, we have [ A]] € SN. Moreover, by Lemma 3.11.HAB,
we know that Id k I'. Therefore, Id(t) =t € SN. o

4 An Arbitrary Number of Bases

4.1 Extending Lambda-SX with Multiple
Distinct Bases

Up to this point, we have introduced Lambda-SX with two measure-
ment bases: the computational basis B and an alternative basis X.
However, the design of the system do not need to be restricted to
this choice. In fact, the calculus naturally generalises to an arbitrary
collection of orthonormal bases.

Let B; for i = 1,...,n denote a set of alternative bases, where
each B; = {|1:),[l:)} is defined by a change of basis from the
computational basis: |T;) = a1 |0)+ fi1 |1) and ||;) = aiz2 [0)+ iz |1)
for some a1, a2, fi1, fiz € C. We assume that all B; are distinct from
the computational basis B (which retains its special role), and that
one of them may coincide with X.

We extend the grammar of atomic types as follows:

VZ=B|B,'

and the grammar of terms with corresponding constants and oper-
ations:

ta=- [T L) | 28,0t | gt
Typing rules are extended in the natural way:

T:) 1)

FITi) : B; FIi) B
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Tri:S([Th,vi) 0<m<n
Ex,
Fkﬂ]’BZt:B;”XS(]_[;‘=m+lvi)
. . FI—t:IB%,—
F'rt:A I‘kr.AIfBi e,
Tr7p,tr:B; = A Tefz:S(B)

The operational semantics is similarly extended with the follow-
ing rules:

[T:)?8,tr —1 t (ifp)

LiY?p,tr —r (ify)

MIT:) —1 i - 10) + Bin - 1) (castypy)

M) —1 @iz - [0) + Bia - [1)  (castyyy)

3, (Z aj- ® |bhj>) — i k) @ 14i) (proys;)
=1 h=1

- ()

The definition of |k) and |¢) is analogous to the 7 and mx cases.

Such flexibility is crucial for modelling quantum procedures that
involve intermediate measurements in different bases—for example,
variants of phase estimation or error-correction protocols.

A subtle issue arises when a single quantum state belongs to
more than one basis. For instance, consider a basis B; = {|0),—|1)}.
In this case, the vector |0) may be typed both as B and By, but B
and B are not subtypes of each other. Therefore, it is not safe to
allow a term like |0) to be freely assigned both types: one must
commiit to a single basis when typing such terms.

To avoid ambiguity, in this first extension we assume that no
basis B; shares any element (or scalar multiple of an element) with
the computational basis B or with any other B; for j # i. This
restriction simplifies reasoning and ensures disjointness at the type
level.

However, in the next section, we revisit this restriction and
propose an alternative typing discipline that allows overlapping
bases, by making explicit the relationship between different types
for the same state.

All the correctness properties from Section 3 generalise straight-
forwardly to this extended system, and thus, we omit their proofs.

4.2 Extending Subtyping Across Overlapping
Bases

Let us return to our earlier example, where B; = {|0),—[1)}. In
this case, we would like |0) to be typable both as B and as B;. To
make this possible, we introduce a new type Q)), representing the
one-dimensional subspace spanned by the vector |0), and require
that Qo) < B and Qo) < B;. Such types Q) will not correspond
to measurement bases, but rather to generators of linear subspaces.

Recall that the type S(A) is interpreted as the linear span of
the set denoted by A. Consequently, S(Q|q)) is a strict subspace of
S(B), meaning in particular that S(B) £ S(Q)oy). This distinction is
crucial: throughout the work we rely on the fact that S(B) ~ S(X),
a property that does not hold in general when introducing Q,y,
types. To maintain soundness and consistency, we must refine the
subtyping relation accordingly.

Let L denote the class of linear space generators, indexed up to m.
Since there are n alternative bases besides the computational basis
B, and each base consists of two orthogonal qubit states, we allow
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m to range from 3 to 2n + 1 to accommodate all possible subspace
generators:

Q:=Q|...|Qn Generators of linear spaces (L)

vi=B|B;|...| By Atomic types (A)
M:=v|MxM Measurement bases (B)
G=Q|v Single-qubit types (G)

¥Y:=G|S(P)|¥x¥ Qubit types (Q)

As explained, the subtyping relation must be refined to reflect
that 5(Qjy)) may be a strict subspace of S(v). For arbitrary atomic
bases v, and v,, we still have S(v;) ~ S(v2); however, this is not the
case for spaces generated by Qyy and Q|4 in general. To accom-
modate these distinctions, we introduce the following subtyping
rules:

a b; ci a bi Ci
R E R
i=0 \ \j=0 k=0 i=0 \ \j=0 k=0

) € B;

Qoy<B  Qun=B  Qy=<B
These rules allow each Q) to be used in any basis containing
|¥/), preserving semantic distinctions across bases. This enables pre-
cise typing of states that appear in multiple contexts and supports
richer quantum programs involving basis reuse. This extended
system preserves the core properties proved for Lambda-SX in

Section 3. The adaptation is straightforward.

Example 4.1 (Basis-sensitive choice). The type Q|o), introduced in
Section 4.2, allows a single quantum state to be treated as belonging
to multiple bases. For instance, |0) belongs to both the computa-
tional basis B = {|0), |1)} and the alternative basis Z = {|0), — [1)},
and we have Qo) < B and Qo) < Z.

This enables the same state to be interpreted differently in dif-
ferent contexts. Suppose we have: f : B = S(B) and g : Z = S(B).
Then both choiceg = A1x%0 f(x) and choicez = AxQW.g(x) are
well-typed. We can also define a basis-sensitive choice controlled by
a qubit: choice = Ay® . Ax%0 y?f(x)-g(x). This term, of type B =
Qjoy = S(B), illustrates how Q) types enable basis-dependent
behaviour without unsafe coercions or ad hoc annotations. While
the example is simple, it demonstrates how the extended subtyping
system supports flexible quantum program structuring, paving the
way for optimisations based on contextual basis interpretation.

5 Conclusion and Future Work

We have introduced Lambda-SX, a quantum lambda-calculus that
supports control over multiple measurement bases and explicit typ-
ing for quantum states shared across them. Through a range of
small illustrative examples we have shown that tracking duplica-
bility relative to distinct bases enables concise and compositional
encodings of quantum procedures. This expressiveness enables fa-
cilitates modular descriptions of basis-sensitive constructs, such as
conditional control and Hadamard-based branching, while preserv-
ing key meta-theoretical properties like strong normalisation.
While Lambda-SX is presented as a proof-of-concept, it opens
avenues for exploring richer type disciplines that more closely mir-
ror quantum semantics. Compared to previous approaches that
rely on a single fixed basis, our calculus enables direct reasoning
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about transformations and measurements involving incompatible
bases, without resorting to meta-level annotations. The fine-grained
typing system not only enforces safety properties like strong nor-
malisation but also provides a framework for understanding and
structuring quantum algorithms in a modular, basis-sensitive way.

As future work, we aim to provide a categorical model for Lambda-
SX. The foundational results for Lambda-S and Lambda-S; [9-11]
already establish a connection between quantum control and ad-
junctions between Cartesian and monoidal categories. Lambda-SX
enriches this picture by integrating multiple measurement bases
as first-class citizens in the type system. A natural direction is to
explore categorical semantics where each measurement basis cor-
responds to a distinct comonadic modality, and cast operations are
interpreted as morphisms connecting these modalities or embed-
ding subspaces into larger measurement spaces, as formalised by
the extended subtyping relation.

This fits into a broader research programme toward a computa-
tional quantum logic, as outlined in [4], which aims to provide a
Curry-Howard-Lambek-style correspondence for quantum compu-
tation. In this programme, Lambda-S represents the computational
side of this correspondence, while a linear proof language—such as
LS [5]—captures the logical side. Preliminary results suggest that
quantum computation could be understood as a structural dual to
intuitionistic linear logic, with semantic models built on adjunc-
tions between symmetric monoidal categories and their Cartesian
or additive counterparts. Extending these models to accommodate
the richer structure of Lambda-SX, and even exploring connec-
tions to graphical calculi such as ZX, may yield new insights into
both the foundations and practical implementation of quantum
programming languages.

Lambda-SX opens up a new perspective on how the structure
of quantum computation can be captured within a typed lambda-
calculus, supporting fine control over duplication, measurement,
and basis transition—all of which are essential ingredients in the
development of expressive and robust quantum programming for-
malisms.
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List Fold Operators in Dafny
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ABSTRACT

We provide explanations based on simple programming techniques
of formulations of the operators foldr and foldl for finite lists
in terms of each other that appear rather convolved at first sight,
and use the verification aware programming language Dafny to
formally prove their correctness.

ACM Reference Format:

Juan Michelini Nora Szasz Alvaro Tasistro, . 2025. List
Fold Operators in Dafny. In Proceedings of (IFL 2025 - Draft papers). ACM,
New York, NY, USA, 4 pages. https://doi.org/10.1145/nnnnnnn.nnnnnnn

1 INTRODUCTION

The functions foldr and foldl for finite lists are defined as follows
(in Haskell [1] notation):

foldr:: (a ->b ->b) >b ->[a] > b
foldr h b [] =b
foldr h b (x:xs) = h x (foldr h b xs)

foldl:: (b ->a ->b) -=>b ->[a]l > b
foldl h b [] =b
foldl h b (x:xs) = foldl h (h b x) xs

To begin with, we consider the discussion in the Haskell Wiki
concerning mutual definitions of these functions, which appear a
bit convolved and unmotivated, at least at first sightlz

foldl f a bs = foldr (\b g x -=> g (f x b)) id bs a

foldr f a bs = foldl (\g b x -=> g (f b x)) id bs a

As initial goal, we try to identify interesting simple techniques of
programming allowing for smooth derivations of these definitions.
The techniques involve the use of higher order functions for in-
troducing varying parameters in primitive recursive definitions, of
so-called accumulating functions, and of map over lists of functions.

1See (https://wiki.haskell.org/Foldl_as_foldr)

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for components of this work owned by others than ACM
must be honored. Abstracting with credit is permitted. To copy otherwise, or republish,
to post on servers or to redistribute to lists, requires prior specific permission and/or a
fee. Request permissions from permissions@acm.org.

IFL 2025 - Draft papers, ,

© 2025 Association for Computing Machinery.

ACM ISBN 978-x-xxxx-xxxx-x/YY/MM...$15.00
https://doi.org/10.1145/nnnnnnn.nnnnnnn

On the other hand, we use the verification-aware programming
language Dafny [2] for checking the correctness of the above men-
tioned derivations. Dafny combines imperative and functional fea-
tures together with specifications, annotations and features for
writing lemmas that are verified or directly proven in automatic
manner. As far as we know, the literature on the use of higher-
order functions in this context is rather scarce, and so we expect
the present work to constitute a useful experience.

The structure of this paper is as follows: In the next section we
explain how to derive the equation for expressing foldl in terms of
foldr by accomodating the use of varying parameters in the latter.
In section 3 we derive foldr in terms of foldl by generalizing
the use of accumulating functions. In section 4 we employ lists of
functions and fusion to mutually derive the operators in question,
and in Section 5 we show and discuss the development in Dafny.
Section 6 mentions some conclusions and further work.

2 VARYING PARAMETERS IN FOLD
RECURSION

The function foldr is an abstraction of the following recursion
schema:

f:: [a] —>
f []
f (x:xs)

b
b
h

x (f xs)

This is easy to adapt to the case in which additional parameters are
to be considered, unless the parameters may vary in the recursive
call, as in the following (1):
f::p->1[al > b
fpll =bp
fp (x:xs) =hpx (f (g x p) xs)
where we added an extra parameter p to b and h, and g is a function
that modifies the parameter in the recursive call:

b:: p->b

h:: p->a->b->b

g::a->p->p

However, this schema with parameters can also be expressed as
a foldr, just by defining a function of type p -> b by simple
recursion. Indeed, consider

f':: [al > (p -> b)

LA =b

f' (x:xs) = \p=> h p x (f' xs (g x p))

Note that the arguments of f’ have been swapped, i.e. we get that,
for all 1 and for all p:

fpl=Ff1p
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Now, we directly express f’ as a foldr:

f' = foldr (\x r=>\p->h px (r (g xp))) b

and so, we get (2):

fpl=(foldr (\x r=>\p=>hpx (r(gxp)))b)lp

Let us observe foldl:

foldl h a [] = a
foldl h a (x:xs) = foldl h (h a x) xs

Note that foldlh is a case of recursion with varying parameters.
For realizing this, it is useful to rewrite the right-hand sides in order
to make it easier to match the schema in (1):

foldl h a [] = id a
foldl h a (x:xs) = (\p x r=>r) a x (foldl h (h a x) xs)

where id :: @ -> ais the identity function defined as \x-> x.

Now, we can write foldl as a foldr by adapting (2) to the
present case, and after performing some beta reductions, we obtain:
foldl h a1l = foldr (\x r-=> \p—> (r (hp x))) id 1 a

which is the same as the equation in the Haskell Wiki, up to alpha
conversions.

3 ACCUMULATING FUNCTIONS

Now we want to express foldr in terms of foldl. Recall that,
informally:

foldr h b [x1,x2,..., xn] =h x1 (h x2 (... hxnb)...))

We can rewrite this using the composition operator
()::(b->c¢c) > (a->b) > a —> c,defined as
(f.&) x = f (g x,
which is associative and has id as identity value:
foldr hb [x1,x2,...,xn]1=(thx1) . (hx2) . ... (hxn))b
=(..(¢thx1) . (hx2)) ... . (hxn))b
=(..(@Ad. ¢thx1)) . (thx2)) ... . (hxn)) b

On the other hand, we can express the result of foldl g don

alist [x1,x2, ...,xn] writing the function g as an infix operator
‘g’ as:
foldl g d [x1,x2,...,xn] =

(C((d "g™ x1) “g” x2) "g” ... g xn)

It is now direct to match the two last equations, by using id as
initial value and \g x-> g .(h x) as the operator. We get:

foldr h b1 = foldl (\g x> g .(hx)) id1lb

We can unfold the definition of composition by adding an explicit
parameter in order to get the Haskell Wiki version, up to alpha
conversion:

foldr h b 1 = foldl (\g x z=> g (h x z)) id 1 b

Juan Michelini Nora Szasz Alvaro Tasistro

4 USING LISTS OF FUNCTIONS AND FUSION

In this section we make use of the function
map:: (a -=> b) -> [a] -> [b]
to achieve yet other derivations.

4.1 foldl in terms of foldr
Recall the informal equation
foldl hd [x1,x2,...,xk] = (((d “h™ x1) “h™ x2)... h™ xk)

Using (;) :: (a => b) -> (b -> ¢) -> a -> c defined as
(f ; g) x = g (f x), we can rewrite this as:
foldl h d [x1,x2,...,xk] =

(Ch™ x1);Ch™ x2);...;Ch™ xk)) d

where (‘h‘ x) is the partial aplication of h to its second argument,
ie,\z -=> h z xor flip h x.

Since id is the identity of (;), we can unfold the (;) introduc-
ing foldr:
foldl h d [x1,x2,...,xk] =

foldr (;) id [Ch™ x1), Ch™ x2), ..., Ch™ xk)1d

Now, we can write the function list in terms of map, which gives:
foldl h d xs = foldr (;) id (map (flip h) xs) d

And this can be fused into a single pass:
foldl h d xs = foldr (\x r -> (;) ((flip h) x) r) id xs d

After some beta-reductions we get:
foldl h d xs = foldr (\x ru ->r (hux)) id xs d

which after renaming gives us the same as the Haskell Wiki.

4.2 foldr in terms of foldl
We start with foldr and expand it:
foldr hd [x1,x2, ...,xk] =(x1 "h> (x2 “h~...(xk “h™ d)))

Then we do the same as above with (.) and we can rewrite it as:
foldr h d [x1,x2, ...,xk] =

(Ch x1) . (hx2) . ... . (hxk)d
Using that id is the identity (.), we can unfold this to
foldr h d [x1,x2, ...,xk] =
foldl (.) id [(h x1),(h x2), ,(h xk)1 d

Now we can express the function list as a map:
foldr h d xs = foldl (.) id (map h xs) d

If we want to write map in terms of foldl, a simple attempt actually
gives us mapRev which is equivalent to mapping and reversing the
list:

mapRev:: (a -> b) -> [a] -> [b]

mapRev f xs = foldl (\ r x -> (f x):r) [] xs
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Informally,

mapRev f [x1,x2, ...,xk] = [f xk, ,f x2, f x1]

We can use mapRev by flipping (.) (which is (;)) instead:
foldr h d xs = foldl (;) id (mapRev h xs) d

which expanded gives us:
foldr hd xs = foldl (;) id (foldl (\r x => (h x):r) [] xs) d

This can now be fused into:
foldr h d xs = foldl (\ r x > (;) (h x) r) id xs d

And after some reductions we get:
foldr h d xs = foldl (\ r x u => r ((h x) u)) id xs d

which up to alpha renamings gives us the Haskell Wiki equation.

5 DAFNY

In this section we show the main points of our development in
Dafny [2]. Dafny is a verification-aware programming language
that has native support for specifications and is equipped with a
static program verifier. It combines imperative and functional fea-
tures. We will concentrate on the functional part, where we can
define inductive types and perform proofs by induction. Its syntax
is very similar to other functional programming languages, so we
expect that the reader can grasp the code.

We start by defining lists, and the functions foldr and foldl.

datatype List<A> = Nil
| Cons (A, List<A>)

function foldr<A, B> (h: (A, B) -=>B, b: B, 1: List<A>): B
{match 1

case Nil => b

case Cons (x, xs) => h (x, foldr (h, b, xs))
3
function foldl<A,B> (h: (B, A) -=>B, b: B, 1: List<A>): B
{match 1

case Nil => b

case Cons (x, xs) => foldl(h, h(b, x), xs)
3

First we give proofs that the Haskell Wiki definitions are correct.
A lemma in Dafny is a method to deliver evidence of the proposition
in the ensures clause. Hypotheses are declared using requires.

Lemma foldl_as_foldr is proven by induction on the list 1
using the match construct, which is the same as the one for defining
functions by pattern matching. We exhibit the code as necessary for
Dafny to compile, which implies the correctness of the lemma. For
instance, the Nil case in the proof below is empty because Dafny
is able to prove it by itself. In the Cons case, one can appreciate
the calculational format of the proofs. In general equalities are
annotated with hints to help their verification. The relevant case
in this case is the use of the recursive call (induction hypothesis).
Notice the notation x => e for lambda abstractions.

IFL 2025 - Draft papers, ,

lemma foldl_as_foldr<A,B> (h: (B, A)->B, b: B, 1: List<A>)
ensures foldl (h, b, 1) == foldr<A, (B)-> B>
((x, r:(B)->B) =>a =>r(h(a, x)),
(x=>x),
1
{match 1
case Nil =>
case Cons (x, xs) =>
calc{
foldl (h, b, 1) ;
== // foldl def.
foldl(h, h(b, x), xs) ;
== {foldl_as_foldr (h, h(b, x), xs);}
foldr ((x, r:(B) ->B) => a => r(h(a, x)),
(x=>x),

xs) (h(b, x)) ;

The lemma below proves a generalization of the formula in
Haskell Wiki, i.e., the latter is obtained by instantiating the param-
eter g with the identity function. It is proven directly by Dafny’s
verifier.
lemma foldr_as_foldl<A,B> (h: (A, B) -> B, b: B, 1: List<A>,

g: (B) > B)
ensures g (foldr(h,b,1)) == foldl<A, (B)->B> ((gg: (B)->B,x)
=>2z=> gg(h(x,2)),8,1)(b)
{3

The next lemma proves the correctness of the formulation of the
schema for recursion with varying parameters in terms of foldr
presented in Section 2.

lemma param_foldr<P, A, B> (f: (P) -> (List<A>) -> B,
h: (P) -> (A) -> (B) -> B,
b: (P) -> B,
g: (A, P) > P,
1: List<A>,
p: P)

requires forall 1: List<A>, p: P:: f (p) (1)
== match 1

case Nil => b(p)
case Cons (x, xs) =>
h (p) (x) (f (g(x, p)) (xs))
ensures f (p) (1)
== foldr<A, (P) -> B> ((x: A, r: (P) -> B)
=>p=>h (p) (x) (r(g(x, p))), b, 1) (p)

{match 1
case Nil => {calc{
f ) A);
b(p);
1}
case Cons (x, xs) =>
{calc{

foldr<A, (P)->B> ((x:A,r:(P)->B)
=>p=>h(p) (x) (r(g(x, p))),b,1)(p);
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h(p) (x) (foldr<A, (P)->B>((x:A,r:(P)->B)
=>p=>h(p) (x) (r(g(x,p))),b,xs)(g(x,p)));
{param_foldr(f, h, b, g, xs, g(x, p));}
h (p) () (f (8(x, p)) (xs));
17}

Next we show the main results of section 4.1, firstly the proof
that foldl can be expressed as a foldr over a list of functions:

function 1_map<A,B> (f: (A) -> B, 1: List<A>): List<B>
{foldr ((x, r)=> Cons(f(x), r), Nil, 1)}

function f_seqg<A, B, C> (f: (A) ->B, g: (B) ->C): (A) ->C
{x=> g(f(x}

function flip<A, B, C> (f: (A, B) -=>C): (B, A) > C
{Qy, x)=> f(x, y)3}

lemma foldl_as_foldr_fun_list<A, B> (h: (B, A) -> B,
b: B, 1: List<A>)
ensures foldl(h, b, 1) ==
foldr(f_seq, x=> x,
1_map (x=> y=> flip(h)(x, y),1))(b)
{match 1
case Nil =>
case Cons (x, xs) =>
{calc{
foldr(f_seq, x=>x, 1_map (x=>y=> flip(h)(x, y), 1))(b);

foldr(f_seq,x=> x,
Cons(y=>flip(h) (x,y),l_map(x=>y=>f1lip(h) (x,y),xs)))
0;

f_seq(y=>flip(h)(x,y),
foldr(f_seq,x=> x,1_map(x=>y=>flip(h)(x,y),xs)))
(b);

foldr(f_seq, x=>x, 1_map (x=>y=> flip(h)(x, y), xs))
(flip(h) (x,b));
== {foldl_as_foldr_fun_list (h, flip(h)(x,b), xs);}
foldl(h, flip(h)(x,b), xs);
1}

Then we prove the fusion of foldr and map:

lemma foldr_map_fusion<A, B, C>
(g: (A,B) -> B,

b: B,
f: (C) -> A,
1: List<C>)

ensures foldr (g, b, 1l_map (f, 1))

foldr ((x, r) => g (f(x), r), b, 1)
{3

Juan Michelini Nora Szasz Alvaro Tasistro

6 CONCLUSIONS AND FURTHER WORK

We have employed multiple simple programming techniques to
derive the mutual definitions of foldr and foldl for finite lists.
We believe these explanations serve to at least motivate the defini-
tions in question. We also have employed Dafny for verifying the
essential parts of the derivations, which we expect to constitute
a contribution to the literature in the application of this language
and its system, particularly because of the extensive treatment of
higher-order functions. The language and system have proven to
be extremely handy for the task at hand, allowing to get concise
proofs in short time. We consider this highly promising and are
currently trying the tool in applications concerning theory and
infrastructure of programming languages, among others.
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Abstract

System I is a recently introduced simply-typed lambda calcu-
lus with pairs where isomorphic types are considered equal.
In this work we propose an extension of System I with the
type Top, and present a complete formalization of this cal-
culus in Agda, which includes the proofs of progress and
strong normalization.
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1 Introduction

The study of type isomorphisms is a recent field of research
with multiple applications. From the perspective of program-
ming languages, if we identify isomorphic types, we can
identify programs of the same type with different syntax
but semantically equivalent. This allows a novel form of pro-
gramming, for example, a function could take its arguments
in any order, since the typesA - B — CandB - A — C
are isomorphic.

On the other hand, from the perspective of proof systems,
since types can be thought of as propositions and programs
correspond to proofs, considering different proofs of isomor-
phic propositions as the same proof means that we have a
form of proof-irrelevance.
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tion was authored or co-authored by an employee, contractor or affiliate of
a national government. As such, the Government retains a nonexclusive,
royalty-free right to publish or reproduce this article, or to allow others to
do so, for Government purposes only. Request permissions from owner/au-
thor(s).
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Systems that consider type isomorphisms as equalities are
called systems modulo isomorphism. Most of these systems
use simply typed lambda calculus as a framework, and extend
it so that isomorphic types are considered identical. The first
of these systems, which is also the most relevant for this
work, was System I [5]: a simply typed lambda calculus with
pairs modulo isomorphisms. An interpreter of a preliminary
version of this calculus has been implemented in Haskell [7],
and variants with n-expansion rules [6], fewer isomorphisms
with no type system [2], and polymorphism [12] have been
introduced.

The main contributions of this work are:

o The extension of System I with the type Top. Adding
new type constructors to a calculus modulo isomor-
phisms requires extending the equivalence relation
on types, considering the isomorphisms involving the
new constructor and also the equivalences between
terms of isomorphic types. The choice of these term
isomorphisms is also motivated by the goal of having
a normalizing calculus.

The formalization in Agda of this calculus, defining
its syntax, semantics, and typing rules. The approach
we follow in the representation of typed terms and the
notation is similar to that used in [14].

The proofs in Agda of progress and strong normaliza-
tion. In our setting, strong normalization means that
every reduction sequence starting from a typed term
is finite.

The complete Agda code is available in the GitHub repos-
itory https://github.com/AgusSett/thesis.

The paper is organized as follows. Section 2 presents an
overview of some calculi modulo isomorphisms. Section 3
extends System I with the type Top. Section 4 presents the
formalization in Agda of the extended calculus and proves
Progress. Section 5 proves the Strong Normalization property.
Section 6 concludes the paper.

2 STLC modulo isomorphisms

In this section we introduce System I [5], which is the base
system that we later extend and formalize. Two types A and
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B are isomorphic (denoted by =) iff there exist two functions
f:A—> Bandg : B — Asuchthat fog = idg and
gof =ida.

All the type isomorphisms that occur in these systems
were characterized and grouped into axiomatic sets by Di
Cosmo [4]. For example, the set that corresponds to simply
typed lambda calculus is formed by the isomorphism called
swap (A —» (B —» C) = B —» (A — (C)). For the simply
typed lambda calculus extended with cartesian product (de-
noted as X), all the isomorphisms are consequences of the
following four:

AXB=BAA (1)
AX(BXC)=(AXB)AC (2)
A— (BxC)=(A—>B)x(A—>0) (3)
(AXxB)y - C=A—>B—>C (4)

We note that the swap isomorphism is not included since
it can be constructed from (1) and (3).

The grammar of System I for types is the same as in tradi-
tional lambda calculus, while its grammar for terms differs
only in projection, which is parametrized by a type rather
than a position:

A = 71|A-SA|AXA
roo= x| AxXAr|rr | (rr) | ma(r)
The type system of this calculus is extended, with respect
to typed lambda calculus, with a typing rule that asserts that
if a term t has type A and A = B, then t also has type B:

T'rr:A A=B
Trr:B =

This rule with the four isomorphisms that characterize
the calculus induces some equivalences between terms. For
example, since the types A X B and B X A are equivalent,
the terms (r,s) and (s,r) where r : A and s : B, must rep-
resent the same term. Therefore, it is necessary to extend
the reduction relation with isomorphisms at the term level.
This relation, denoted as 22, is presented in Table 1. The
relation 2 is its reflexive and transitive closure that forms
an equivalence relation.

We note that these rules were chosen with the aim of
obtaining a strongly normalizing and consistent calculus.

The operational semantics of System I was defined by two
relations: the equivalence relation between terms and a re-
duction relation which is similar to the classical f-reduction.
We will show here why f-reduction cannot be used directly
with the rules of Table 1.

The usual projection rules access a pair through the posi-
tion of the elements, but the (comm) isomorphism allows the
order of a pair to be changed, thus allowing either of the two
elements to be projected:

Séttimo, Sottile, and Manzino.

(r,s) 2 (s,r) (comm)

(r, (s, 1)) @ {{r,s), 1) (asso)
AxA(r, sy 2 Ax?r, Axts) (pr1sty)
(r,s)t 2 (rt, st) (D1STapp)
r{s,t) 2 rst (curry)

ras res res
AxAra2 AxAs rt2st tra2ts
res res res

<t’ Y‘) 2 <ts S> <r’ t> 2 <S’ t> ”A(r) 2 ﬂA(s)

Table 1. Rules of equivalence between terms in System I

m{r,s) < r
mir,s) 2 m{s,r) s

This poses a problem for type preservation and also in-
troduces non-determinism. The solution is to access the ele-
ment of a pair through its type, so a new rule was defined: if
T +r: A, then 72(r,s) < r. This rule resolves the problem
of type preservation but maintains the non-determinism in
the calculus. However, it is possible to encode a deterministic
projection even when both terms are of the same type. Then,
non-determinism of System I is considered a feature and not
a problem.

Another conflict with classical f-reduction and the equal-
ity rules of terms occurs as a consequence of the isomor-
phism: A - B — C = B —» A — C, which can be proved
with (1) and (4). This means that we can pass any argument
to an abstraction first.

To solve the problem of type preservation in this case, -
reduction is modified and a condition is added that requires
the term being applied to have the same type as the argument
of the abstraction: if T F s : A, then (Ax%.r)s < r[s/x].

Finally, the reduction relation ~» is defined as the relation
< modulo 2 (i.e. w» :=2* 0 < o 2%),and ~»" its reflexive
and transitive closure.

3 Adding the type Top

In this section we extend System I with the type Top. The
syntax of types and terms is as follows:

A = T|A—>A|AXA
roo= x| x| Axtr || ()| ma(r)

The type system has one additional rule with respect to
System I that types the term % with T. The typing rules of
this calculus are given in Figure 1.

The next step is to define the equivalence on types induced
by type isomorphisms. To do so, we take (1), (2), (3), (4) and
add the following three, which are those related to T:
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AXT=A (5)
A->T=T (6)
TH>A=A (7)

In logic, the type T corresponds to the proposition True.
Isomorphism (5) corresponds to the neutrality of True w.r.t.
conjunction, while (6) and (7) correspond to the neutral and
absorbing nature of True w.r.t. implication.

(ax) A=B T'rr:A

I''x:Arx:A Trr:B (=
I,x:Arr:B I'tr:A—>B Tts:A
—— (=) (—e)
I'tAxr:A— B Trrs:B

'rr:A T¢+trs:B 'rr:AXB

(x) (Xe)

I'+{(r,s):AXB TFra(r): A

Trx:T (T:)

Figure 1. Typing rules

The next step is to define the equivalences on terms that
each of the new isomorphisms induces.

The isomorphism (5) induces the term equality: (r,x) 2 r.
The isomorphism (6) induces two term equivalences that
correspond to the introduction and elimination of —: if t has
type T, then t 2 AxA.t and if  has type A — T, then r 2 *.
Finally, the isomorphism (7) induces two equivalences: if r
has type T — A, thenrx 2 rand Ax".r 2 r.

In Table 2 we present the term isomorphisms that we
consider for the formalization of this calculus, where the
congruence rules are omitted since they are the same as
those in Table 1.

The selection of isomorphisms between terms presented
here is the result of several design decisions based mainly on
two objectives. First, all necessary equivalences were added
so that no term can get stuck, and there are no eliminations
in normal forms. As a consequence, every closed term always
reduces to a value. This point will become clear when we
consider the progress proof below. The second objective is
to preserve the normalization property in this calculus and
make the proof of this property less complex.

For example, n-expansion and the split rule (r 2 (mar, npr)
where r : A X B) are both necessary to avoid some terms
getting stuck. But if these rules are included directly, the nor-
malization property is lost since, for example, 5-expansion
can be applied an infinite number of times. The solution
is to define new constructors that embed these rules, such
as ASSO-SPLIT.

The operational semantics of this calculus is defined simi-
larly to System I, but with the new rules for the equivalence
between terms: the reduction relation ~» is defined as the
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(r,s)y 2 (s,r)
(r, (s, 1)) 2 {{r,5),1) (asso)

(r.s) 2 ((r, m8(5)), mc(s))
(asso-spuIT)

(comm)

AxA(r,s) 2 (Ax?r, Axls) (r1sty)

IfTFr:BxC, Ax?r2 Ax?ap(r), AxA e (r))

(Di1sT,-SPLIT)

IfT+r:A—>BTlt+s:A—C,
(r,s) 2 AxA.(rx,sx) (p1sTyn)
A8t 2 228 t[ma(2) /x, 13(2) Jy]

(curry)

IfT+t:B— C AxAt 2 128 t[ra(z)/x]75(2)
(curryy)

B 2 A A28 [ (y, 2) /x]

(uNcurry)
Ifr+e:T, t2 AxA e (ass;)
ITrrr:A—>T, rax (aBse)
fTrr:To A rxar (n_;)
AXlrer (D=e)

Table 2. Rules of equivalence between terms in System I
with Top

relation < modulo 2 (i.e. w»:=2* 0 — o 2%), and w*
its reflexive and transitive closure.

4 Formalization

In this section we present a formalization in Agda of a simply
typed lambda calculus with pairs and Top extended with type
isomorphisms.

Much of the code presented in this work is based on [14].
The adaptation consists mainly of the addition of type iso-
morphisms and the semantics of the calculus, which are now
defined by S-reduction modulo 2.

There are two approaches to formalizing a typed A-calculus:
using extrinsically typed terms, where terms and types are
defined independently (so a term can be typed or not); or
using intrinsically typed terms, where types are defined first
and terms are formed with a given type. There are also two
ways of representing variable names: using named variables,
which are easier to read, or de Bruijn indices, which make
the formalization more compact. In this work we decided to
use an intrinsic formulation and de Bruijn indices.

4.1 Types, contexts and variables
The types consist of the type Top, function types, and pairs:

data Type : Set where
T : Type



IFL 25, October 1-3, 2025, Montevideo, Uruguay

_=_: Type — Type — Type
x_ : Type — Type — Type

Since we use natural numbers to represent variables, type
contexts are formalized as lists of types. Unlike classical lists,
contexts are read from right to left.

data Context : Set where
0 : Context
_ : Context — Type — Context

—

Intrinsically typed variables are represented by de Bruijn
indices. Each variable is indexed by its type and a context in
which the variable is typed.

data _>_ : Context — Type — Set where
Z:V{I'A}>T ,A3A

S_:V{I'AB} »I'>B —»I ,A>B

Then, I' 5 A is the type of variables that have type A in the
context I'".

For example, the following variables with types T and T
= T are typable in the context ), T= T, Tand also represent
proofs of this.

_ 0, T=>T,T>T
_=Z

_0, T=>T,T2T=T
_=SZ

As we can see in the examples, the proof that a variable
has a type in a context is a de Bruijn index.

4.2 Terms

Here we present the typing rules of the calculus. Each con-
structor of this data type, which encodes a typing rule since
we use an intrinsically typed representation of terms, rep-
resents a term of the calculus, with the exception of the
constructor [_]=_.

Taking into account this exception, I" +A is the type of
terms that have type A in the context I", and each term of
this type is a proof of that, so terms are actually typing
derivations. The constructor [_]=_ that does not represent
a term is used in the typing derivation of some terms.

data _+_ : Context — Type — Set where

‘T VA{I'A} - (ax)
— ['3A

- FA
* : V{I'}>IT+T- (Ty)
[LI=_:V{I'AB} - (=)
— A=B

—T'FA
—['+B

Séttimo, Sottile, and Manzino.

A_:V{I AB} - (=)
— I ,ArB
—['FA=B

__:V{I'AB} - (=)
—['FA>B
—['+A
—I'+B

(_,_> : V{I'AB}
— ' +FA
—['+B
— ['+FAXB

(*)

m:V{[ AB} = (%)
— (C: Type)
— {proof : (C=A)W (C=B)}
— ['FAXB
—I'+C

We note that the constructor 7 takes as an argument the
type C, which is the type that this function uses to carry out
the projection, and an implicit argument that serves as proof
that C is either equal to type A or type B. In the type of this
argument we use propositional equality denoted as = in this
work.

The following are some examples of terms. Each of them
is a proof that it types in the given context.

T,:0, TFT=>T
T1=/I‘Z

T:0, TEH(T=>T)xT
To=<Ty, %)

T3 : 0 , TFT
T3 = (o fun{inj; refl}Ty) - ¢ Z

4.3 Substitutions and reduction

Using de Bruijn representation, substitutions are simply map-
pings of natural numbers to terms, so they can be interpreted
as infinite sequences of terms. These sequences can be con-
structed using some operators [1]:

e id: the identity substitution: {i > i}

o 7: the shift operator: {i — i + 1}

e a e s: the concatenation of the term a with the substi-

tution s: {0 — a,i+ 1+ s(i)}
e o: the composition of substitutions
With these operations we can give an inductive definition

of the application of a substitution s on a term ¢, denoted as
{(s)t. Then, f-reduction can be defined as follows:

(A)r —p (reidpt
To implement substitutions, we use an approach given by
Altenkirch and Reus [3] that was formalized by McBride
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in [10]. Substitutions are implemented using renamings,
which are functions from variables in one context to variables
in another that preserve typing. The function that applies
a renaming of variables in a term is named rename in this
implementation:

rename : V {I" A} (V{A} > I 35A—>A3A) —

VWV {A}>T'+FA >A A
While substitutions and simple substitutions are implemented
with the following functions:

() VAT AT > (V{A} > T 3ADAFA) —

V{C}>T'+C—>AFC)

[ 1:V{I' AB}y—> I', BFA—=ITFB—=IFA
Since the implementation of these functions is fairly stan-
dard, we omit their definitions here.

Then, we present the reduction relation which is defined
as the following data type:

data_<—_: (I'+A) > (I'+ A) — Set where

p-A:V{t: I ,ArB}{s: '+A}
— ((At) " s—>t[s]
P-my :V{r:T'rA}{s: T'+B}

— rA{inj;refl}{r,s)<—r

P-my :V{r: T'rA}Y{s: T'+B}
— B {inj, refl}{r,s) s

In this definition we omit the constructors &=+, &--5,
E-(,01, -4, )9, E-m, E-= and { that represent the congru-
ence rules. The constructor -1 corresponds to beta reduc-
tion, and the constructors f-71 and -2 correspond to the
applications of the projections.

Since the relation _<—_ is indexed by two terms of the
same type, it is not necessary to prove that it preserves types.
This is one of the advantages of using intrinsically typed
terms.

4.4 Type isomorphisms

The type isomorphisms included in this formalization cor-
respond to the axiomatic set given in Section 2, the isomor-
phism that represents the symmetry of =, and some isomor-
phisms that represent congruence rules.

data _=_: Type — Type — Set where

comm :V{AB} >AxB=BxA

asso :V{ABC}—>Ax(BxC)=(AxB)xC

dist : V{ABC} > (A=B)x(A=>C)=A=BxC
curry : V{ABC} >A=B=C=(AxB)=C
id-x :V{A} > AxT=A
id-=>:V{A} > T=A=A

abs (V{A} > A=T=T

sym :YV{AB} >A=B—>B=A
cong=; : V{ABC} 5A=B—>A=C=B=C
cong=, : V{ABC} >A=B—->C=>A=C=8B
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congx; :Y{ABC}—>A=B—oAxC=BxC
congx; :V{ABC}_)AEB—)CXAEC)(B

We do not include in the formalization the isomorphism
corresponding to the transitivity of =, since it can be ob-
tained using the constructor [_]=_ that corresponds to the
typing rule (=), and the reflexivity of =, since it does not
add expressiveness to the formalization.

4.5 Equivalence of terms

The formalization of the equivalence relation between terms,
corresponding to isomorphic types (2) is presented below:

data_2_: (I'+A) — (I'+ A) — Set where
comm: V{r:I'rA} —>{s: I +B}
—[coom]l=<{r,syYa (s, r

asso: V{r: I'tA} > {s: T'+B} > {t: T'+C}
—[asso]=(r,{(s,ty)ya2<({r,s),t)

asso-split : V{r: I'+tA} > {s: '+BxC}
—[assol=<(r,sya
(r, nB{inj;refl}s) , x C{inj, refl} s>

dist-A:V{r:I',CrA} > {s: I, CrB}
— [dist]=<{Ar,As)y2a1{r,s)

dist-An;, :V{r: T+rC=>A}Y > {s: '+ C=B}
— [dist]=<{(r,sy> 2
A{renameS_r - “Z,renameS_s - ‘Z)

dist-An; : V{r: 't C=A} > {s: ', CrB}
— [dist]={(r,As)2 A renameS_r - ‘7 ,s)

dist-An, :V{r: I',CrA} > {s: ['FC= B}
— [dist]=<Ar,s)>a2A{r,renameS_s - ‘Z)

curry : V{r: ", A,BrC}

— [curry 1= (1 Ar) 2 Asubst o-curry r
curry-n :V{r:I',ArB=C}

—[curryl=Ar) 2

A subst o-curry (rename S_r - ¢ Z)
uncurry : V{r: ', AxBFC}

— [ symcurry J= (Ar) 2 1 A subst o-uncurry r

id=x :V{r:T+FAY > {t: T'+T}
—[id-x1={(r,t)2r

id= :V{r: T+t T=2A}Y>[id-=]1=r2r - %

abs : V{r: I'rA=T}—>[abs]l=rax
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where the functions o-curry and o-uncurry are substitu-
tions of types Subst (I" , A, B) (I , A x B) and
Subst (I" , A x B) (I" , A, B) respectively.

In this definition we omit for simplicity the constructors
that corresponds to congruence rules, given in Table 2. We
also omit some constructors with the prefix sym, all of which
could be obtained from the base equivalences combined with
the sym constructor. However, they were included in the
formalization in order to demonstrate strong normalization.

We note that the equivalence relation between terms 2
and the reduction relation < can only relate terms of the
same type. The type preservation of these relations is a con-
sequence of the intrinsic representation of types.

Then, we can define the reduction relation ~» in Agda,
that is the relation < modulo 2 , as follows:

v V{I'A}—> (tt’ : ['FA) - Set
twt'=ztst’wta2t’

Furthermore, based on the above, we can assert that this
relationship satisfies type preservation.

4.6 Progress
In this section we prove progress for the calculus, which
establishes that any typed and closed term is a value or
reduces to some other term.

The first step is to define the notion of value, which in this
calculus are: the term T, abstractions, and pairs of values.

dataValue : V{I'A} > '+ A — Set where
V-A:V{I'AB}{t: ', Ar — Value (11t)
V=% : V {I'}— Value (x {I'})

V-{_,_> : V{I'AB}{r:
— Valuer — Values

I'tAY{s:I'+B}
— Value {r , s>

In the definition of progress we present below, we use
the call-by-value reduction order as a reduction strategy.
When reducing under abstractions, it is possible to find free
variables. So the final states of reduction to be considered are
normal forms instead of values. Then we prove a version of
progress for open terms. To complete the proof of progress
for closed terms, we prove that every closed term in normal
form is a value.

We start by defining the syntax that characterizes terms
in normal form in this language:

norm := (norm, norm) | Ax.norm | x | neu
neu := var | neu - norm | 7 neu | [ iso |= neu

where var are variables and the syntactic category neu char-
acterizes neutral forms, which are terms that cannot be re-
duced and are not values. In the formalization, the symbols
| are used for neutral forms and f} for normal forms.
data | : V{I'A} > '+ A— Set

datafl : V{I'A} > '+ A — Set

Séttimo, Sottile, and Manzino.

data |} where
VAT (x:T2A)—> | (“%)
- VA{ABY{r:T'rA=B}{s:
—lr—=0s =0 -s)

I'FA}

m:V{I'ABCp}{t: I'rAxB}
=t > xCc{prt)

[L1=_:V{AB}{t: T +A}
— (iso: A=B) - ||t > | ([iso]l=1t)

data f} where
A LV{IAY{t:TFAY [t >t

N-1:V{I'AB}{t:I',ArB} - (1t)

N-<_, > : V{I'AB}{r : '+ A} {s : '+ B}
Sfr>fs =>0<r,s>

N-x: V{I'} - (x{I'})

Now we define a relation that captures the cases in which
a term t satisfies progress, namely: it can be transformed
into an equivalent one, it can take a reduction step, or it is
in normal form:

data Progress {I" A} (t : I'+A) : Set where
step : V{t’ : '+FA} ->t2t’ — Progresst

step— : V{t’ : I'FA} - t<—t’ — Progresst

done :f} t — Progresst

We can now prove progress. The variable and unit cases
are very simple since both terms are in normal form:

progress : V{I'A} — (t : '+ A) — Progress t
progress (¢ x) =done (* (‘ x))
progress % = done N-x

If the term is a lambda abstraction, then we call the progress
function under the binder; if this returns a reduction step,

the step is extended using { (the congruence rule for abstrac-
tions). Otherwise, the abstraction is in normal form:

progress (A t) with progress t

... | step2 ta2t’ =stepa ({t2t’)
... | stepe—> t—t’ = step— ({ t—t’)
... | done it =done N-1

For pairs the proof is similar. If the term is a projection
or an application, we recursively apply progress to each
subterm; if the result is a reduction or an equivalence case,
we use the congruence rule ¢, and if it is the done case, then
we have a normal form or we can apply f-reduction.
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The most interesting case for this work is when the term
is [ iso ]= t. In this case we recursively apply progress to
the subterm ¢; if the result is a reduction or an equivalence
case, we use the congruence rule £-=, and if it is the done
case, we continue the proof by case analysis on each normal
form and all applicable isomorphisms that can be applied
in each case. We show here just a few cases; the remaining
cases are similar.

progress ([ iso ]J=t) with progress t
... | stepa tat’ =stepa (é{-=t2t’)
... | stepe—> t—t’ =step— ({-=t—t’)

progress ([ comm J=_) | done N={fir, fIs ) =
step& comm

progress ([ asso]=_) | done N-{fir, fIs ) =
stepe (asso-split)

progress ([ dist J=_) | done N-{N-1, N-1)
step2 dist-4

progress ([ dist J=_) | done N-¢{N-1, s>
step (dist-1n,)

progress ([ dist J=_) | done N-{ fir , N-1)
step (dist-1n;)

progress ([ dist J=_) | done N-< fir , s>
step (dist-1n;,)

progress ([ curry 1= (14 _)) | doneN-1 =
step& curry

progress ([ curry 1=_)
step2 (curry-n)
progress ([ id-x 1= _)
stepe id-x

progress ([ id-= J=_) | done |t

step2 id-=

progress ([ abs 1= _) | done {Jt = step abs

| done N-4 =

| done N={fir, s>

progress ([ iso 1=_) | done (* |/t) =done (* [ iso 1= [Jt)

The definition of progress shows how each term isomor-
phism corresponds to a case where it is necessary to elimi-
nate a rule () in order to continue with the reduction.

Finally, we complete the proof of progress by proving that
any closed term in normal form is a value; we show just the
type of this function here:

closedff—Value : V {A}{t: O+ A} > It — Value t

The cases where the term is the top value, an abstraction, or
a pair, the definition of this function is very simple; when
the term is a neutral form, we use the function L-elim with
a proof that a closed term cannot be neutral. This last proof
can be constructed since a neutral term must contain a free
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variable, because variables are the only constructor that is
not recursive in its definition.

5 Strong Normalization

In this section we prove the strong normalization of the
relation ~» , which states that every typed term cannot
reduce indefinitely, meaning that every reduction sequence
ends in a value.

The most commonly used technique for proving strong
normalization is that of reducibility, introduced by Tait [13]
and Girard [8, 9]. In this work we follow Schéfer’s approach [11],
who introduces several changes to reducibility, achieving a
technique that is more suitable for formalization, which he
uses to prove strong normalization of System F in Coq. Our
formalization is based on the formalization given by Andras
Kovécs! in Agda for simply typed lambda calculus.

We begin by giving a constructive definition of strongly
normalizing terms, originally presented by Altenkirch.

The set of strongly normalizing terms with respect to a
reduction ~» is inductively defined by the following rule:

Vts~t = t €SN
s€SN

This means that if for each term ¢ such that s ~» ¢, it
holds that ¢ is strongly normalizing, then s is also strongly
normalizing.

In Agda, we can define the set SN using the following
inductive data type:

dataSN{I"A} (t : I'+A) : Set where
sn: (V{t’}>t~wt’”—>SNt’) >SNt

Our goal is to define a function with this type:
strong-norm : V{I"A} (t : '+A) - SNt

We give a definition of this function that represents the
proof of normalization by generalizing the type SN with
the addition of a predicate about the term. In the proof, we
use this predicate to add information about the term when
constructing introductions, and then we use that information
in the cases of eliminations.

dataSNx {I"A} (P: '+ A — Set) (t : '+ A) : Set where
snx :Pt—> (V{t’} >t~mt’ >SN*¥Pt’) > SNxPt

It is easy to see that if a term satisfies SN*, then it also
satisfies SN.

To begin the proof, we need to provide some definitions.
First, we define the “interpretation of the term”, which will
be used for adding some extra hypotheses that allow us
to unblock the proof in the cases of eliminations. A pair
is interpreted as the product of the normalization of each
element of the pair, an abstraction (A t) is interpreted as the
normalization of the term p(t)[u], where u is any normalizing
term and p is any rename function, and the other terms are
interpreted as the unit type of the module Data.Unit.

!https://github.com/AndrasKovacs/misc-stuff/blob/master/agda/STLCStrongNorm/StrongNc
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[[_]] : V{['A} > '+ A— Set

[1t)]] =V{A}¥p :Rename _A}u} —

SN [[_[] u— SN* [[_]] ((u - (idsop) ) t)

[[<a,b)> ] =SN[[_]la®SNx[[_]| b

(Lt] =Top

where ® is the renaming of the operator x of the module
Data.Product, and Top the renaming of Tof Data.Unit. The
definition of interpretation of terms can be extended to sub-
stitutions by defining a predicate that states that a substitu-
tion o is adequate in a context I, written as I" £ o, when all
terms that result from the application of ¢ to any variable
are strongly normalizing.

_F_: Y{A} > (I" : Context) — (o : Subst ' A) — Set
I'eo=V{A} (v: I 3A) > SNx [[_]] (o {A}V)

In particular, the identity substitution ids is an adequate
substitution:

Fids : V{I'} —» 'k ids
Fids _= SN*-rename S_ (o V)

The complexity of the normalization proof lies in the proof of
a fundamental theorem named adequacy, which states that
for any term t and adequate substitution o, SN* [[_]] ({ o)) t)
holds. The proof of this theorem is extensive and requires
proving some extralemmas. In the next subsection we present
some of the most relevant cases of the proof; here we just
give the type of the theorem:

adequacy : V{I'AA}Y{o :SubstI'A} > (t: ['FA) —
F'eo— SN« [[_]] (o) t)

Finally, the strong normalization property is proved by
instantiating adequacy with the identity substitution:
strong-norm : V{I'A} (t : T'FA) - SN t
strong-norm t = transport SN sub-id (SNx-SN
(adequacy t Fids))
where the lemma sub-id : V{I" A} {t : '+ A} — [ids :=

t]()= t eliminates the application of the identity substitu-
tion to the term, and the function transport is a renaming of

Séttimo, Sottile, and Manzino.

This is the simplest case, since there is no possible reduc-
tion step from *:

adequacy * _ =snx tt (1 ())

Case Pair
When the term t is a pair, the following lemma is defined

to allow us to conclude SNx [[_]] t, if SN* [[_]] holds for the
subterms of the pair t.

lemma-¢{,> : V{I'AB} —>{a:I'+A}{b:I"'+B} —
SNx [[_]] a = SNx [[_]] b — SN* [[_]] (Ca, b))

The proof of this lemma is solved by case analysis on the
reduction step taken by SNx [[_]] t, which can be a left or
right congruence of the relations < and 2 ; in each case
we use the inductive hypotheses on the subterms.

Then, we complete the proof of adecuacy for this case as
follows:

adequacy (a, b) ko=
lemma-<,) (adequacy a Fo) (adequacy b Fo)

Case Application

A similar lemma is needed for the case in which t is an
application:

lemma-- : V{I['AB} > {a: '+FA=B}{b: 'FA}—
SN* [[_]] @ = SN* [[_]] b — SNx [[_]] (a - b)

In this lemma we proceed similarly as in the previous lemma,
with the exception that now the step can also be a f-reduction.
This case is solved by applying the interpretation of the left
term of the application (which must be an abstraction) to the
inductive hypothesis of the right term.

The adequacy lemma for this case is solved as:

adequacy (a - b) ko =

lemma-- (adequacy a ko) (adequacy b ko)

Case Projection

The case where t is a projection requires the following

subst, defined in the module Relation.Binary.PropositionalEquality}emma which asserts that SN* l[—” t holds if SN* H_JJ holds

5.1 The adequacy function

We prove the adequacy theorem by induction on the term
t. In each case of the proof we use auxiliary lemmas. To
simplify the explanation, we present the proof by cases.

Case Variable

When the term t is a variable, we have to prove that the
substitution o applied to the variable satisfies SN* [[_]] . Since
we have as a hypothesis that ¢ is an adequate substitution,
it suffices to apply o to the variable:

adequacy (‘ V) Fo=Eo Vv

Case Top

for the term being projected:

lemma-7 : V{I'ABCp}—>{a:T'FAXxB} —
SNx [[_]] @ — SNx [[_]] (r C {p} a)

The proof of this lemma is similar to the proof of lemma-- in
the sense that when the step is a reduction (-7, or f-3),
the lemma is solved using the interpretation of the subterm,
which in this case is the interpretation of a pair { a, b ) that
has the form SN* [[_]] a ® SNx [[_]] b.

The adequacy lemma for this case is solved as:

adequacy (ir _ x) Fo = 1lemma-x (adequacy x ko)

Case Abstraction



Formalizating System | with type Top in Agda

The case where t is an abstraction is more difficult than the
previous ones. As in these cases, we need to prove SN [[_]] (1
t) from SNx [[_]] t, given the interpretation of (1 t):

lemma-1 : V{I ' AB}—>{t: I ,BrA} >
[At] — SNx[[_]] t = SNx [[_]] (2t)

This proof required several lemmas, for example it was nec-
essary to prove that for any terms u and v, and substitution
o:

1. ifu <> vthen, { o) u > (o) v

2.ifu 2vthen, (o) u2(o) v

3. if u is normalizing and o is adequate, then u - o is

adequate.
4. ifu < vthen SNx [[_]] u < SNx [[_]] v

5.ifu 2 v then SNx [[_]] u 2 SN* [[_]] v

In addition, we need to prove that an adequate substitution
composed with a rename is also an adequate substitution:

erename : V{I"A A1} {o : Subst ' A} —
F'eo— (p:Rename A A)) > e ((idsop ) oo)

and that an extension of an adequate substitution is also
adequate:

Fexts : V{I"AA}{o : Subst ' A} —
I'eo— (I', A) E (exts o)

Now, it is possible to define the case of adequacy for abstrac-
tion as follows:

adequacy {oc=0} (1t) Fo =
lemma-1
A{{p=pHu=u}SNu—
transport (SN [[_]])
(subst-split {t=1t})
(adequacy t (kF SNu - (kFrename ko p)))3})
(adequacy t (Fexts ko))

The function subst-split is used to combine the substitu-
tions o and u - (ids o p) into a single substitution.

Case Iso

Finally, the case where t is the constructor of isomorphism
is the most difficult case, because we must resolve the cases
for each equivalence of terms. As in the other cases, we have
a principal lemma:

lemma-=: V{I'ABiso} > {t: ['FA} —
SNx [[_]] t = SNx {A=B3} [[_]] ([ iso 1=1)

This function is defined in terms of this auxiliary lemma:

aux : V{I'Aisot’} > {t: I'FA} >
SNx [[_]] t > ([isol=t) w t’ — SNx [[_]] t’

which is defined by case analysis on the second argument
(the reduction step). The goal of this lemma is to derive
SNx [[_]] t” from SN* [[_]] t, where t and t’ are the terms
related by the corresponding isomorphism. In this proof we
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use the lemmas defined above for the different term con-
structors.

We will not present the proof of this theorem here due
to its length and complexity, we just mention some of the
critical points of the proof and the techniques used:

e The case in which the isomorphism is (Ax%.r, Ax4.s) 2
AxA.(r, s), presents the difficulty of instantiating the
interpretations of the left abstractions for constructing
the interpretation of the right abstraction. To resolve
this, we use a lemma that concludes SN* [[_]] t from
SNx [[_]] (1 t). The idea behind the lemma is to re-
place the first variable of the term with index zero,
thus obtaining exactly the same term.

e In cases involving the curry isomorphism, multiple
substitutions must be combined into a single one that
can be obtained through the interpretation of the ab-
straction.

As a conclusion, we note that the interpretations of the
terms allow us to resolve the cases of elimination (projec-
tion and application), but, on the other hand, the cases of
introduction (product and abstraction) become more com-
plex, since it is in these cases that such interpretations are
constructed.

6 Evaluation
Once the strong normalization property has been proven,
the evaluation function can be defined in Agda since we have
proof that it terminates.

First, we define the relation _~»=_ as the transitive and
reflexive closure of _w»>_:

data _~x_{I"A}: (I'+A) » (I'+ A) — Set where
B (t:TFA) > twxt
2 D0_(t:TrA{rt’ : TrFA} —>
t2r—orwwxt’ > twwxt’
oA D (L TEA){rt’ : THFA} —
teosr D> rwmwxt’ - twwxt’

Given a closed typed term t, the return type of the eval-
uation function will be the reduction sequence from t to a
value t’, defined as the following data type:

data Steps {A} : O + A — Set where

steps: {tt’ : OrA} —

tw*t’ — Valuet’ — Stepst

Then, the evaluation function is defined in terms of this
function:
eval” : V{A} > (t : OrA) >SNt — Steps t
eval” t _with progress t
eval” t _|done It = steps (t W) (closedff—Value ft)

eval” t (snf)
| step {r} te2rwith eval " r (f (inj, t22r))
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...| steps r~t’ fin=steps (t 2 t2r ) r~t’) fin
eval” t (snf)
| step— {r} t<—rwitheval” r (f (inj; t=>r))

.. | steps rwt’ ‘Fj_n:steps (t —{tesr) rWt’) fin

This function apply progress to the typed term. There are
three possibilities:

o If the term t is in normal form, the reduction sequence
is trivial: t ~»* t and t is also a value.

o If t 2 r, we recursively call eval with the proof that
r is strong normalizing. The result is the reduction
sequence obtained by adding the step t 2 r to the
result of the recursion.

o If t < r, we proceed similarly.

We note that the argument that provide the evidence that t
is strong normalizing is necessary to pass Agda’s termination
checker. In each recursive step, a constructor sn is removed
from this argument, making it structurally smaller.

Finally, we define eval using the strong normalization
theorem:

eval : V{A} > (t: O+ A) - Steps t
eval t =eval” t (strong-normt)

7 Conclusions

In this work, we formalized System I with the addition of
the type Top in Agda, proving the strong normalization and
progress theorems.

The strong normalization theorem is important for two
main reasons. From a formalization perspective, the con-
structive proof allows us to define a total evaluation function
for the calculus, by induction on the strong normalization
evidence. From the Curry-Howard perspective, considering
the language as a logic, it ensures its consistency.

The formalization given in this work has some interesting
features. One of them is the representation of intrinsically
typed terms, where each term of the calculus is a direct im-
plementation of a typing rule. As a result of this encoding,
the implementation of functions over these typed terms pre-
serves types, and the application of term isomorphisms is
syntax directed. As a consequence, the relation 2 elimi-
nates the type isomorphisms of a term, in the same way
that the relation < eliminates applications and projections.
This point is essential for making reduction sequences finite,
since it prevents some term isomorphisms, such as (r,s) 2
(s, ), from being applied an indefinite number of times.

Another interesting feature is that the proof given for
strong normalization follows Schéfer’s technique, which,
while framed within Tait and Girard’s reducibility, presents
several changes aimed at a smoother formalization process.
Within that approach, we chose Kovacs’ variant, more appro-
priate for the constructive setting of Agda. It is important to

Séttimo, Sottile, and Manzino.

note that this is the first version we know of for a formaliza-
tion of the normalization proof of a lambda calculus modulo
isomorphisms.

In this kind of calculus, the number of reduction cases
that must be considered in the normalization proof is very
large due to the equivalence relation on terms, so working
in a rigorous setting such as that provided by Agda was very
helpful.
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Abstract

In this work in progress, we adapt the technique of reducibil-
ity candidates to a polymorphic system where types and
terms are equated by isomorphisms, i.e., if a term has type A
and A is isomorphic to B, then the term also has type B. We
follow Parigot’s reducibility style, since neutrality of terms is
not preserved by isomorphism. We define a way to relate sets
in the family of candidates, following the type equivalence,
so that a term not only satisfies the conditions syntactically
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Two types A and B are considered isomorphic (=) if there
exist functions f and g of types A = B and B = A, such
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Cosmo et al. [2] characterized isomorphic types in different
systems, finding axiomatic sets of isomorphisms that serve as
the building blocks for all the existing ones. Typed A-calculi
modulo isomorphisms are built upon these characterizations,
which covered several calculi among which we can find sim-
ply typed A-calculus with pairs and System F. Diaz—Caro
and Dowek first defined System I [3], which accounts for the
simply typed A-calculus (with pairs) modulo isomorphisms.
Follow—up work implemented it in Haskell [5], adding num-
bers and recursion; introduced expansion rules [4], such
as 1, obtaining new properties; restricted isomorphisms to
only distributivity in both typed and untyped A-calculus [1],
proving progress for the latter; and added polymorphism,
including the usual constructions plus the isomorphisms
related to the V type constructor.

In the setting of typed A-calculi modulo isomorphisms,
where equivalence relations at the level of both types and
terms are introduced, the strong normalization property car-
ries several challenges. Mainly, these are: extend the defi-
nition of reducibility/interpretation to reflect the newly al-
lowed term combinations, replicate the equivalence relation
on types in the candidates, and properly characterize the
possible one-step reducts of all terms. An adaptation of
Tait [11] and Girard’s [6, 7] reducibility technique, following
Parigot’s presentation [9], was introduced by Diaz—Caro and
Dowek [3] to prove it for the simply typed version. Just like
the original technique, the adaptation must undergo many
changes when shifting to System F. In this work we pro-
pose a technique that deals with polymorphism following
the same direction, while relying more heavily on Parigot’s
inductive definition of candidates, which is the place where
we replicate the isomorphisms equivalence.

2 Classic reducibility

Reducibility sets were introduced to determine which re-
strictions each set of types should satisfy in order to comply
with termination. To put it shortly, an induction on terms is
not enough to prove 811: let ts with ¢ and s both $77; since
ts might itself form a redex, we need more information to
conclude $71 for it. Reducibility sets are the result of looking
for something that could provide us with that information.
Concretely, it proposes asking not only that terms are $717,
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but also to follow their type constructors asking to remain
S while these are eliminated. This property must hold until
reaching atomic types, so we can define the interpretation
of a type as simply $11 for atomic types, and as remaining
reducible when applied with reducible terms.

[«¢] = SN,
[A — B] {t:A— B|Vse[A].ts € [B]}

Resuming the ts example, inductive hypothesis now tells us
that ¢ and s are both reducible, which means we can apply
them and stay reducible, so the redex formed in fs is not a
problem anymore. Essentially, asking for terms of types to
be reducible is enough to guarantee termination.

Previous explanation works for simply typed A-calculus,
since atomic types cannot be eliminated in any way, so they
can be safely interpreted as S871. In the case of System F,
atomic types are type variables; these cannot be eliminated
either, but they can be replaced with other types. We could
then define reducibility for variables simply by replacing the
variable with its type argument, but the inductive definition
would fail if we substitute the variable with a larger term
than the one we started with. Let us show the naive definition
and then an example.

[x] = &nx
[A — B] {t:A|Vs e [A].ts € [B]}
[VX.A] {t:VX.A| VB e K.tB € [A[B/X]]}

Then consider [VX.X — X] = {t : VXX — X |VB €
K.tB € [B — BJ|}. If we take B = ¥X.X — X, we get
[VXX -5 X) 5> (VXX > X)] ={t: (VXX - X) -
(VXX - X) | Vs € [VX.X — X].ts € [VX.X — X]}.
The dynamism of types prevents us from simultaneously
following types syntax and term’s type application, since
the latter changes the former. Girard then introduced two
changes to the definition of reducibility. Although they are
meant to be one change, since they do not work separately,
we will introduce them separately for clarity.

1. Candidates: Reducibility sets are clearly defined for
simply typed A-calculus: we just follow type structure
and collect restrictions. In the case of System F, since
we cannot define the notion of reducibility together
with that of interpretation, we must take a distinct
approach. Recall that, intuitively, reducibility sets are
built by the restrictions that the terms of a type must
satisfy to ensure termination. The reducibility set of
a given type cannot be provided until knowing the
reducibility sets corresponding to its free variables. In-
stead of expecting reducibility sets to match free vari-
able restrictions, we will accept reducibility candidates,
which is any set satisfying some specific conditions,
and we will build the exact reducibility set throughout
the Adequacy proof. One of the necessary restrictions
of any reducibility set is to be a subset of 871, so that
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will be the starting candidate. At any given point of
the proof, the restrictions posed by the “growing” can-
didate will be enough to proceed.

2. Parametricity: To keep types structure from growing
along with the definition of reducibility, we add an-
other parameter p consisting of a map from type vari-
ables to reducibility candidates. Then, instead of ask-
ing for tB to be in [A[B/X]], we ask for it to be in
[A] {x+>F}, where F stands for any valid candidate of

B.
[[X]]p = pX)
[A—=B], = {t:A|Vse[A],ts€[B],}
[VX.Al, = {t:VX.A|VBeK.BeI[Al, (xmr}

3 Reducibility candidates a la Parigot

Parigot introduced in 1997 [9] an alternative reducibility can-
didates technique, in order to prove 811 in the Ap-calculus,
which is a calculus for classical logic. The main difference
with Girard’s is that reducibility candidates are presented
as an inductive membership relation, instead of being any
set satisfying some properties. This allows us to reason in-
ductively over candidates, since we have a derivation tree
as a proof for all candidates that belong to the family, so we
have structure to work with when dealing with one. Given
a candidate, we can follow its structure to determine which
are the possible ways to apply its terms, obtaining the set
of eliminators that a term must withstand (i.e. be $71' when
applied with) to be a part of the candidate.

In this section we provide a presentation of the pure tech-
nique, i.e. restricting it to the framework of System F by
ignoring the classical logic constructions of Au.

Let T4 be the set of typed terms of type A, 7. the set of all
typed terms, K the set of all types, $714 the set of strongly
normalisable typed terms of type A, and §714 the set of all
strongly normalisable typed terms.

We define the sets that will consist of the building blocks
of reducibility candidates. The candidate constructors are
defined according to the ways the system allows eliminations
for each type. In System F, this means that, for instance,
the constructor for the arrow type can be eliminated via
application over an argument.

Definition 3.1 (Constructors of potential candidates).

F5G = {te€Jap|Yu€eF. tseG}
with FCJsand G C Ip
VB.Us = {te€Jyxa|VYBeK.tBeUs}
with  (Up)pek family s.t.
and Up C 7A[B/X] forallBe K
S=AG = {teTy|Vies. tuieG}

with S C (7, UK)<®
and GCJ

! Actually, terms must remain reducible through elimination, not only §71.
This is explained later.
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Definition 3.2 (Family (Ra)aek of sets of reducibility can-
didates of type A).

U e (RA Ve 0%3
é’nAGfRA U%VE[RA_)B
Up € @A[B/XJ (for all B € K)
\;’B.UB < (RVX.A

X C Ra
mXEfRA

Lemma 3.3 (Candidates termination and inhabitation). If
Fe Ry, thenF C SNy andx4 € F.

Proof. We prove a slightly more general lemma: if F € R4,

then F C 814 and xCii € $1 4 implies xCii € F. By taking

C=Aand i = ¢ we get x* € F. We proceed by induction on

Fe QQA.

1. 8T 4: trivially $114 € SN 4 and xCi e SNy implies
xcii € SnA
U e !RA Ve !RB
2. USV e Ry,p : we recall that U5V is the set of
terms t that, when applied to a U, belong to V. By
IH,V € $Ng and x* € U. Since tx4 € V for any
t € USV, we have tx? € SNy A loop in t would
also produce a loop in tx?, therefore t € $714_,5. Let
xCii € SN a_,p, then xCiis has type B for all s € U,
since, by IH, U C &1 4. Furthermore, since redexes
in x“# and s cannot interact and both terms are S71,,
we can conclude xCiis € $15. We have then, by IH,
that xCiis € V; this satisfies the definition of =, so we
conclude x€ii € USV.
{Fi | i€ I} c (RA

3. N{Fi | i € I} € R4: we must check that given any sub-
set of candidates in (R4, their intersection is also €
&M 4; this follows from IH F; € 8§71 4. Same goes for
xCii € My, since by IH xCii € ST 4 implies xCii € F;
foralliel.

Ug € (RA[B/X] (fOI’ all Be K)

4. VB.Ug € Ryx.a : we recall that VB.Uy is
the set of terms ¢ of type VX.A such that for all B, tB €
Up; i.e. type application puts them in the associated
member of the family U. To prove that any ¢ there is
SMNyx.a, we observe that tB € $Tl,(p/x] by IH, and
conclude since redexes are the same in both terms.
The variable result is even more direct than that of —.
Let x°# € VX.A € SNyx 4; then for all B, we have
xCuB € SN 4rp/x], and, by IH, xCiiB € Ug. Hence,
since B is any, we conclude xCi € \~/B.UB.

O

As noted previously, the main distinction of Parigot’s tech-
nique is that candidates have structure we can work with.
Candidate constructors (Definition 3.1) pose specific restric-
tions over its terms, so each candidate of a same type have
different restrictions. We are interested in being able to prove
belonging of a term to a candidate without relying on neutral-
ity (since we do not have reliable neutral terms). So instead
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of building the reducibility tree for neutral terms, we ask
for more information from the candidate. That information
is the set of all its possible eliminations, in a way such that
proving the term is §71.applied with any of these is the
same as proving the term belongs to the candidate. This is,
we want to be able to characterize any candidate as a set of
eliminators. The following definitions go in that direction.

Definition 3.4 (Orthogonal of a candidate). We define the
notion of orthogonals of a candidate F as the sets X C
(SN, UK)<“ such that F = X= 481.,. We define the func-
tion -* that produces the greatest orthogonal of a candidate,
by induction on its belonging derivation.

L
($724) _
Ueky VeRs)™  _ .
(U%VegeA_,B) = UxV
(Filiel} C Ry \* . o
(Q{FiliEI}E(RA = U{Fliel}
Up € Rap/x] (for all B € K) 1
( VB.Ug € R ) = Upex({B} x (Up)")
VB VX.A

Note: we will write F* instead of F € R}, since when we
deal with specific candidates we are actually dealing with
their belonging derivation.

Lemma 3.5 (Orthogonality characterizes candidates). Let
F e Ry. Then F = FF=,8N..

Proof. By induction on F € R4.

1. 871 4: trivial since $14 = e 58T 4.
Ue QA Ve G%B

2. USVeR g :byIHV = V+=5SN,. Since U C
SN, we have U X V* € (SN, U K)<®. Finally:

USV={teTyg|VseU.tseV}
={teTap|VseU.ts € V-S8N,}
={teTap|VseU.Viec V™ tsii € SN,}
={t e Tu_p|V(s,u) e UxV* t(s,i) € SN,}
={teTu_p|VoeUxV*+ ts e SN}
=UXV*34 58N,

{Filiel} CRy
3. N{Fi|i €I} € Ra: by IHF; = F+=,87.. Then
ﬂ{Fi liel} = ﬂ{F,%:xAsn* liel}
- (U{Fil | eI}) IR
Up € Rap/x) (for all B € K)

4. QB.UB (S m\/X.A
(UB)J':~>A[B/X]CS)n*. Then:

VB.Ug = {t € Jyx.a | VB. tB € Ug}

: by IH we have Up =
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={t € Jyxa|VB.tB € (UB)L=N>A[B/X]<S7/Z*}

= {l’ € Jyx.A | VB. Vi € (UB)l. tBu € S?’l*}

= {t € Jyx.a | V(B @) € {B} x (Up)*. t(B, i) € S1..}
={teTuxalVie | (B} x (Up)*). 13 € ST)

BeK

= [ JUBY x (Us) ") SvxaST,

BeK

As stated before, the interpretation of a type is the function
that tells us which are the restrictions that its terms must
satisfy in order to later prove termination. In Parigot style,
we use the candidate constructors to build the set, and then
we prove that the set built is indeed a candidate for the type.

Definition 3.6 (Interpretation of types). We define the set
[A], by induction on A.

[[X]]p = p(X)
[A—B], = [Aﬂp%[[B]]p
[VX.A]]D = VB.ﬂ{[[Aﬂp.[p/XHFE(RB}

Intuitively, we follow the type constructors and include re-
strictions accordingly:

o for variables, we simply provide the candidate in the
context;

e for arrows, we ask to remain reducible when applied
to a reducible term;

o for universal quantifiers, we ask to remain reducible
when applied to an arbitrary type, under all the re-
ducibility candidates for the given type.

Definition 3.7 (Terms, Types, and Candidates mappings).
Let0:Var —» J,,0: TVar —» K,and p : TVar —» R,. We
define the following notions of validity, noted E:
1. o, p £ A iff for all free type variable X in A, it holds
that p(X) € Ry (x).
2. 0,0,p kT iff for all x4 in T, it holds that H(XU(A)) €
[A]

Lemma 3.8 (Interpretation is a candidate). Lef o and p such
that o, p £ A. Then [A], € Ry (a).

Proof. By induction on A:

1. X: [X], equals p(X), which belongs to R,(x) by hy-
pothesis.

2. A — B: by IH, [[A]]p € Ry(a) and [[B]]p € Ry(B)-
Then, by Definition 3.2, [A],=[B], = [A — B], €
RoasoB = 'CRO'(AHB)'

3. VX.A:let Band F € Rp.ByIH, [[A]]p‘[F/XJ € Ry [B/x1A =

CR(GA)[B/X].Wehavethenthat{[[A]]p.[F/X] | F e Rg} C
R(ca)[B/X]> 50, by Definition 3.2, m{[[Aﬂp{F/XJ | F €
Rp} € R(sa)[B/x]- Then, again by Definition 3.2,
since previous statement holds for any type B, we have
IIB. m{[[A]]p-[F/X] | F e fRB} = [[VX.A]]p [S mvxﬂA =
Re(vx.a)- ]
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Lemma 3.9 (Substitution). [A[B/X]], = [Al,.((8],/x]
Proof. By induction on A. O

Lemma 3.10 (871 —closure under head expansion).
1. Ifs € SN, and t[s/x*)i € SN, then ((Ax?.t)s)i €
SN,
2. IfBe K and t[B/X]u € SN, then ((AX.t)B)u € S,

Proof. By induction on [s| + [¢| + |i|, with | - | the longest
reduction chain from a given term. ]

Lemma 3.11 (Adequacy). IfT +t: Aand6,0,p £ T, then
0(a(1)) € [A]p-

Proof. By induction on the typing derivation.

1. x : A € I': by hypothesis, ox € [A],.
F'rt:A—>B TFrs:A
2. I'rits:B : by IH we have 0ot € [A —

B], = [A],=[B], and 8os € [A],, so (6ot)(fos) €

[B] . By substitution definition, 8o (ts) € [B],.
I''x:A+t:B

3. T+ Ax?.t : A — B:toprove that 0o (Ax?.t) = Ax74 0ot €

[A — B], = [A],>[B],, we must check that for

all s € [A],, we have (Ax7.00t)s € [B],. By IH,

0o (t)[s/x°*] € [B],. By Lemma 6.9, we have [B], €

Rop. Thus, by Lemma 6.5, [B], = [B];=55511.. By

definition of =,5 we have that, for all i € [B] /i’ it

holds that Oat[s/x°]ii € $11,. By Lemma 3.10, we
have (1x°4.00(t))sii € SN... Hence, (Ax°4.00t)s sat-

isfies the belonging conditions of [B] ;= 5S 1. = [B],,

and we conclude 1x7*.00t € [A — B],.

F'rt:VX.A
4. T +tB: A[B/X]: by IH fot € [VX.A],, so for all C
and F € R¢, we have (0at)C € [A],.(r/x]- To prove
that 8o (tB) = fotoB € [A[B/X]],, we consider two

cases depending on X occurring free in A:

a. X € FVA:since 0,p £ A[B/X], it also holds that
o, p E B. By Lemma 6.9, we have [B], € R,p. By IH,
(Oot)oB € HAﬂp-[[[B]]p/X]~ Since [[A]]p-[[[B]]p/X] equals
[A[B/X]], by Lemma 6.10, we conclude.

b. X ¢ FVA: then A[B/X] = A, so we must prove that
OotoB € [A],. Let F be any of Ryp, e.8.81 ;p. Then,
by IH, (6ot)(oB) € [A],.[r/x]- Note that, for all A’
such that Y ¢ FVA’, it holds that [A’],.[g/y] =
[A’] . Then [A],.1r/x] = [A]p, so we conclude.

Trt:A X¢FV(D)

5. TrAX.t:VX.A :wemustprovethat0o(AX.t) €

[VX.A],, ie (AX.8ct)B € [A],.[r/x] for all B and

F € Rp. Since 0 remains unaffected by [B/X] due

to X ¢ FV(A), we have (6ot)[B/X] = 6(o - [B/X])t.

Furthermore, 6, (o - [B/X]), (p - [F/X]) E T, so, by IH,

0(o-[B/X])t € [A],.[r/x]- By Lemma 6.5, it holds that

(6(c - [B/X])t)u = (fot)[B/X]u € SN, forallu €

[[A]];[F/X]. By Lemma 3.10, we have (AX.0ct)Bi €
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&M.,. Hence, (AX.00t)B satisfies the belonging con-
ditions of [[A]];[F/X]_%(,A&n* = [A],.[F/x], and we
conclude 0o (AX 1) € [VX.A],.

[m}

4 System F modulo isomorphisms

Polymorphic System I (PSI) [10] is an extension of System
I [3] to polymorphic types. In this section we present the
system.

The syntax of types coincides with that of System F [8,
Chapter 11] with pairs:

A == X|A->A|AXA|VX.A

where X € T Vazt, a set of type variables.

In System I, variables can only have so-called prime types,
which are those that are not equivalent to a product. In
order to properly maintain this limitation in a System F
based calculus, we must restrict type application: each type
appearing at the level of terms must be prime. We denote
prime types with A, B, C, .. ., and the set of prime types with
K.

Terms are then:

tou= x® | AP |t | (4 t) | mat | AXot | tA

Usual projection 7;t does not make sense in these systems.
Consider m; (x*, yB); since the pair has type A X B which is
equivalent to B X A, first element can be both x and y. Com-
mutativity and associativity make pairs positions indistin-
guishable. The projection that makes sense here is over types:
7a{x®,y®) is indeed x. When both elements of the pair are
of the same type, the system behaves non-deterministically.
Determinism can be easily recovered by adding type con-
stants ¥ and g, inhabited by 1 and 2 respectively, and defining
m1{t, s) as (me_a{(Ax¥ .1, Ax".s))1.

The typing rules are:

F'rt:A A=B
I'x:Arx: A T'+t:B
I'x:Art:B Crt:A—B Trs:A
TrAx®t:A—B Trts:B
T'rt:A I'ts:B T+rt:AAB
I'+(ts):AXB Trma(t): A
F'rt:A X ¢ FTV(I) Trt:VX.A
THAX.t:VX.A I'+tB:A[B/X]

Note that the arrow introduction rule puts a prime type
to the left, but the elimination rule allows any type to the
left. This happens because the type of the function can be
obtained by rule =.

The type and term equivalences are:

AAB=BAA (1)
AAN(BAC)=(AAB)AC (2)
A= (BAO)=(A=>BAA=C) (3)

IFL 25, October 1-3, 2025, Montevideo, Uruguay

(ANAB)=C=A=B=C (4)
X ¢ FTV(4), YX.(A = B) = A= VX.B (5)
VX.(AAB)=VX.AAVX.B (6)

(r,s) 2 (s,r) (comm)

(r, (s, t)) 2 {(r,s), 1) (asso)
XA (rs) 2 Ax? r Axds) (1sty)
(r,s)t 2 (rt,st) (D1STapp)
r(s,ty 2 rst (curry)

X ¢ FTVA(A), AXAxAr 2 AxA AX.r

(AxA. r)[B] 2 Ax?. r[B]

(p-commy, ;)

(p-commy, ;)

AX . Ar,s) 2 (AX.r,AX.s) (p-DiSTY, A,)
(r,s)[A] 2 (rA, sA) (P-DISTy, A;)
myx.A(AX.r) 2 AX.ma(r) (P—DISTviAe)

Ifr:¥X.(BAC), (myx.pr)[A]l @ mx.=a18(r[A]) (poisTy, )

Reduction is given by the rules corresponding to each
elimination, preceeded by arbitrary term equivalences.

IFTFs:A (XA r)s— [x:=s]r ()
(AX.r)[A] = [X = A]r (Ba)
AT rr:A ma({r,s)) > r ()

MxAre2lxts rt2st trets

res res res

(t,ry 2 (t,s) ma(r) @ ma(s) (r,t)2(st)
res ras res

AXra2AXs rAasA

res ras

AxAr ~o AxAs  rt ~o st
F s r s

tr ~» ts
rws

(t,r) w (t,s)  ma(r) wo mals) (rt) w (s,1)
r s r s r s

AX.r w» AX.s rA~sA

r vw>§ r w» §

Definition 4.1 (Measure on types). Let m(A) be a measure
stable by isomorphisms, i.e. such that if A = B then m(A) =
m(B).
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5 Issues with isomorphisms and classical
reducibility

The core idea of reducibility is, as we described earlier, to de-
termine what are the circumstances that the terms of a given
type must resist with “good” behaviour, and what “good” be-
haviour means. The way to determine these is to follow the
structure of types when we have them, and to parameterize
and find out in a stepwise manner when we do not have a
structure to follow.

The first challenge is that the structure of types is not
stable through isomorphisms. For instance, in System F a pair
(AX.t,AX.s) can only be projected, so the circumstance to
resist is simply projection; in Polymorphic System I, the same
term can also be applied to a type D, so the circumstances
to resist now depend not only on its type structure, but on
the structure of all its isomorphic types. We must define
reducibility and interpretation in such a way that all these
circumstances are properly considered.

The second challenge is that one of the main properties of
reducibility candidates from Girard’s approach, the so-called
CR3, requires neutrality of terms to be stable, which does
not hold for terms equated by isomorphisms. A neutral term
is one that is not an introduction, e.g.variables and elimi-
nations. Polymorphic System I equates ((AX.t)D, (AX.s)D),
an introduction, to (AX.t, AX.s)D, an elimination. CR3 is
used when testing that an introduction term behaves well
under its immediate restrictions, by showing that if it is
neutral and all its reducts are well-behaved, then it is also
well-behaved, where well-behaved means recursively (on
the type) reducible. Since we cannot rely on this property,
we take Parigot’s approach, which considers all the possible
ways to apply the term and shows 811 for all of them. To do
so, Parigot gives candidates an inductive structure, in order
to be able to determine what are all the ways that the term
can be applied. We come across the first challenge again:
the equivalence on types that required us to make terms
resist not only their type eliminations, but also those of their
isomorphic ones, also requires us to relate the candidates of
isomorphic types in the family of candidates.

A third challenge, which is more general and not partic-
ularly tied to reducibility, is that terms have more one-step
reducts in Polymorphic System I than in System F. Consider
(AX.(t,s))D.In System F, it has three kinds of reducts: those
in t, s, and the type application. In Polymorphic System I, it
is equivalent to ((AX.t)D, (AX.s)D), which has four kinds
of reducts: those in ¢, s, and now two type applications in-
stead of one. The proof requires us to know which are all the
one-step reducts of a term, so we must understand all the
possible ways in which the term equivalence makes redexes
arise.

Diaz-Caro and Sottile.

6 Reducibility candidates modulo
isomorphisms

In this section we sketch the structure of the reducibility
proof adapted to the equivalences induced by isomorphisms,
explaining what changes must be done to each part and
presenting some finished and in progress lemmas and proofs.

We recall that candidate constructors are the building
blocks of reducibility candidates, and that they are defined
according to the ways the system allows eliminations for
each type. Although Polymorphic System I allows unusual
eliminations for each type, this will modify how the family of
candidates is populated, not the constructors, which remain
the same. The only change we introduce here is the candidate
constructor corresponding to our type-based pair projection.

Definition 6.1 (Constructors of potential candidates).

i FE = {t €Tax.xa, | Viel.n myt e F}
with F; C g,
F5G = {t€Ja.p|Yu€eF. tseG}

with F C 4 and G C Jp

VB.Us = {teTyxa|VBeK. tBeUs}
with (UB)BEK family s.t.
Up C Jarm/x) forall B € K
S=uG = {teTy|VYies. tueG}

withS C (7. UK U {mg})? and G C T

We write F;xF, for I—[f:1 F;. We use 74 to refer to the
projection as a postfix operator.

We stated that the intuition for candidates is to deter-
mine which restrictions should be satisfied by the terms of a
given type, where the restrictions come from the interactions
under which the term should remain reducible. In regular
systems, these interactions are mainly the eliminations of
the principal constructor of the type. In systems modulo
isomorphisms, each type allows the eliminations of all its
isomorphic types, for instance when a pair of functions is
directly applied without a prior projection. The family of
reducibility candidates must reflect the new restrictions. To
do so, we introduce a new belonging rule: if we have two
candidates F and G of two isomorphic types A and B, then
the intersection of the candidates is a candidate that belongs
to the set of candidates of both types. This way we are asking
the terms in the new candidate to resist more interactions,
thus satisfying more restrictions: those of F in (R4 and those
of G in Rp.

Definition 6.2 (Family (Ra)aek of sets of reducibility can-
didates of type A).

UeRy VeRp

SNy e Ry USV e Ryp
Xgﬂ%A Up emA[B/X] (fOI’allBEK)
ﬂX € fRA QB.UB € m\,/X.A
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Fe®Ry GelRp Fe®Ry GelRg A=B
F;(GE@AxB FNGeRy

Lemma 6.3 (Candidates termination and inhabitation). If
Fe Ry, thenF C 8N4 andx4 € F.

Proof. By induction on the derivation of F € R4. We extend
the proof of Lemma 3.3 by adding the two new cases:
FeRy GeRp
1. FXG € Raxp : We recall that FXG is the set of
terms t of type A X B that, when projected to A (resp.
B), belong to F (resp. G). By IH mat € F € 8114 and
gt € G C 81p. Since both projections are 817, then
t is also SN. Let xCti € SN axp. By IH 74 (xCi) € F
and 73(xCi) € G, so by Definition 6.2 x i € FXG.
FeRy GeRg A=B
2. FNGeRy :Lett € FNG.Thent € F
so, by IH, t € SN 4. Let xCii € SN 4. By IH x i € F.
Since A = B, it holds that xCii € S$¥jp, and by IH
x i € G. Therefore xii € FNG.

O

Definition 6.4 (Orthogonal of a candidate). We define the
notion of orthogonals of a candidate F as the sets X C
(SN UK U {ma})<? such that F = X=,81... We define
the function -* that produces the greatest orthogonal of a
candidate, by induction on its belonging derivation. The dif-
ferences with Definition 3.4 are only the newly added cases.

1
(SnA) = ¢
UeRy VeRp)"
UeRa VeERp _ L
( U—-V € Rap ) Ux
{Fi|i€1}§(RA + L
= F: I
(ﬂ{FiUEI}Gg%A U{F; liel}
Up € Rajpx) (for all B € K)\*
( VB.Uz € R ) = Upex({B} x (Up)")
-UB VX.A

(FEmA GGmB)J-

= = (maxFYH U (mpgxGt
T (72 X F4) U (75 x G*)

L
(Fe(RA G € Rp AEB) FLUGt

FNGeRy

Note: we will write F* instead of F € Ry, since when we
deal with specific candidates we are actually dealing with
their belonging derivation.

Lemma 6.5 (Orthogonality characterizes candidates). Let
Fe mA. Then F = FL:~>ACS’TZ*.

Proof. By induction on F € R4. We extend the proof from
Lemma 3.5 with the new cases.
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Fe GQA Ge geB
1. FXG € ﬂ%AxB : by IHF = Fi=~>AcS’7Z* and G =
G+=3pSN..
FXG = {l’ € Jaxp | mat € F, ngt € G}
= {t € JaxB | Al € FL=~>AS7”I*, gt € GJ'QBS”*}

= {t € JaxB | Viy € Fl.ﬂAtaA € SN, Vg € GL.JIBtlTiB € Sn*}

={t € Taxp | Y(7c, lic) € (A X F*) U (7 X G*). t7ciic € SN}

={t € Taxp | Vo € (MaAXx F)U (g X G*). ts € SN}
= (ﬂx Fl) U (H_BX Gi)éAstn*
Fe G%A Ge G%B A=B
2. FNGeRy :byIHF = F*= 48N, and
G =Gt=>gSN,.
FNG=F'S,8N, NG =SSN,
= (Fl UGL)=~>AS7’Z*

Note that the set of terms of type A coincides with the
set of terms of type B due to A = B.

]

In System F, we followed the type constructors to define
the interpretation of a type. In Polymorphic System I, we
need to follow the type constructors of all the types isomor-
phic to A. Definition 6.1 states what is the direct restriction
that terms of a given type should satisfy. We will consider the
equivalence class of A, and ask the terms in [A] p to satisfy,
for all the types B isomorphic to A, the direct restriction of
the principal type constructor of B together with those of
the interpretation of its inner types. For instance, to define
[XxY],, we will ask terms in X XY to satisfy the restrictions
posed by p(X)Xp(Y), and also those posed by p(Y)Xp(X),
since Y x X is the only type isomorphic to X X Y.

Definition 6.6 (Interpretation of types). We define the set
[A], by induction on m(A).
1. In the base case we have A = X. We define [X], =
p(X).
2. In the inductive case we [A], as the set of terms ¢ such
that:
o for all B,C with A = B x C, we have t € [B] ,X[C],;
o forall B,CwithA = B — C,wehavet € [B],>[C],;

e forall Bwith A = VX.B, we have t € VD. M{[B]y-[r/x]IF €

Rp} for all D.

Remark 6.7 (Stability of interpretation through isomorphisms).
A = B implies [A], = [B],.

Definition 6.8 (Terms, Types, and Candidates mappings).
Let6:Var - J,,0:TVar - K,and p : TVar — R.. We

define the following notions of validity, noted k:

1. o, p £ A iff for all free type variable X in A, it holds
that p(X) € Re(x)-
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2. 0,0,p kT iff for all x4 in T, it holds that H(X‘T(A)) €
[Al,.

Lemma 6.9 (Interpretation is a candidate). Let o and p such
that o, p £ A. Then [A], € Ry (a).

Proof. By induction on m(A).

1. In the base case we have A = X, so by hypothesis
P(X) € maX-

2. In the inductive case we consider all the possible equiv-
alences:
e if A= BXC, then, by IH, [B], € Ry(p) and [C], €

Rs(c)- Then, by Definition 6.2, [B] ,X[C], € Rypxoc =

R (BxC)-
e if A= B — C, then, by IH, [B], € Ry () and [C], €

Rs(c)- Then, by Definition 6.2, [B] ,—=[C]l, € Ro—oc =

mo(B—»C)-

e if A =VX.B,thenletCand F € Re.ByIH, [B],.[r/x] €

Diaz-Caro and Sottile.

o if A = VY.C, thent € VD.N{[C[B/X]],.(r/v|IF €
Rp}. By IH, t € YD."{[Clp.(r/y([B],1rv1/x1IF €

Rp}
Then, by Definition 6.6, t € [A],.[15],/x1, s0 [A[B/X]], €
[Al,-(181,,/x]- The symmetric inclusion is proven similarly.
O

A key part of the Adequacy lemma is the recursive anal-
ysis of one—step reducts of terms, proving that all of them
are 8., in order to prove that the common anti-reduct is
also 871... Although this is not a particularly complex part,
the amount of equivalences that arise on terms produces
several new one-step reducts for each term constructor, so
the analysis has a small combinatorial explosion. The most
essential task here is to understand what are all the possible
one-step reducts of all term constructors. To do so, we first
characterize the class of equivalence of term constructors.
For instance, to which other terms can a type abstraction be

Ro.1c/x18 = R(sB)[c/x]- We have then that {[[B]]p.[p/x] | Feguivalent'
Re} € Riop)[c/x), 50, by Definition 6.2, ({[B] - (7/x1 | F §emma 6.11 (The class of type abstractions). IfAX.t’ 2" s,

Rec} € R(oB)[c/x]- Then, again by Definition 6.2,

since previous statement holds for any type C, we

have VC. m{HB]]p[F/X] | F € mc} S «rRVX.UB =

Ro(vx.B)- o
We proved, for all types B isomorphic to A, that the set
formed by IH (e.g.[B1] 5, [Bz] ) and the candidate con-
structor (e.g.—) of its main type constructor (e.g.—), is
a candidate of R, . Let us call that set B. To show that
[A], is indeed a candidate of Rs4, we can apply the
previous reasoning to A, since = is reflexive, obtaining
the candidate A of Ry 4. If we take A N B, we get a
candidate of R4 by the isomorphic candidates rule. If
we repeatedly apply the rule for all C corresponding
to each C isomorphic to A, we get A NC; N...NC,,.
That set is precisely [A],, so we conclude.

Lemma 6.10 (Substitution). HA[B/X]]]p = HA]]pA[[[B]]p/x]

Proof. By induction on m(A). For the base case, we have A
equal to a type variable, and we consider two possibilities,
whether it coincides with X or not.
o IfA = X, then [X[B/X]], = [B], = p-[[B],/X]1(X) =
[XDp 111,51

o IfA=Y,then[Y[B/X]], = [Y], = pY = p-[[B],/X]Y =

[YTp-1181,/x1-
For the inductive case, [A], is built considering all possible
types equivalent to A. So we check back and forth that, in
all these cases, the equality holds. Let t € [A[B/X]],.
e If A= CxD, then ¢ € [C[B/X]],X[D[B/X]],. By IH,

t € [Clp-1181,/x1}[D]p 1 181,/x1-
e If A=C — D, thent € [C[B/X]],=[D[B/X]],. By

IH, t € [C] o181, /x1>[Plp-118),/x1-

then s is equal to:

1. AX.s" witht' 2™ s’ andm < n

2. AxAs witht 2™ Ax?r, s’ 2™ AX.r,mi+1+my <
n, and X ¢ FV(A)

3. (s}, s5) witht' 2™ (ry,ro), s, 2™ AX.r;, and my +
1+my +my, <n

4. wyx.as witht' 2™ gar, s’ 2™ AX.r,andm; +1+
my < n

Proof. By induction on the equivalence derivation AX.t’ 2"
S. O

The characterization lemmas for the equivalence class of
the other term constructors are a work in progress. Once
we have them, we will be able to characterize the possible
one-step reducts of all terms. These will enable us to re-
produce the 871 closure under head expansion lemma in
Polymorphic System I, and finally to proceed with the Ade-
quacy lemma.

WIP Lemma 6.12 (Adequacy). IfT +t: Aand6,0,pET,
then 8(o(t)) € [A],.

WIP Theorem 6.13 (Strong normalization). IfT + ¢ : A,
thent € SN.
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Foundations of Gradual Abstract

Interpretation (draft paper)

ANONYMOUS AUTHOR(S)

Static program analyses are valuable tools for testing and light-
weight verification of software, offering automated predictions
of program behavior. Soundness is desirable, but non-trivial pro-
gram properties are undecidable, so sound analyses must rely
on over-approximation. This often leads to imprecision, such as
false alarms or unnecessary rejections of valid programs, which
limits the usability of sound analyses in practice. To mitigate this
problem, some authors have proposed soundiness: analysis design-
ers can deliberately under-approximate certain features, provided
that assumptions are made explicit. However, soundiness alone
does not ensure that assumptions hold at runtime, leaving results
potentially invalid. We explore an alternative approach based on
gradual techniques: optimistic assumptions are combined with
runtime checks, producing not only analysis results but also elab-
orated programs that detect violations dynamically. This gradual
style allows analyses to recover precision without abandoning
reliability. We explore how the framework of abstract interpreta-
tion can be infused with this gradual approach to produce gradual
analyses. We develop the foundations of Gradual Abstract Inter-
pretation (GAI) and formalize its metatheory for a small language

in RocQ.

1 Introduction

Static program analyses are important tools in software
development. They help in both testing and lightweight
verification of programs. Their push-button nature is at-
tractive: they can automatically report the presence of bugs
or check that a program satisfies a given property without
requiring user interaction.

A central concern for such tools is soundness. A sound
analysis guarantees that no bugs are missed and that no
program is incorrectly verified as satisfying a given prop-
erty. Soundness is desirable because an unsound tool can
mislead developers, either by overlooking errors or by val-
idating programs that do not behave as prescribed by their
specification.

The main framework for designing sound static analyses

is abstract interpretation [Cousot and Cousot 1977]. This

framework provides a systematic method for approximat-
ing program behavior in a way that preserves soundness.
However, by Rice’s theorem [Rice 1953], every non-trivial
semantic property of programs is undecidable. Therefore,
analyses cannot be both precise and sound. If soundness is
required, program behavior must be over-approximated.
Over-approximation ensures that all possible traces of ex-
ecution of a program are considered to make a prediction.
This might include paths that are actually impossible, in-
troducing imprecision. An analysis that is too imprecise
becomes impractical. For instance, if it reports too many
false alarms or rejects too many valid programs, developers
may start to disregard the alarms and error reports.

In practice, several sources make over-approximation
particularly troublesome. Some low-level details leak into
the analysis, such as the overflow behavior of machine inte-
gers. Certain language features are also difficult to handle
statically, for example dynamic evaluation, reflection, or
user input. Moreover, programs often depend on external
libraries or APIs for which precise models are not available.

To address these difficulties, the notion of soundiness has
been proposed by Livshits et al. [2015]. In soundy analyses,
designers intentionally under-approximate some features
in order to improve precision. This approach accepts a
degree of unsoundness but requires analysis designers to
state explicitly which features are under-approximated.
The drawback is that soundiness itself does not guaran-
tee that these assumptions are respected during program
execution. Which means that users might act on invalid
results if they misuse the tool.

In this work, we address the problem in a gradual style,
taking inspiration from the principles of gradual typing
[Siek and Taha 2006]. The approach relies on optimistic
under-approximations, which are validated through the in-
sertion of runtime checks that dynamically verify whether
the assumptions hold. In this way, the output of a gradual
analysis is not just an analysis result but also an elabo-
rated program. The instrumented program contains run-
time checks that raise errors as soon as an assumption
is violated, ensuring that the analysis results are sound

approximations of the elaborated program’s behavior.
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Contributions. With this work, we make the following

contributions:

o We explore how the framework of abstract inter-
pretation can be infused with the ideas that come
from gradual typing to design gradual analyses.

o We develop the foundations of Gradual Abstract
Interpretation (GAI) and study its metatheory.

e We provide a mechanized formalization in RocgQ

of a proof of concept for a small language.

Outline. The rest of the paper is organized as follows.
In § 2 we illustrate the essence of this work with a run-
ning example. The small language that we consider for
our development is defined in §3, where we also present a
sound static analysis for it. In §4 we present soundiness in
more detail, discussing how we could use that approach
to increase precision of the static analysis and ponder its
problems. The foundations of GAI are introduced in §5,
where we start with an overview of the technical aspects
of the approach (§5.1), followed by the presentation of the
formalization (§5.2) and the development of the metathe-
ory (§5.3). In §6 we discuss how we envision GAI to be
used in practice, as well as future extensions to this work.

Finally, we conclude in §8.

2 Running Example

To illustrate the essence of this work, let us consider the
following program, where we define a recursive function
which computes the sum of numbers from 1 to its argument,

and then apply it to 4.

def sum(n):
1 if (n <= 1):
return 1
else:

4 return n + sum(n - 1)

6 sum(4)

Suppose we wish to do a sign analysis on this program.
That is, predict the sign of the values that the program

will work with at runtime. We can achieve this with an

Anon.

Fig. 1. Hasse diagram of the simple sign lattice.

abstract interpreter which uses the lattice shown in Fig. 1
as its abstract domain.

For the sake of illustration, we will also suppose that the
language has bounded integers. This means that arithmetic
operations might overflow. Consequently, the addition of
two positive numbers could result in a negative value. For
the analysis to be sound, the abstract addition used by the
abstract interpreter must satisfy + ® + = T. In other words,
adding two positive numbers could result in a value of any
sign due to potential overflows.

In the initial steps of abstract interpretation, the abstract
result of the call sum(n - 1) in line 4 will be +. If the inter-
preter is path sensitive, it could even refine its information
to know that n is positive in the else branch!. However,
the result of the addition will be T nonetheless. As a conse-
quence, once the interpretation stabilizes, the conclusion
will be that the call sum(4) in line 6 can return a value of
any sign (i.e. T).

This imprecision is undesirable, as in this context we
know that an overflow will not occur and that the call
will return a positive result. In fact, we could be using this
analysis during the development of a system in a particular
domain where we will always work with small integers.
Therefore, the precision of the analysis will suffer unnec-
essarily. What can we do to remedy this?

We could follow the soundy approach of [Livshits et al.
2015] and design our analysis assuming that no overflows
will occur. In the spirit of soundiness, we would need to
be explicit about this assumption and inform the users
of the analysis about it. Our newfound optimism would

allow us, in particular, to under-approximate the behavior

!Path sensitivity is intractable in the general case. However, for simple
guard conditions such as n <= 1, the fact that n is strictly positive in the
else branch can indeed be derived automatically.
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of the addition. Therefore, the abstract operation would be
such that + @ + = +. This is enough to recover precision
in our previous example, and the abstract interpreter will
conclude that the call sum(4) returns a positive value.

The problem with this approach is that, although we
have warned the users about our assumption, the analysis
provides no mechanism to verify that the assumption is
respected. Consequently, users are left to fend for them-
selves, and they could end up acting on incorrect results
produced by an accidental misuse of the analysis.

An alternative route to address imprecision, inspired by
gradual typing [Siek and Taha 2006; Siek et al. 2015], is
to insert runtime checks in the points where the analysis
leverages optimistic assumptions. In our example program,
the assumption is used in line 4. Therefore, a runtime check
would be inserted to guard the addition, yielding an elabo-
rated program like the following, where checks(-)?raises

an error if its argument is non-positive.

def sum(n):
if (n <= 1):
return 1
else:
return checkso(n + sum(n - 1))

sum(4)

A gradual analysis would, therefore, not only give a
more precise result, but also an elaborated program whose
runtime behavior is faithful to the prediction. The users of
such an analysis can now test the elaborated program in
realistic scenarios to make sure that the assumptions are
being respected, getting a runtime error as soon as possible
if that is not the case. This gives them the opportunity and

valuable information to correct the original program.

3 Base Language & Static Analysis

In this section we define a simple language and a sound
abstract interpreter for it, which we also refer to as static
analysis. Both of these are the base for our study of the
2For the addition of two strictly positive numbers, this check is enough

to guarantee that no overflow occurred, as an overflow cannot cause the
result to «loop around» yielding a strictly positive result.

foundations of Gradual Abstract Interpretation (GAI). All
the definitions, theorems and notable results presented in
this paper have been formalized in the Rocg prover.

The base language, defined in Fig. 2, contains integer
and boolean values, identifiers, addition and < comparison
for integers, and an if expression. In our formalization, in-
tegers are modeled using the abstractions of fixed-length bi-
nary integers provided by ComPCERT [Leroy 2009], which
correctly model the overflowing behavior of arithmetic
operations. We also define concrete contexts (p) as maps
from identifiers to values, and sets of contexts (p).

The concrete semantics of the language is defined by
the big-step reduction relation [[e]] p + v. As standard
practice in abstract interpretation, the collecting semantics
[ellc p —  is defined for sets of concrete contexts, and
its purpose is to collect the values which an expression
reduces to in each context of the set. Fig. 2 shows some of
the rules that define these relations.

The abstract domain used by our sound abstract inter-
preter is illustrated in Fig. 3. It is an extension of the lattice
presented in §2, and includes new abstract values to repre-
sent any integer (Z) and booleans (B). Thus, the T element
now represents any value, integer or boolean. We will refer
to this lattice as L, and use C, LI and M to represent its par-
tial order relation, join and meet operations, respectively.

To complete the abstract domain, we define abstract
contexts (o) as maps from variables to abstract values. The
relations and operations of L extend naturally to abstract
contexts through pointwise definitions, and we will over-
load the symbols to avoid verbosity.

The connection between the concrete and abstract do-
mains is established through the abstraction functions «a,
ag, dp and as, defined for values, sets of values, contexts
and sets of contexts respectively, as illustrated also in Fig. 3.
Note that both &, and a5 produce a single abstract context
as a result.

With the previous definitions in place, we are ready to
introduce the abstract interpreter. Some of its rules are
illustrated in Fig. 4. The most relevant for our discussion
is AADD, which shows that the abstract interpreter han-
dles the addition with the sound abstract addition &s. As
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Fig. 2. Definition of base language: syntax, semantic domains and concrete semantics. The language features integer and boolean
values, identifiers, addition and < comparison for integers, and an if expression. For illustration, we show some of the rules that

define the relations of the concrete semantics.

discussed in §2, this operation accounts for potential over-
flows, returning Z (any integer) when both operands are
positive or both are negative. Its definition is also extended
to work with the new abstract domain. For instance, when
any of the operands of & is a boolean, it returns L to
signal an invalid addition.

We establish the soundness of this static analysis in
Theorem 3.1, which states that the result returned by the
abstract interpreter for an expression e is a sound approxi-
mation of the values which e can reduce to. The theorem

is illustrated pictorially in Fig. 5.

THEOREM 3.1 (SOUNDNESS OF STATIC ANALYSIS).

Iffellc p — @ and[e]la a5(p) — a then az(d) C a.

This formal result is desirable, however, as illustrated
in §2, it comes at the cost of the precision of the abstract
interpreter. As a consequence of the definition of the sound
abstract addition @, even for a simple expression such as
2 + 3, the static analysis returns Z, where we would want

the result to be +.

4 Soundiness

One way of increasing the precision of the static analysis
presented in the previous section is to follow the soundy ap-
proach [Livshits et al. 2015]. As introduced in §2, a soundy
analysis increases precision by under-approximating cer-
tain features. In other words, these kind of analyses opti-
mistically assume that some features are used in a specific
way and/or that some behaviors do not occur at runtime.

For example, we could turn the static analysis from §3
into a soundy analysis by switching the sound abstract
addition & with an optimistic version @, which optimisti-
cally assumes that no overflow can occur. For instance, this
operation would say that adding any two positive integers
results in a positive value, ie. + &, + = +.

Soundy analyses are characterized by what is referred to
as a sound core. This is the fragment of the language whose
behavior is over-approximated by the analysis; in other
words, the subset of programs for which the soundy anal-

ysis returns sound results. In contrast, the soundy analysis
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T
Z
_ 0 +
1
o € ABSCTXx = VAR — L

a: VAL — L

B
a(0) = {sign(v)

ap: P(VaL) — L
a5(3) = |_| (o)

vED

L,UEDB
JUEZ

ap : Ctx — ABsCTx

ap(p) = {x = a | a(p(x)), x € Dom(p)}
U{x+— L |x¢Dom(p)}

ap : P(Ctx) — ABSCTX

ap = |p

pep

Fig. 3. Definition of the abstract domain as the extended sign
lattice L which includes boolean values. Abstract contexts are
defined as maps from variables to abstract values of L. The con-
nection between the concrete and abstract domains is defined by
the abstraction functions «, ap and a,.

could return either sound or unsound results for programs
that lie outside of the sound core.

Analysis designers ought to declare which features are
not part of the sound core, and describe how they are
under-approximated, i.e. describe what assumptions are
made about the behavior of those features. For the soundy
version of our analysis, we would declare that the addition
is under-approximated by assuming that it does not over-

flow. Our responsibility as analysis designers would end

[ei]la o a1 [e2]la o a2

AADpD

[[61 +e2]]a o ai &5 az

|[et]]a o ay

|[ef]]a o = af

[if c thene; elseerlla o a; Liay

Alr

Fig. 4. Relevant rules of the abstract interpreter which uses lat-
tice L as the abstract domain. Interpretation of the addition is
performed using the sound abstract addition &s. For the if, the
interpreter joins the results of both branches.

SOUNDNESS

Fig. 5. The results of the abstract interpreter soundly approximate
the values that a program reduces to.

there. The users of the analysis need to pay attention to
how they use the feature so that they can assess whether
their program is in the sound core or not, so that they can
correctly interpret the results of the analysis. However,
determining whether a program satisfies the assumptions
of the soundy analysis might not be straightforward, and
an incorrect appraisal of the situation might lead a user to
trust invalid results.

In practical analyses, under-approximations are justified
by domain knowledge. They reflect the way in which fea-
tures are actually used. For example, in a study by Richards
et al. [2011], the authors show that the eval construct in
JavaScript, which allows dynamic execution of arbitrary

code, is employed in very specific patterns by expert users.
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As discussed, this kind of domain knowledge can be
levaraged to increase the precision of analyses. But it can
also guide us on how to check whether the under-appro-
ximated features are being used in a way that satisfies the
optimistic assumptions. For example, when computing an
addition of two positive numbers, we can check whether
an overflow occurred by testing if the result was positive.

Once we notice that, we can approach the design of
analyses using the gradual approach. That is, whenever
the analysis treats a feature optimistically, it inserts a run-
time check so that the assumption can be validated during
execution. Such a gradual analysis would not only return
a more precise prediction, but also an elaborated program
that the user can run in realistic scenarios to test whether
the original program actually satisfies the optimistic as-
sumptions leveraged by the analysis.

In the next section, we explore how we can infuse the
theory of abstract interpretation with the techniques that
come from gradual typing, in order to produce gradual

analyses such as the one described above.

5 Gradual Abstract Interpretation (GAI)

In this section we develop the theory of the gradual ap-
proach to program analysis based on abstract interpreta-
tion. All aspects of the formalization have been mechanized

in the Rocq prover.

5.1 Approach

As illustrated in § 2, the essence of GAI is the insertion
of runtime checks to validate the optimistic assumptions
leveraged by an abstract interpreter to increase the pre-
cision of its results. Thus, a gradual abstract interpreter
(also referred to as gradual analysis), yields an elaborated
program along with its result.

The way we introduce optimism in an abstract inter-
preter is quite simple. Each language construct that is going
to be handled gradually has two corresponding abstract
operations: a sound one and an optimistic one. With these,
the gradual analysis can detect an opportunity to be opti-
mistic by performing both operations and comparing the

sound result as with the optimistic one a,. If as Z a,, that

Anon.

is, when the optimistic result is strictly more precise than
(or unrelated to) the sound one, then the analysis can be
optimistic. This condition also signals the need for a run-
time check. If not, the analysis simply returns the sound
result and does not insert any check.

The final result is obtained as the precision meet as 11 ao,
thereby ensuring the most precise under-approximation.
If the sound and optimistic results are unrelated but have
a non-empty intersection, the meet yields the intersection.
And if the intersection is empty, the meet results in L,
which lets us know that the check will always fail. Simply
returning the optimistic result a, would miss those cases.

To illustrate the approach, let us see how the gradual
version of the static analysis of §3 would operate. Firstly,
it would have both a sound abstract addition &, and an
optimistic one ®,, such as the one discussed in §4. When
analyzing the addition of two positive numbers, the analy-
sis notes that + ®; + = Z £ + = + @, +. Therefore, the final
result is Z M + = + and, because the analysis is being opti-
mistic, it inserts a runtime check in the elaborated program,

in order to validate the assumption during execution.

5.2 Formalization

We begin the formalization of GAI by extending the base
language presented in §3 with a construct called assume.
This expression is an abstract representation of a runtime
check. An assume takes a subject expression e and an ab-
stract value a, which we refer to as the assumption. During
execution, e is reduced and if the abstraction of the re-
sulting value is at least as precise as the assumption, the
execution continues with the computed value. Otherwise,
execution terminates with an error. For simplicity, errors
are represented by the special value L. These extensions
to the base language and reduction are presented in Fig. 6.

We can also extend the static analysis presented in §3
to handle the assume expression. As presented in the rule
AASsUME, and consistent with the discussion in §5.1, the

analysis uses the meet operation to combine the result of

3To simplify the presentation, we omit the propagation rules for errors.
They are defined as expected, i.e. when any of the operators of an operation
is an error, the operation results in an error. Likewise, when the condition of
an if is an error, the expression reduces to an error (no branch is evaluated).
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v u= .| L
e u= ..|assume ea
[e] p—o avCa
EAssuMEPAss
[assume ea] p— o
[e] p—o avZa
EASSUMEFAIL

[assume ea] p— L

Fig. 6. Base language and reduction rules extended with the
assume construct?.

[ella o ae

[assume ea]go— acMa

AASSUME

Fig. 7. Static analysis rules extended for the assume construct.

the analysis for the subject expression and the assumption.
This handling preserves soundness of the static analysis
as stated in Theorem 3.1.

With the presented extensions, we are ready to define
the gradual abstract interpreter. We write o s w» e : a to
mean that, when a gradual abstract interpreter analyze a
source expression s in the abstract context o, it returns the
elaborated expression e and the result a. Both the source
expression s and the elaborated one e are terms of the same
extended language, but we use different metavariables to
make it evident in text when we are talking about one kind
of expression or the other.

The structure of the rules of the static analysis are pre-
served by the gradual analysis except for the addition,
where we now have two rules (GADDSAFE and GADDOPTI-
MISTIC) to detect an opportunity for optimism as described
in §5.1. The sound abstract addition used in these rules
(&) is the same operation used by the static analysis in
AADD.

The gradual analysis is parameterized by a set of op-
timistic abstract operations, ops, yielding the notation
o F{ops) s ~» e : a. Likewise, the optimistic abstract ad-
dition is written @g7°. This parameterization allows us to
further fine-tune the precision of the gradual analysis, and

also provides a means to decouple the theory from the

actual implementation of the optimistic operations. Conse-
quently, it allows us to study the formal requirements for
those optimistic operations.

As shown in rule GApDOPTIMISTIC, when optimism is
applied, the analysis inserts an assume, representing the
runtime check. The assumption that is checked during ex-
ecution is the same abstract value that the analysis returns
as a result (as M ap). This ensures that this result soundly

approximates the reduction of the elaborated expression.

5.3 Metatheory

One of the objectives of a gradual analysis is to increase the
precision of the results by leveraging optimistic assump-
tions. As we noted in the previous section, the gradual
analysis preserves the structure of the rules of the static
analysis, modulo the gradual handling of the addition. This
means that the gradual analysis produces the same results
as the static analysis for all expressions except for the ad-
dition. However, in this case there are two options. Either
the gradual analysis proceeds optimistically, returning a
result that is more precise than the one that the static one
returns (asMap C ag), or it uses no optimism, returning the
same result as the static analysis. Therefore, irrespective
of the route that the gradual analysis takes, its results will
be at least as precise as the results of the static one. And, in
some cases, it yields results that are indeed more precise.
We establish this in Theorem 5.1.

THEOREM 5.1 (GRADUAL ANALYSIS IS MORE PRECISE). If

okswe:agands]a o a5 thenay C as.

Note that whenever we use the notation that leaves
the set of optimistic operations implicit, it means that the
property in question is quantified for all possible sets of
operations. Therefore, the formal result is valid for all in-
stantiations of the gradual analysis.

Another interesting property of the gradual analysis is
that it is idempotent. That is, if the analysis of a source
expression yields a result a and an elaborated expression e,
then analyzing e returns the same result a. In other words,
the gradual analysis cannot apply further optimism. This

property is interesting because when the gradual analysis
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Fig. 8. Relevant rules of the gradual analysis. The addition is handled by two rules to detect an oportunity for optimism.

cannot be optimistic, it returns the same results as the
static analysis.

As a consequence, analyzing an elaborated expression
with the static analysis returns the same result that the
gradual analysis returns when analyzing the corresponding

source expression. This is stated in Lemma 5.2.

LEMMA 5.2 (STATIC ANALYSIS ON ELABORATED PROGRAM).

Ifors~e:a then|e]lqgor a

With this lemma, we can appeal to the soundness of the
static analysis to establish the notion of gradual soundness
(Theorem 5.3), which states that the results of the gradual
analysis are sound approximations of the behavior of the

elaborated expressions.

THEOREM 5.3 (GRADUAL SOUNDNESS). If

as(p) ks~ e:aand[e]c p— o then az(d) C a.

All the previous connections between the gradual and
static analyses are depicted in Fig. 9, along with the results
stated by Theorem 5.1 and Theorem 5.3.

Respecting the expectations of users. In gradual typing,
one of the central concerns is to allow users to navigate the
static-to-dynamic spectrum without breaking their expec-
tations regarding typing and reduction. This is captured
by the gradual guarantees [Siek et al. 2015]. Similar con-
siderations also apply in the context of GAI, with some

nuance, in three dimensions, as explained hereafter.

Error-Approximation of Source Expressions. Firstly, the

elaboration needs to preserve the reduction behavior of the

GRADUAL INCREASES PRECISION

GRADUAL SOUNDNESS

Fig. 9. Relations between the gradual and static analyses. Ana-
lyzing an elaborated program with the static analysis yields the
same prediction that the gradual analysis returned for the corre-
sponding source program. The results of the gradual analysis are
sound approximations of the behavior of elaborated expressions,
and are at least as precise as the results of the static analysis.

source expressions. In other words, if the source expression
reduces to a value, then the elaborated expression must
also reduce to a related value or fail with an error raised by
a runtime check. This property is inspired by the dynamic
gradual guarantee (DGG) of gradual typing, and we call it
error approximation (following New and Ahmed [2018]).
In our context, this property is established from the
well-formedness of the elaboration, defined by the relation
ELABWF; s e, whose presentation we omit for brevity. This
relation essentially requires the elaboration to preserve
the syntactic structure of the source expression s, and only
allows it to introduce assumes in e. We prove that the

elaborated expressions produced by the gradual analysis
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ELABORATED TERM |
ERROR-APPROXIMATES  © | ||
SOURCE TERM H

Fig. 10. Well-formedness of the elaboration and error-
approximation of the source term by the elaborated term.

ElabWE,

are well-formed with respect to their source expressions
(Theorem 5.4).

THEOREM 5.4 (ELABORATION OF GRADUAL ANALYSIS IS

WELL-FORMED). Ifo F s ~» e : a then ELABWF; s e.

We also prove that, whenever ELABWF, s e holds, e

error-approximates s (Theorem 5.5).

THEOREM 5.5 (ELABORATED EXPRESSION ERROR-APPROX-

IMATES SOURCE). IfELABVVFap(p) s e then,

1) if[s] p — vs then[e] p — ve and v, C vs.
(2) if[e]l p — ve andve # L then [s] p — o5 and

Ve C vs.

The second part of Theorem 5.5 is important, because it
ensures that if a user runs an elaborated program in a given
context and the program reduces without failing, then the
corresponding source program can be run safely in the
same context, reducing correctly. In other words, it verifies
that in that context, no assumptions were violated, and
the results given by the gradual analysis are also sound
approximations of the behavior of the source program
(without runtime checks). The previous results are depicted

in Fig. 10.

Monotonicity with Respect to Expression Precision. The
second dimension in which a gradual analysis honors the
expectations of users is with respect to the precision of

the analyzed programs. For this, we define a precision

relation for expressions. We say that o1, 02 + e1 < e holds
when both expressions are syntactically equal modulo the
pressence of assumes, as handled by the rules shown in
Fig. 11. The relation is indexed by two abstract contexts,
o1 and oy, to allow relating expressions that have the same
identifiers bound to related values.

In rule LTEEASSUME, we relate two assumes expres-
sions when their subjects and assumptions are related by
precision.

Notable are the cases where we try to relate expressions
with asymmetric presence of assumes. When an assume
appears on the left expression, the premise in rule LTEE-
AssuMEL tells us (by inductive reasoning) that the analysis
result and reduction for e; are more precise than the anal-
ysis result and reduction of ez. And, since an assume can
only increase precision, that sole premise is enough to es-
tablish that surrounding e; with an assume is more precise
than ey.

The rule for the opposite case (LTEEAssuMER) has more
requirements. Since an assume can increase precision, the
premise o1, 02 F €1 <X ez is not enough to establish o1, o2 +
e1 = assume ez a2. We also need to show that the result
and reduction for e; are more precise than the assumption
on the right. We achieve this with the help of the static
analysis, which we can then relate to the gradual analysis

with Lemma 5.2.

Monotonicity with Respect to Precision of Operations. The
third dimension is the precision of the optimistic abstract
operations with which a gradual analysis is instantiated. In
other words, the analysis result and elaboration need to be
monotonic with respect to the precision of the operations.

To this end, we define a precision relation for operations,
and say that ops; C opsy holds when, for the same inputs,
the operations in ops; yield results that are as precise as
those in opsa.

With the previous definitions we establish adaptations
of the static and dynamic gradual guarantees of gradual
typing, which embody the monotonicity of the gradual
analysis, elaboration, and reduction with respect to the

precision of terms and operations.
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o1, o2 Fep < e

o1, O Fe1 = e a; E ay

LTEEASSUME
assume ej a; < assume ez ap

o1, O2 Fe1 = e

|[€1]]a o1 — ap a; E

Anon.

o1, Os Fe1 = e
———— LTEEAssuMEL
assume e; a < e

az
LTEEAssuMER

e1 < assume e as

Fig. 11. Relevant rules of the precision relation for expressions.

The Static Gradual Guarantee (SGG) establishes that
when the gradual analysis is applied to expressions re-
lated by precision, the elaborated expressions and analysis

results are also related by precision.

THEOREM 5.6 (SGG). If o1, 02 F €1 < ez, opsy £ opsa,
o1 H(ops1) e1 ~ €] : a1 and o F(opsz) ez ~ e, : ap, then
(1) o1, o2 + ei < eé
(2) a1 Cay

The Dynamic Gradual Guarantee (DGG) captures the
fact that reduction is monotonic with respect to expression
precision. Similar to the case for well-formedness of the
elaboration, the DGG establishes that the most precise
expression error-approximates the least precise one.

THEOREM 5.7 (DGG). If ap(p1), ap(p2) + e1 < ez,
ops1 E opsz, ap(p1) H(ops1) eg wo ei :ay and
ap(p2) H(opsz) ez ~> ey : az, then

(1) iflles]l p2 > v2 then[ler]] p1 = v1 and vy C vs.
() iflle]l p1 = v1 and oy # L then [[e;]] p2 = vz
and vy C vy.

These results are illustrated in Fig. 12.

6 Discussion

We now discuss how we envision GAI to be used in practice

and some considerations about future work.

6.1 GAlIl in Practice

One of the objectives of GAI is to allow users to check that
the programs they analyze indeed respect the optimistic

assumptions leveraged by an analysis. On this front, we

Fig. 12. Gradual guarantees for the parametric gradual analysis.

imagine that users of gradual analyses would add them to
their development processes as follows.

During development, a user will write programs and
analyze them with a gradual analysis. She will assess if the
results are satisfactory, but also test the elaborated program
produced by the analysis in real scenarios, in order to check
that assumptions are not violated and confirm the validity
of the results. If any of the runtime checks fail, this signals
that the program needs to be corrected.

Once the results of the analysis are satisfactory, and
there is enough certainty that assumptions are not violated,
the user can trust that the original program satisfies the
assumptions of the analysis in the contexts where it was

tested, and that the results of the analysis are valid under
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those conditions. In this way, the user has more assurances
that if she decides to run the original program in produc-
tion, which is computationally cheaper than running an
elaborated program with many (potentially expensive) run-
time checks, it will behave as expected.

This mode of operation relies on the properties estab-
lished by Theorem 5.4 and Theorem 5.5.

Of course, testing the elaborated program in a number
of representative scenarios does not guarantee that the
assumptions will not be broken in a scenario that was not
considered. But this is still an improvement over soundi-
ness, because a gradual analysis gives users a way to check

that they are respecting the optimistic assumptions.

6.2 Fixpoint Algorithm & Future Work

To simplify our exploration, our formal development con-
siders a very simple language which makes the fixpoint
algorithm of abstract interpretation unnecessary. We plan
on extending this language with first-order functions, in
order to assess the correct interaction of the fixpoint algo-
rithm with the essence of the proposed gradual approach.

This being said, there are some clues that suggest that
the ideas presented in this work are compatible with the
fixpoint algorithm. In particular, one of the requirements
to guarantee termination of the fixpoint algorithm and
ensure that an analysis finds a solution, is that all the ab-
stract operations should be monotonic. In the case of the
optimistic operations, we already require them to be mono-
tonic. Apart from that, the only other language construct
that we handle in a non-standard way is the assume. The
abstract interpreter analyses the subject of the assume and
combines the result with the assumption (using the meet).
So the corresponding abstract operation for that construct
is the meet, which is monotonic on both arguments by
definition. And, as long as the lattice used as the abstract
domain has finite height, or that an appropriate widening
operator is provided, the algorithm should converge to a

solution.

7 Related Work

The application of the techniques from gradual typing
to other reasoning approaches has already been explored
in the literature, in particular in gradual program verifi-
cation [Bader et al. 2018; Wise et al. 2020] and gradual
program analysis for null pointers [Estep et al. 2021]. In
both lines of work, following the approach of gradual type
systems, optimism is driven by imprecision in annotated
information (be it nullability, or logical predicates). These
approaches exploit the Abstracting Gradual Typing (AGT)
methodology [Garcia et al. 2016] to lift static reasoning
to operate over imprecise information. In contrast, GAI
introduces optimism at the level of the operations used by
the abstract interpreter, as exemplified with the optimistic
addition. Combining this approach to GAI with explicit,
possibly incomplete and/or imprecise annotations is an

interesting direction for future work.

8 Conclusion

We study an extension of the framework of abstract in-
terpretation with techniques inspired by gradual typing.
The purpose is two-fold: to produce analyses that leverage
optimistic assumptions in order to increase precision, and
to provide a way to check whether those assumptions are
respected by the analyzed programs.

We show that these objectives are achievable with a
mechanized formalization of the foundations of Gradual
Abstract Interpretation for a small language in the Roco
prover. We have discussed how gradual analyses could
become an integral part of the development life-cycle, and
pondered the compatibility of the ideas put forth by this
work with the fixpoint algorithm, the cornerstone of the
framework of abstract interpretation.

Future work includes the extension of the proof of con-
cept with first-order functions, to formally study the inter-

action of the fixpoint algorithm with GAI
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ABSTRACT

Dependently sorted nominal signatures generalise standard many-
sorted first-order signatures by including nominal abstraction con-
structs and sorts that depend on terms. They can provide a suitable
basis for a logical framework with a distinctive first-order flavour,
provided a type checking algorithm can be defined. In this paper we
show that type-checking is decidable: we present a type-checking
algorithm for dependently sorted nominal signatures that can be
directly implemented in a functional programming language. We
prove its correctness and completeness with respect to the sorting
system.
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1 INTRODUCTION

Nominal languages [2, 5, 6] provide support for the specification of
data structures that include bound names and for the formalisation
of their properties. Dependently sorted nominal signatures [1] can
be seen as a generalisation of nominal signatures where sorts can
now depend on terms. The resulting dependently sorted language
inherits the distinctive first-order algebraic flavour of nominal sig-
natures, and can serve as a basis for a logical framework [4]. More
precisely, dependently sorted nominal signatures provide a founda-
tion for a theory of expressions subject to alpha-conversion, on top
of which a system of dependent sorts is built that respects alpha-
equivalence. Names carry sorts of data —but not abstraction (or
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"higher-order") sorts. This yields a limited form of computation as-
sociated to the elimination of abstractions (concretion), that can be
solved at the level of syntactic meta-definitions. Thus the language
becomes a first-order dependent sorts system.

Previous work showed that dependently sorted nominal sig-
natures provide an adequate foundation for a logical framework:
specifications of first and higher-order logic, and lambda-calculi
(untyped, simply typed) have been defined, together with corre-
sponding induction principles (that are directly derived thanks to
the nominal foundation). However, for the system to be usable in
practice, a type checking algorithm is needed.

In this paper, we describe an algorithm to check whether a term
is well sorted with respect to a set of declarations (that assign a
type to each function symbol and sort constructor) and a context
(that assigns sorts to the free names occurring in the term. This
algorihtm can be directly implemented in a functional language: an
implementation in Haskell is in progress. We prove that the type
checker is sound and complete with respect to the sorting system
previously defined [1]. This is a first step towards building a (first-
order) functional programming language or a software verification
tool based on nominal syntax.

2 SYNTAX

In this section we give a short overview of the system presented in
LEMTP 2025 [1].

2.1 Grammar

Consider a countably infinite set of name sorts, each one inhabited
by a countably infinite set of names (atoms). Let a, b, c, range
over atoms. Let also there be countably infinite sets of parameters
X, Y, Z,... € X; term constructors, f, g ... € IF;and sort constructors
¥, G, ... € C.Following Gabbay’s permutative convention [3]: a, b
range over distinct atoms. The notation f refers to a vector of terms
to, ... tp Withn > 0; given a term t’ and t = to, ..., t,, we use £, 1’
to represent the vector ty, ..., tp, t.
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Sorts y and terms ¢ are generated by the grammar below. We
will use M to stand for either.

yu=Ft data sorts
| <a:Fr>y abstraction sorts
tu=a atom
|Xm parameter with term concretions
| ft application
| <a:Ft>t abstraction

Sorts are built using sort constructors or abstractions and can
depend on terms, which can be atoms, parameters, application of a
term constructor to a tuple of terms, or the abstraction of an atom
on a term. We say an expression (sort or term) is ground iff it contains
no parameters. When a parameter X has no concretions, we omit
the square brackets. As stated earlier, parameters are intended
for declarations, as shown in the previous section, while sorting
judgments (i.e., the language generated by the system to be given
in the next section) involve only ground expressions.

2.2 Operations and Relations

We define the action of permutations on sorts and terms. Here, 7 - t
denotes the vector 7 - tg,..., T - ty.

DEFINITION 1 (PERMUTATION ACTION). A permutation 7 is a
bijection on the set of atoms, A, with finite domain. We represent
permutations as lists of swappings (a b). The identity permutation is
written id.

m-az mx(a)

m-<ka:Fs>Mz<n(a): Fr-s> (1-M)

m-(X[t]) £ X|[x-t]
T-ftxfmw-t
T Ft2Fr-t

To define alpha-equivalence, we first introduce the freshness rela-
tion. Call a # M a freshness constraint.

DEFINITION 2 (FRESHNESS RELATION). A freshness judgement
has the form + a # M. To derive freshness judgements we use the
following rules. A premise - a # T is to be expanded ast+ a # to, .. .,
Fa#ty.

#1 Fa#t
| Cns#'_ai_ a #7_
(atm) Fa#b (ens) Fa# Tt (app) Fa#ft
Fa#Ft Fa# M Fa#Ft
(abaa)# = (abab)# -
Fa#ka: Ft> M B Fa#b: Ft> M
# Fa#t
(var)" ————
Fa#X|[t]

The main difference with respect to the freshness relation for
standard nominal terms is the introduction of new rules (abgq)*,
(abgp)*, (cns)*, and (var)*, the rule for concretion, which checks
freshness only in terms and not in the parameter. As will be com-
mented again later, parameters stand for arbitrary closed ground
terms of the target language.

Maribel Fernandez, Miguel Pagano, Nora Szasz, and Alvaro Tasistro

DEFINITION 3 (ALPHA-EQUIVALENCE RELATION). An a-equivalence
judgement has the form+ M ~, N, where M and N are ground. We
introduce now the rules defining this relation. A premise + s ~4 t,
where's and t must always be of the same size, is to be expanded in
an element-wise manner into premises v s; ¢ tj.

(atm)* —— (C”S)a%
Fa=qa FFs=q Ft
FSrgt
app)¥ ——
(app) S T
(abad)® FFirg Fu FM g M
aa

F<a: F > Mrxg<a: Fus> M
FFt~g Fu FM=g (ab)-M Fa# M

F<a: F > M xg<b: Fus> M

(abgp)*

This definition of alpha-equivalence generalises the standard
one for nominal terms. For simplicity, we omit a rule for param-
eters, which is not essential but would facilitate the writing of
declarations.

LEMMA 1 (EQUIVARIANCE). Ifra#tMthenv- - -a# - M.
Similarly if+ M ~o N thent+ - M ~4 7 - N.

Proor. Straightforward induction. m]
Freshness is stable by a-equivalence:
LEMMA 2. Ifr a# M and+ M =4 N thent a # N.

Proor. By induction on the freshness relation. Use equivariance.
[m]

LEMMA 3. = is a congruence.
Proor. Induction on the definition of ~. ]

DEFINITION 4 (ATOM SUBSTITUTION). We write [a — t] for the
operation that substitutes the atom a by the term t. This is defined on
expressions as follows:

I3

ala—t] ¢

blar—t] £2b
(fs)lamt] = f(slamt])
(Fs)larmt] = F (slat])

X[t [art'] = X[t [a t']]

(<a: Ft>M)[a—t] 2<a: Ftla—t]> M
(b: Ft>M)[a—t] 2<c: Ftlart]> ((be) - M) [ar t]
(Fc# M Fc#t).

Some explanations are in order: to avoid capturing unabstracted
atoms, when an atom substitution acts upon an abstraction or
abstraction sort (last case above), a suitable alpha-equivalent rep-
resentative of the latter is first chosen. Any implementation of
this definition as a recursive function must accommodate a suitable
mechanism for the generation of names; this is most easily achieved
by the threading of global state throughout the function or by the
use of a global choice function that returns the next available name.
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Atom substitutions work uniformly on alpha-equivalence classes.

LEMMA 4. If+ M =4 N andtv t =4 u thent+ M[a — t] =4
Nla u]

Proor. Induction on the derivation of F M =4 N. o

A concretion w[t] is a partial operation: if w is an abstraction
<a : F s> u, then its concretion to t evaluates to the body of the
abstraction, u, where the abstracted atom is substituted by ¢. If w is
the parameter X (possibly with other concretions suspended in it),
the concretion remains “suspended” (until X is instantiated). Under
the sorting system of the next section, concretion of a parameter
will be well-sorted only if the parameter is of an (appropriate)
abstraction sort.

DEFINITION 5 (CONCRETION). Concretion is a partial operation:
(a:Fs>u)|t] 2ulat]

X[t 1]

XItDIt']

DEFINITION 6 (PARAMETER INSTANTIATION). A parameter instan-

tiation is a finite mapping from parameters to terms, and it acts on

expressions as just grafting (i.e., without a control of capture), subject

to the condition that each parameter to be replaced is in the domain
of the instantiation.

11>

2.3 Sorting judgements

We use five forms of judgements: 1) Well-formedness of signature
3, formally + ¥ sig-ok (Fig. 1a); 2) Well-formedness of telescopes .7
under a valid signature, +5 .7 tel-ok(Fig. 1b); 3) Well-formedness
of contexts of atoms ( Fig. 1¢c), 7 5 T ctx-ok; 4) Well-formedness
of sorts (Fig. 1d), 7;T Fy y sort; and 5) Well-sortedness of terms
(Fig. 1e), 7;T kst y.

As indicated above, the sorts are either data sorts or abstraction
sorts. Data sorts are introduced by sort constructors ¥, and these
can only introduce data sorts, never an abstraction sort —the latter
being formed exclusively by the binder <<_ : > _. Similarly, terms
of the data sorts are formed by (term) constructors f, and terms of
abstraction sorts exclusively by the corresponding binder. Signa-
tures are sequences of declarations of sort and term constructors.
As already explained, a declaration specifies the sorts of the cor-
responding parameters and a freshness context. These parameter
declarations are called telescopes. The word context is reserved for
atom contexts, I', necessary to sort abstractions.

As already stated, the intention is that the system is used for
generating well-formed ground sorts and terms. The rules given
below define well-formed scripts of declarations (i.e. signatures),
which involve not only ground expressions but also expressions
with parameters.

First, notice the use of freshness contexts (A) in declarations. They
involve conditions of the form a # X, where the atom a is to appear
bound in the declaration and X is any parameter of the declaration.

This defines the side condition on well-formedness of the con-
texts A. The rules check the validity of the freshness conditions
whenever a declaration is put into use, i.e. in rules (data) and (constr).
There the constructor employed must be declared in the signature
with a telescope .7 and freshness context A, as stated in the side
condition. Then a fresh version of .77, as well as of A, are created

IFL 2025, October 1-3, 2025, Montevideo, Uruguay

by employing new atoms so as to avoid possible collisions with
unabstracted atoms in the expression being checked. We call this
new telescope 9#’, and the new context Az. Then it is checked that
the tuple 7 of arguments fits the telescope .7, and at the same time
the conditions in A4 are satisfied, with the mentioned parameters
instantiated accordingly by the tuple ¥ —which we write (A4).
That a tuple of terms fits a telescope has the (obvious) meaning
that: a) The telescopes and the context are well-formed. b) They
are of the same length. c) Each term has the sort attached to its
corresponding parameter, instantiated on the preceding terms in
the tuple.

An equally valid alternative is that the freshness conditions are
rather imposed by the system, i.e. a freshness declaration is to be
interpreted as an assumption on part of the user about the employ-
ment of names in the (ground) expressions to be generated. The
conditions can be imposed by the system by generating in each
case a sample chosen among all the alpha-equivalent expressions
satisfying the sorting rules that also respects the freshness condi-
tions. For this to work, it is essential that the system is closed under
alpha-equivalence —which will be shown presently— and that the
freshness conditions are only on bound atoms —which is already
imposed in the well-formation of declarations.

In the rule (constr) we use the notation #, which stands for the
instantiation of the parameters of the tuple of terms u with the
tuple t.

Finally, let us remark that, as stated in rule (fun-sig) and (cons-
tel), valid telescopes and target sorts of term constructors cannot
depend on (unabstracted) atoms. Also note that in the rules we
omit premises that can be deduced from some explicitly mentioned
premise.

3 PROPERTIES OF THE SORTING SYSTEM

In this section we analyse in more detail the properties of the
dependently sorted system given above, before designing a type
checking algorithm for it.

LEMMA 5 (CONCRETION IS WELL-TYPED). Lett,t’ beterms,y a sort,
and a an atom. If 7;T by t :<<a: F5> y,and 7T+ t' : F5;
then t[t'] is well-defined and 7;T vy t[t'] : y[a — t'].

Notice that the converse does not hold: consider the case of t being
an abstraction <a : ¥ s> u where a does not occur free in u.

PROOF. One can prove that a term has an abstraction sort if
and only if it is an abstraction or a meta-variable (possibly with
some concretions). Those are the cases when the concretion ¢[t’]
is well-defined.

The well-sortedness of the concretion is trivial when t is a meta-
variable. The case for the abstraction depends on the substitution
lemma. m]

LEMMA 6 (SUBSTITUTION LEMMA). If 7;T,(a: F35), I  rst:y
and 7T vy u: Fs, then T, (T [a u]) b tla u] s yla -
ul.

The inversion lemma gives information about the shape of the
sort of some term; when the term has parameters, then we can
state precisely the shape of the term because the sort system is
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A well-formed

{ F ¢ dom(2)

(empty-sig) ———— esi by 7 tel-ok
k() sig-ok (sort-sig) F3,(F: T — data; A) sig-ok
(fun-sig) T;-vs Ft sort

F3.(f: T > Fi; A)sig-ok

A well-formed

{ f ¢ dom(Z)

(a) Rules for signatures.

F X sig-ok

ty-tel) —————
(empty-tel) Fy - tel-ok

T;-Fx y sort

(cons-tel)

X ¢ dom(7)

ks 7, (X :y) tel-ok

(b) Rules for telescope formation.

TTrs Ft sort

a ¢ dom(T)

T ry T, (a: Ft)ctx-ok

(c) Rules for well-formed contexts.

1-ok
(emp-ctx) % (cons-ctx)
(data) ;5T by tits T/ [(As)7]

T:Trs Ft sort

{ F € dom(X)

3(F) =" — data; A

(abs-*)

TiTry<a: F >y sort

T:Trs Ftsort T;(T,b:Ft)ry (ab)-y sort { b ¢ dom(I)

b#y

(d) Rules for well-formed sorts.

T s T ctx-ok

(atm) T;Trya:T(a)

a € dom(T)

(varl)

TiTrs X[1] :<a: F5> y

Tty T ctx-ok

Tl X T(X) X € dom(9)

T;Trst' i F5s

(var2)

TiTrs X[t,t'] s yla— t']

TiT by Tits T/ [(Ds)f]

(constr)

9;1" FZfET(E?)

T;Trs Ft sort

f e dom(2)
3(f) =9 > FuA

T;Tb:Fi)rs (ab)-t:(ab)-y [ b¢dom(D)
(abs) — — b
TiTry<a:Ft>t:<a:Fb>y #{ty}
sThgt:y o
(conv) Tty VoY

(e) Rules for well-sorted terms.

Figure 1: Sorting System

syntax-directed. For ground terms the inversion lemma has almost
the same statement: we replace y =y’ by y =4 y’.

LEMMA 7 (INVERSION OF SORTING). Let & # -.

(1) If 7;T +s a:y, theny =T(a).

2) If7;Trs X :y, theny = 7 (X).

(3) If 7;T vs X[t,t'] : y, then there exist F,5,y’ such that
TT by Xm <<a: Fs>» )y, T;T st/ : F5, and
y=vlarmt]

(4) If 75T v ft:y, then f € dom(2) and there exists F, U,
T, and A, such that3(f) = 7" — Fu; A andy = F (uy).

(5) If 7;T ry<a : Ft> t :y, then there exist y’ such that
y=<a:Ft>y,7;Tts Ft sortand T;(T,b:Ft)ty
(ab)-t:(ab)-y, for any b such that b ¢ dom(T) and
b#{t,y'}.

Proor. When .7 # -, there is only one rule that can be used to
conclude .7;T +y t : y. For each item, we invert that rule to obtain
the shape of y.

The proof of the inversion lemma for ground terms proceeds by
induction on the derivation of the sorting judgment. We show the
proof for ¢t = a. If the last rule used is (atm), then we have y = I'(a);
since = is reflexive, we conclude y ~ I'(a). If the last rule used is
(conv), then by inductive hypothesis we deduce y =4 I'(a). Since
~ is symmetric and transitive, we have y’ ~4 I'(a). m]

To get uniqueness of typing (up-to a-equivalence) we need to
proceed by induction on the size of terms.

LEMMA 8 (UNIQUENESS OF TYPING UP-TO (-EQUIVALENCE). If
sTrs tiyr, and T by t:yg, thent y1 =g y2.
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Proor. Notice that ¢ can be an atom a, an application f, or an
abstraction <a : F t>> t. In the first two cases, the result follows
directly from inversion because there exists a precise sort y such
that y1 =4 y and y2 =4 y; therefore y; =~ y2.

When t =<a : F 1> t, then by inversion we get y| and y;
such that y; ~g<a : F 1> y| and y2 g <a : F > yj; moreover
T;@b: Fi)ry (ab)-t:(ab)-yjand T;(I,b : F) by
(ab)-t: (ab)-y,. Then by inductive hypothesis on (a b) - t we
have (a b) - y{ =q (ab) -y;. m]

LEMMA 9 (COMPATIBILITY WITH INSTANTIATIONS). If 7 ";T by t:
v, and 7T’ v o fits 7' withT »< T/, then ;T UT' b to: yo.

4 TYPE-CHECKING ALGORITHM

The rules of the sorting system are “almost” syntax directed. In fact,
notice that for terms with parameters (non-ground terms) they are
syntax-directed, because the rule (conv) is only for ground terms. In
the following, we introduce syntax-directed rules for incrementally
checking signatures, telescopes, contexts, sorts, and terms.

DEFINITION 7 (SORT-CHECKING). Given a signature X, telescope
T, contextT, and a well-formed sorty, 7 ;T vs y sort, we define the
following relations that are syntax-directed and can thus be under-
stood as the definition of a sort-checking algorithm: 7T rx t <y,
in Fig. 2, and ;T +3 t =y, in Fig. 3.

Notice the preconditions assuming the well-formedness of sig-
natures, telescopes, and sorts. This illustrates that first we check
the signature, once we know it is well-formed (initially the empty
signature is obviously well-formed), to extend it with a new con-
structor (either sort or term constructor) we check the telescope
with respect to that signature. So, in judgment +y .7 <, we can
assume + X sig-ok.

When we check that an instantiation fits in a telescope, in Fig. 6,
we change the perspective on telescopes; instead of seeing them
as snoc-lists we assume them to be cons-lists. Here we also check
that the instantiation fulfills the freshness condition; to check +
Alx[X — t] & we get every freshness condition a # X in A and
checkta#t.

4.1 Properties of the type-checker

THEOREM 1 (CORRECTNESS AND COMPLETENESS). The type-checker,
Fig. 2 and Fig. 3 is correct and complete with respect to the typing
system Fig. 1e.

5 CONCLUSIONS

Dependently sorted nominal signatures constitute:

o Alogical framework in which it is possible to develop formal
and certified proofs of properties of, among others, program-
ming languages. In [1] we have sketched how some basic
meta-theory of lambda calculi can be developed.

A basis for a (first-order) functional language built on top a
of nominal syntax and that, therefore, can treat binding as a
natural syntactic feature of expressions and let them operate
accordingly.

IFL 2025, October 1-3, 2025, Montevideo, Uruguay

We are just starting with the implementation of the type-checker
in Haskell. We aim to have a first prototype ready for the confer-
ence.
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Tty T ctx-ok . Tty T ctx-ok
T e o T fivarl
TTryaoT@ a € dom(T) (inf:var1) TTs X 700 X € dom(.9)

T Trs X[t] 2<a:Fs>y TiTrst «Fs
T Trs X[t ] = ylam t']

(inf:atm)

(infivar2)

) S =T > FuA TiTrstep T/[(Ms)f]
(inf:constr) = —
TiTrs ft=F (up)

(infabs) T;(Lb:Fi) by (ab)-t=(ab) -y { b ¢ dom(T)
. TiTry<a:Ft>t=><a:Ft>y b#{ty}
Figure 2: Syntax-directed rules for sort inference.

STt =y T Trst=y
dicheck) 222V check
(gncec)-;l"kztcy’y ¥’ (check) T Trstey

Figure 3: Sort-checking rules.
hk-empty-sig) ———
(chk-empty-sig)

L FE2 & 3T & F ¢dom(Z) A well-formed
(chk-sort-sig)
FX,(F:.J — data; A) <

L FE e 3 T & Tk Ftesort F¢dom(E) A well-formed
(chk-fun-sig) —
FI(f0 T 5 Fit A =

Figure 4: Rules for checking signatures.

ts T & T by y & sort
(check-empty-tel) s = (check-cons-tel) 2 s 7 (X ;)YC o X ¢ dom(9)

Figure 5: Rules for checking telescopes.

heck- ty-fit) ————
(check-empty )ﬂ;l"l—z() pay

T Tistey FAx[X—t] &€ TTist &) T'[X >t
s Y Ix[ '—>_] s AT X - ]ngom(ﬁ)
TiTry t,t) €p (X :y), T’

(check-cons-fit)

Figure 6: Rules for checking instantiations.

TrsT & ?;sz_?'tcsort a ¢ dom(T)
TrsT(a:Ft) &

(chk-emp-ctx) (chk-cons-ctx)

T by - &

Figure 7: Rules for checking contexts.

T TrsTen T/ (M)l S(F) = T’ — data; A
TTry Fit < sort

(chk-data)

TiTry Ftesort T;(T,b:Ft)ry (ab) -y < sort { b ¢ dom(T)
TiTry<a: F >y < sort b#y

(chk-abs-*)

Figure 8: Rules checking sorts.
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