10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Enhancing Interactive Theorem Prover
Error Messages with Hints

Maria Khakimova
Delft University of Technology, The Netherlands

Sara Juhosova @&
Delft University of Technology, The Netherlands

Jaro Reinders 2 &
Delft University of Technology, The Netherlands

Jesper Cockx G4
Delft University of Technology, The Netherlands

—— Abstract

Interactive theorem provers (ITPs) are promising tools for ensuring program correctness, but users
often complain about their poor usability and steep learning curve. A common complaint, especially
among new users, are confusing error messages that expose details of the I'TP’s underlying theory
or implementation details. In this work, we investigate how adding hints to three types of scope
and type checking error messages in the Agda ITP affects the new users’ debugging experience.
We evaluate the effectiveness and perceived helpfulness of those error messages by conducting a
between-subjects user study where we provide a series of Agda code snippets, each containing a
single error that the participants have to fix based on the error message. We measure the success
rate, time taken to fix the error, and perceived helpfulness for each code snippet with the original as
well as the enhanced error message and determine the statistical significance of adding the hint. Our
results show that correct hints can improve the success rate and time taken to fix the error, and that
error messages with hints are rated significantly more helpful than those without. Additionally, we
find that while error messages with incorrect hints are often rated as more misleading, they do not
significantly impact the success rate or time taken to fix the error. These results show that adding
hints to error messages is a viable step on the path towards making ITPs more widely accessible.

2012 ACM Subject Classification Human-centered computing — Empirical studies in interaction
design

Keywords and phrases Agda, error messages, hints, new users

Digital Object Identifier 10.4230/LIPIcs.ITP.2016.

1 Introduction

Designed as programming languages with type systems strong enough to allow static pro-
gram verification, dependently-typed interactive theorem provers (ITPs) such as Agda [32],
Coq/Rocq [38], and Lean [15] can produce software that is completely verified with respect
to its specification. This capability should, theoretically, make ITPs the choice tool for pro-
grammers implementing critical software components, but we are yet to see their spread into
mainstream development processes. The most prominent obstacles that new users face are
poor usability and steep learning curves, with previous research showing that the languages
ecosystems do not provide adequate support for their users [24]. New users in particular
claim to struggle with confusing error messages which “require theoretical knowledge and
experience to be helpful” [23, p. 166].

)

Encountering error messages is a major part of programming, with Java programmers
spending 13%-25% of their time reading compiler error messages [5]. The feedback that
error messages provide aids programmers in understanding the roots of their errors and
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brings them closer to a working program, which is especially important for new users who
have limited experience with the language. Confusing error messages can cause students
to lose confidence [8], demotivate potential users from learning the language, or even lead
programmers away from the correct solution [28]. Such error messages are known to cause
significant frustration among new users, and are frequently considered to be a “barrier to
progress” [7]. We therefore anticipate that improving ITP error message helpfulness could
reduce perceived barriers for new users and make I'TPs more accessible to a wider range of
programmers.

In a literature review on the effectiveness of error messages and their enhancements,
Becker et al. [8] provided ten ways to enhance error messages:

1. increase readability, e 6. show solutions or hints,

2. reduce cognitive load, s1 7. allow dynamic interaction,

3. provide context, & 8. provide scaffolding,

4. use a positive tone, &3 9. use logical argumentation, and
5. show examples, s« 10. report errors at the right time.

There are two main research gaps in existing literature on enhancing I'TP error messages
(discussed in detail in Section 6) that are relevant to our work:

1. there is limited research that isolates the effect of one enhancement on the usability of
error messages in general, and

2. none of the research focusing on error messages in ITPs conducts a user study to evaluate
the effects of the improved error messages.

To close these two gaps, we enhanced an I'TP’s error messages with one recommendation

from the guidelines above, and evaluated the obtained enhanced error messages (EEMs)

against the original error messages (OEMs) with a user study.

Out of the potential enhancements, we chose to provide hints or solutions to the pro-
grammer. Although there is a lot of empirical evidence that supports the positive impact of
hints in error messages [41, 34, 20, 6], Marceau et al. warn against providing hints because
they can lead users “down the wrong path” [28]. Furthermore, despite the fact that papers
providing empirical evidence for showing solutions or hints were most common in Becker
et al’s comprehensive literature review [8], all those studies combined the addition of hints
with other enhancements. Therefore, it is difficult to isolate the effect that enhancing error
messages with hints has on the usability of the error messages.

In this paper, we answer the following main research question:

RQ: How do hints in ITP error messages affect their usability for new users? ]

Firstly, we want to understand the practical influence of hints on the new users’ ability to
fix errors. However, we also want to investigate whether hints can change how users perceive
such error messages — after all, we wish to eliminate confusing error messages from the
perceived obstacles they face when learning to use an ITP. As such, we use the following
sub-questions to answer our main research question:

RQ1 How do hints in ITP error messages affect the ability of new users to fix errors?
RQ1.1 How do hints affect the success rate of new users fixing errors?
RQ1.2 How do hints affect the time new users spend fixing an error?

RQ2 How do new users perceive the helpfulness of hints in ITP error messages?



93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

M. Khakimova, S. Juhosova, J. Reinders, and J. Cockx

To answer these research questions, we chose to enhance three error messages in Agda’s
scope and type checker. Agda is often used in computer science education and provides a
good opportunity for studying the effect of its error messages on users who are new to ITPs
but not necessarily new to programming. We make the following contributions in this work:

a design for adding hints to three error messages in Agda’s scope and type checker;

a user study design for understanding the effect of those hints, with all resources provided

in our data repository under an MIT license [4]; and

a detailed analysis of how hints influence the usability of ITP error messages for new

users.

Our results show that correct hints can improve the success rate and time taken to fix
the error, and that error messages with hints are rated significantly more helpful than those
without. Additionally, we find that while error messages with incorrect hints are often rated
as more misleading, they do not significantly impact the success rate or time taken to fix the
error. As a result, we conclude that enhancing ITP error messages with hints is a viable way
to improve their usability and recommend adding a hint where deemed potentially useful.

2 Hint Design

To investigate whether hints in ITP error messages are useful for new users, we first designed
hints for some of Agda’s existing error messages. To pick which error messages to enhance,
we turned to those identified as learning obstacles [23] and chose ones which we believe are
idiosyncratic to Agda or I'TPs in general. We focused on designing three enhanced error
messages (EEMs) on top of the original error messages (OEMs) from Agda v2.8.0:

WHITESPACE: forgetting whitespace between variables or operators;

CONFUSABLE: using the wrong, visually confusable Unicode character; and

TOOFEWARGS: not passing enough arguments to a function.
In the following section, we explain the general considerations that guided our design and
then dive into the specific implementation of each enhanced error message.

One of the important principles in how all error messages are presented is consistency [40,
p. 10]. Consistency serves to reduce cognitive load on the programmers, allowing them to
more efficiently process the information provided by the compiler [8]. Work on enhancing
error messages in Agda (in addition to all other languages) should thus strive to maintain as
much consistency with existing error messages as possible.

To identify hints within Agda’s existing error messages, we needed to define what a “hint”
is. For the purpose of this work, we used the following definition:

a hint has to be an addition to the base error message, and

a hint needs to provide a (potential) solution to the programmer.
Even with these guidelines, hints can come in many shapes and sizes: the order in which
information is presented can vary; the hint can be phrased as a question, suggestion, or

.7 or “you may want

direction; and the framing phrases can vary (e.g., “possible fix:
to ...7).

Though it was impossible to identify all the messages with hints in Agda’s codebase
(consisting of over 185K lines of source code), looking at just the Error and Warning modules
of the project already showed that there is a lot to be desired in terms of hint consistency within
the current pool of error messages. We therefore looked at hints in similar error messages to
the ones we were planning to implement. The only existing hints we found similar to the
first two errors were phrased as questions, presented in parentheses, and framed using the

“did you ...7?” phrase (e.g., “(did you forget space around the :’?)”). Similarly,
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the error message for passing too many (as opposed to too few) arguments to a function had
the following hint appended to the end: “(did you supply too many arguments?)”. Asa
result, we design all our enhanced error messages to use this parenthesised phrasing.

Ideally, each hint would be presented only in situations when applying the fix suggested
by the hint would “fix” the code. This could be done by, for example, having Agda apply the
proposed fix and rerunning the type checker before presenting the EEM. However, given the
limitations of the Agda compiler, we were not able to do this. Currently, Agda’s compiler
stops type checking upon encountering an error, meaning that it is only ever aware of one
error at a time. As a result, if the rerun were to encounter another error, we would have no
reliable way of determining whether it is caused by the applied “fix” or by some unrelated
part of the code. Therefore, within this project, we chose to display the hints according to
some heuristic (described in the following subsections). This means that some error messages
might display irrelevant hints, leading programmers “down the wrong path” (as Marceau et
al. warned [28]).

Whitespace

The first type of error we enhanced with a hint is the [NotInScope] error thrown when
the programmer forgets to add spaces around mixfix operators [37] — an error identified
to be a common obstacle for new Agda users [23]. This error arises because Agda allows
programmers to define operators by adding underscores to function names. For example,
when a function _&&_ : Bool - Bool = Bool is defined, it can be called in three ways:

by applying the arguments in the standard way: _&&_ True False;

by applying the arguments infix: True && False; or

by only applying some of the arguments infix: (_&& False) True.
However, the infix arguments must be separated from the operator with a whitespace, since
Agda will consider anything not separated by a whitespace as one name. For example, if we
would write True&& False, Agda would think we are trying to apply the function named
True&& to False (which will throw a [NotInScope] error, since it does not exist).

To help guide users, especially the ones that are not used to Agda’s syntax, we added
a hint telling them they might have forgotten to add a whitespace when the not-in-scope
name can be broken down completely into names that are in scope. Note, though, that not
all the options provided would actually solve the problem — some only satisfy the scope
checker but not necessarily the type checker (e.g., pancake might be split into pan and cake
if both are in scope, but applying pan to cake might not result in a value of the type that
was expected in that position). The following demonstrates an example of the WHITESPACE
enhanced error message, with the assumption that variables sn and d are also in scope:

swap : A X B —+ B X A
swap (fst , snd) = (snd, fst)

/home/me/examples/swap.agda:2.21-25: error: [NotInScopel
Not in scope:
snd, at /home/me/examples/swap.agda:2.21-25

+ (did you forget whitespace in
+ ‘snd ,’ or
+ ‘sn d ,’7)

when scope checking snd, . . .
(lines with “+” contain the enhancement)

Confusable

Agda supports the use of Unicode characters in function and variable names, which allows
Agda proofs to look very similar to paper proofs, but “raises the barrier of entry” for new



191
192
193
194
195
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

338

226
227

228
229
230
231
232
233
234
235
236
237
238
239

349

M. Khakimova, S. Juhosova, J. Reinders, and J. Cockx

users and creates confusion during program comprehension [23, p. 165]. Since the set of
Unicode characters contains many “confusables” (characters that are visually similar or
identical to each other), it can often be difficult to understand an error telling you that “=”
is not the same as “=" (a problem that gets worse with certain fonts). This is a relatively
common complaint from the students learning Agda at our university, but also users on the
internet [21]. Similar complaints have been bought up in other languages that offer Unicode
support, such as in Julia [1].

Since Unicode characters are ubiquitously used in Agda and Agda’s libraries, it is no
surprise that efforts have already been made to provide support to users for this scenario. In
the agda-mode plugin for the Emacs editor, users can use a command to get information
about the character the cursor is positioned over [36]. However, the programmer needs to
both know that this command exists, and think to check for the two characters that have
been confused. If the wrong confusable character was used within a larger string, this can be
challenging to identify. Furthermore, this option is only available in Emacs and programmers
who use a different development environment (e.g., VS Code! or Vim) will not have easy
access to this information.

The best way to provide this information such that the code can be fixed easily is through
a hint in the error message that is caused by precisely such a mismatch. The addition of
such a hint has also been suggested several times by Agda users [17, 29], but is yet to be
implemented by the Agda developers. For the design of this hint, we took inspiration from
the way Rust [27] presents these types of errors, and prioritised the following information to
display to the user:

the location of the confusable character(s) within the name,

what the confusable characters are (with their identifiers), and

how to input both the correct and incorrect characters with agda-mode.

The hint is displayed whenever a name is not in scope and there is at least one name in
scope in which all the characters (in order) are either exactly the same or confusable. To
determine whether characters are confusable, we used the text-icu package? that uses the
confusablesWholeScript.txt? file for spoof-checking [13]. The agda-mode Unicode input
key bindings are drawn from a list compiled by Chonavel [14]. The following demonstrates
an example of the CONFUSABLE enhanced error message:

id : Set — Set
id bap = bap

/home/me/examples/alpha.agda:2.10-13: error: [NotInScopel
Not in scope:
bap at /home/me/examples/alpha.agda:2.10-13

+ (did you accidentally use a confusable character?

+ You typed: bap

+ In scope: bap

+  (diff) ==

+ Character Character name agda-mode input Emacs input

+ =----> ‘a’ (0x1d552) MATH DOUBLE-STRUCK SMALL A \ba C-x 8 RET 1d552
+ vs ‘a’ (0x3bl) GREEK SMALL LETTER ALPHA \Ga C-x 8 RET 3bil

+ ---->  ‘p’> (0x3cl) GREEK SMALL LETTER RHO \Gr C-x 8 RET 3ci1

+ vs ‘p’ (0x70) LATIN SMALL LETTER P C-x 8 RET 70

+ )

when scope checking bap

VS Code does have extensions that can identify a Unicode character [42, 22], but no references are made
to them in the Agda documentation.

2 https://hackage.haskell.org/package/text-icu-0.8.0.5

3 http://unicode.org/Public/security/latest/confusablesWholeScript.txt
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(lines with “+7” contain the enhancement)

There are a few limitations to this solution:

The definition of which characters are confusable is not Agda-specific. There
are many characters that are important to Agda programmers that are not covered by
confusablesWholeScript.txt (e.g., “<” and “(”)

Confusability is only checked against names in scope. There is also a chance that
the programmer used a confusable character instead of a reserved name, in which case
our implementation does not add the hint.

Unicode characters with a non-standard length cause misalignment of the
diff in the error message. Some Unicode characters have a different size than the
standard, even in monospace font, and can misalign the diff strings and arrows.

TooFewArgs

The final error message we enhanced was an [UnequalTerms] type checking error which
arises when too few arguments are passed to a function. For simplicity, we only provide the
name of the function in the hint. A more sophisticated hint could also include the location
of the function definition and the types of the missing arguments.

Unfortunately, due to polymorphism and type inference it is not always clear when too
few arguments are supplied to a function call. In our design, the EEM is shown when the
error appears at a function call site and the inferred type of the function application is a
function type. This does mean that, for example, when the programmer does not supply the
function with any arguments, the hint will not appear, since the error is not at the “call site”
of a function. The following demonstrates an example of the TOOFEWARGS enhanced error

message:

addThree : Nat — Nat — Nat — Nat
addThree a b c¢c = a + b + ¢

num : Nat

num = addThree 1 2

/home/me/examples/args.agda:4.7-19: error: [UnequalTerms]
Nat — Nat !=< Nat
when checking that the inferred type of an application
Nat — Nat
matches the expected type
Nat
+ (did you supply too few arguments to addThree 7?)

(lines with “+” contain the enhancement)

3 Study Setup

To answer our research questions, we conducted a between-subjects user study on a class
of final-year bachelor students learning to use Agda for the first time. We designed code
snippets with errors they had to find and fix, collecting the timestamp and compilation
status of each compilation attempt, as well as their opinion on the helpfulness of
the error message using a five-point Likert scale. We describe the participants, study
design, and data processing in the following section. The study was conducted with the
approval of the human research ethics committee of our university.
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3.1 Context & Participants

The participants in this study were final-year computer science bachelor students taking an
elective Functional Programming course at our university. The course held lectures over
seven weeks, consisting of ten lectures on functional programming in Haskell and four Agda
lectures with the goal of teaching students to
interactively develop Agda programs,
use the Curry-Howard correspondence [35, p. 108] to express logical properties as types,
use indexed data types and dependent pattern matching to enforce invariants of their
programs, and
formally prove properties of purely functional programs by using the identity type and
equational reasoning.
The students were introduced to these topics during live lectures and were given programming
exercises to practice on. This was the first time the students came into contact with
an ITP and, as such, could be labelled “new users”. They were encouraged to use the
agda-mode extension in the Visual Studio (VS) Code editor. However, their work was
submitted, compiled, and verified through submission to an online learning management
system developed at our university (described in Section 3.2.3).

3.2 Study Design

To determine whether hints improve the developer experience of new users when fixing
errors, we designed a between-subjects experiment with ten debugging assignments for each
participant to attempt. Each assignment featured
a code snippet that contained ezactly one compilation error, simulating being in the
middle of writing or debugging the code, and
a follow-up question, asking participants to rate the helpfulness of the error message on a
five-point Likert scale.
The participants’ task was to run the compiler on the code snippet, read the error message,

and enter a cycle of attempting to fix the error and recompile the code until it succeeded.

We then used the status and timestamp of each compilation attempt to answer RQ1 and
the Likert scale ratings to answer RQ2.

3.2.1 Code Snippet

We designed the study such that each participant would receive one debugging assignment
for each “correct” EEM (i.e., offering the hint that will actually fix the error). Because
WHITESPACE and TOOFEWARGS can also appear in incorrect situations (i.e., they are hinting
at something that will not fix the error), we added an assignment for both a correct and
incorrect “error message intention” for these two hint types. The CONFUSABLE hint appears
only in very specific situations, and we could not find a sufficiently realistic scenario to
provide for an incorrect situation. We deemed it unnecessary to include such an assignment
in the study.

Furthermore, we wanted participants to encounter each error message in both original
and enhanced form, but did not want them to see the same code twice. That would give
them a chance to use prior experience with the code to fix the error, thus skewing the
results. Therefore, we designed two assignments for each possible hint type and error message
intention and used a between-subjects design to distribute two variants of the survey. For
example, assignment TOOFEWARGS#A used the following code snippet and EEM:
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333
334 data Fin : Nat — Set where

335 zero : {n : Nat} — Fin (suc n)

336 suc : {n : Nat} — Fin n — Fin (suc n)

337

338 data Vec (A : Set) : Nat — Set where

339 [] : Vec A zero

340 _::_ : {n : Nat} - A — Vec A n — Vec A (suc n)
341 infixr 5 8

342

43 updateElement : {A B : Set}{n : Nat}

344 —+Vec An— Finn—+B— (A —+B—A) = Vec A n

s updateElement (x :: xs) zero b f=1f x :: xs

s updateElement (x :: xs) (suc i) b f = x :: updateElement xs i b £
348

349 /home/student/solution.agda:12.39-42: error: [UnequalTerms]

350 (B — A) !=< A

351 when checking that the inferred type of an application

352 B— A

353 matches the expected type

354 A

388 + (did you supply too few arguments to f ?)
357 lines with “+” contain the enhancement
(

s Similarly, TOOFEWARGS#B was designed to have the same style of error, and was provided
9 to a participant with the opposite type of error message to TOOFEWARGS#A:

360
31 data Vec (A : Set) : Nat — Set where

362 [1 : Vec A zero

363 33 {n : Nat} - A — Vec A n — Vec A (suc n)
364 infixr 5

365

%6 _++_ : {A : Set}{n m : Nat} — Vec A m — Vec A n — Vec A (m + n)
367 [1 ++ ys = ys
68 (x :: xs) ++ ys = x :: (xs ++ ys)

369 infixr 5 _++_
370
s zipWith : {A B C : Set}{m : Nat}

32 — (A —-B —-C) »>Vec A n—> Vec Bn—>Vec Cn

373 zipWith £ [] [1 = [I

A zipWith £ (x :: xs) (y :: ys) = f x y :: zipWith f xs
376

377 /home/student/solution.agda:14.42-54: error: [UnequalTerms]
378 (Vec _B_24 _n_26 — Vec _C_25 _n_26) !=< Vec C n

379 when checking that the inferred type of an application

380 Vec _B_24 _n_26 — Vec _C_25 _n_26

381 matches the expected type

382 Vec C n

38 + (did you supply too few arguments to zipWith ?)

385 (lines with “+” contain the enhancement)

s An overview of the assignments in each variant is available in Table 1.

387 In order to keep consistent with the experience level of our participants, the code snippets
s were inspired by existing exercises from the course. This meant that we did not use the
s Agda standard library, instead providing the needed functionality in student-visible “library”
s code. The syntax of this “library” code also uses fewer Unicode characters than the Agda
s standard library, since the online environment we used does not support Emacs-style Unicode
s insertion methods. Additionally, some exercises were adapted from the Agda standard

33 library*, the Iowa Agda library®, and the Programming Language Foundations in Agda®

4 https://agda.github.io/agda-stdlib/

5 https://github.com/cedille/ial
5 https://plfa.github.io/
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in variant error

intention | error message tag A B line fix
(x, )
correct WHITESPACE #A | EEM OEM | 24/24
- (&, ¥y
#8 | OEM EEM | 23/25 °
—~ b
CONFUSABLE #A | EEM OEM | 20722 SYrilic ‘e’
— latin "c

syllabics hyphen "="

#8 | OEM EEM | 37/45 o
— equals sign "=

f x
—f xb
zipWith f xs

TooFEwARGs #A | EEM OEM | 13/14

#8 | OEM EEM | 15/15 .
— zipWith f xs ys

incorrect | WHITESPACE #C | EEM OEM | 23/23 *>'%
— XS 1
+-id

#D OEM EEM | 44/54 . .
— +-identity

TooFEWARGS #C | EEM OEM | 18/18 foldr x ys

— intersperse x ys
f (fa)a

#D OEM EEM | 24/24
—f b a

Table 1 An overview of the debugging assignments used in the study, including the “expected”
fix for each assignment and the line on which that fix had to be applied

book. All assignments are publicly available in our data repository [4], including the code,
the accompanying original and enhanced error messages, and the expected “corrected” code.
For quick reference, Table 1 contains an overview of the fix each assignment required.

3.2.2 Likert Scale Ratings

Each debugging assignment was concluded by a multiple-choice question with a five-point
Likert scale, asking participants to rate the helpfulness of the provided error message on a
scale of “very helpful” to “very misleading”. We opted to include the neutral “neither helpful
nor misleading”. A sixth “(N/A): Did not read the error message” was added to differentiate
from the neutral option, and to help us eliminate responses which did not focus on the object
of study (the error message).

3.2.3 Programming Environment

We used an online system which allows courses to build exercises in a single environment.
Importantly, it allows for the creation of programming assignments, which students can edit,
compile, and test directly in the environment. By using this system, we were able to
use two different versions of Agda (one with the original and one with the enhanced error
messages), without having to ask the participants to install and configure them,
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v
0.012.0 D - & -
466789401
-
. Layout: [ll v Solution  Test < Console  W@Support  Revision History
Description
1 [open import Agda.Builtin.Nat public
There is an error in the following code. Click Spec 2 P YourTest || P SpecTest
Test to see the error message. I data x_ (A8 :Set) : Set uhere
4 L ia-B-axs status: Done
if you cannot find the error within a reasonable 6 |fsti{aB:set) ~AxB A

amount of time (1-2 minutes), you can mark this st (x L, y) = x
checking solution (/home/student/solution.agda).
9 snd : {AB :Set) ~AxB-B Checking Agda.Builtin.Nat (/home/student/.local/share/x36 64-
10 [snd (x, ¥) =y Checking Agda.Builtin.Bool (/home/student/.local/share/x86_6
/home/student/solution.agda:24.28-30: error: [NotInscope]
data Vec (A : Set) : Nat - Set where Not in scape
[1  : VecA zero X, at /home/student/solution.agda:24.28-30
Zii_ i {n:Nath - A - Vec An - Vec A (suc n) (did you forget whitespace in 'x ,'?)
infixr 5 i when scope checking x,

question as completed and go to the next question.

7 |++_ i {A: Set}{nm: Nat} » Vec Am - Vec An - Vec A (m+ n)
8 |0 +ys = ys

9 [(x i1 xs) ++ ys = x 2 (x5 ++ ys)

infixe 5 e

2 |zip : ¥ {n} {AB : Set} = Vec An - Vec B n = Vec (A xB) n
8] =0

2xs) (v 11 ys) = (6, ) i zip xs ys

Figure 1 The online environment interface displaying the WHITESPACE#A assignment

randomise which variant each participant got,

randomise the order in which each participant got the assignments, and

collect the timestamp and status of each compilation attempt in one system.
Additionally, the students were familiar with the system from this and previous courses,
minimising the influence that the programming environment had on our results. Figure 1
shows the interface of a programming assignment in the system from a students’ perspective.

3.3 Pilot & Distribution

Before distributing the survey, we conducted a pilot on four people (two for each variant)
with varying levels of Agda experience. The purpose of this pilot was to identify any technical
issues with the environment setup, check for spelling mistakes, ensure the difficulty was at
the right level, and get an estimate of how long the full survey would take to complete. Three
of the pilot participants had more experience with Agda than the target participants, and
one was a new Agda user.

After looking at the pilot participants’ statistics and conducting an exit interview with
them, we judged the difficulty to be appropriate but the duration to be surprisingly long.
On average, the more experienced participants took 16 minutes, while the new Agda user
took 35 minutes. Most of the delay was caused by spending too much time on an error
they were not able to fix. Based on these findings, we added a line to the description of
each assignment urging participants to continue on to the next assignment if they could not
complete it “within a reasonable amount of time (1-2 minutes)”.

We distributed the survey during the last lecture of the course as well as via an an-
nouncement posted on the main communication page of the course. The students were given
ten minutes of lecture time to complete the survey, with the option to continue into the
15-minute mid-lecture break. Alternatively, they could complete it on their own time in the
eleven-day window during which it was available.

3.4 Data Cleaning

Because some participants only opened the survey but did not actually participate, we had
to differentiate their response from the valid ones. We removed a participant (and their
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submissions) from our dataset when the data showed they attempted only a single assignment

and their “submission” to that assignment contained only a single timestamp (i.e., the first

compilation) and did not have a rating for the perceived helpfulness. We reasoned that
though this data could be relevant to the success rate, we had no way of distinguishing that
from participants who simply got distracted or lost interest when they saw the format of the
study. This removed a total of 17 participants (and their 17 single submissions).

Additionally, since the user study was open for eleven days, and no strict order to the
assignments was enforced, participants were free to stop debugging at any point and return
to the assignment later. While this likely increased participation rates per assignment, it
occasionally resulted in data saying that a participant took, e.g., 9 hours to debug a code
snippet. This is (almost certainly) not true. We removed timing data for a submission from
our dataset in three cases:

1. If the participant did not successfully fix the error: This removed 136 submissions
(responses to an individual assignment) from our timing analysis.

2. If the participant worked on another assignment before finishing the current
submission: For each submission S7, if there was another submission S, from the same
participant that had a compilation timestamp between the start and end times of Sy, S;
was marked invalid. This removed an additional 9 submissions from our timing analysis.

3. If the longest time interval between code compilations was unreasonable: We
estimated that the longest reasonable time a new user would spend between compilations
is two minutes (this is also the time we instructed the participants to consider “reasonable”
before moving on to the next assignment). As a sanity check, we ran the analysis both
on data where all submissions with an interval larger than two minutes were cleaned,
and on data where all submissions with an interval larger than five minutes were cleaned.
There was no statistically significant difference between the two. As such, we left the
two-minute cut-off and removed an additional 25 submissions from our timing analysis.

3.5 Data Analysis

To test for significance in the differences between the enhanced and original error messages,
we used single-tailed Mann-Whitney U tests. This is a statistical test to “compare two
independent groups that do not require large normally distributed samples” [30, p. 13], which
made it an appropriate choice for this study. In a Mann-Whitney U test, there are two
hypotheses:

the null hypothesis Hy, which states that there is no difference in the distributions of the

two groups, and

the alternative hypothesis Hy, which is against Hy.

A single-tailed test has an alternative hypothesis that suggests the direction of the difference
between the two group (either positive or negative). In our case, this would allow us to test
if EEMs are better or worse than OEMs, depending on whether the error message offered a
correct or incorrect hint. All null and alternative hypotheses used in our study can be seen
in Table 2.

Based on these hypotheses, we calculated the U value for each result (i.e., how often
results from one type of error message are larger than from the other). In Section 4, we
specify the p-value for each result (i.e., the likeliness of observing a U value this extreme
if there was no difference between the two distributions). To determine if the evidence for
the alternate hypothesis was statistically significant, all analyses used a significance level of
p < 0.05, as was proposed by Fisher [16]. We report the actual p-values unless the p value
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variable ‘ intention ‘ hypotheses
success rate Ho: There is no difference between the success rates of participants
with OEMs and EEMs.
correct Hi: Participants with the EEM have a higher success rate than
participants with the OEM.
incorrect H;: Participants with the EEM have a lower success rate than
participants with the OEM.
timing Hp: There is no difference in the time taken to resolve the error
between participants with OEMs and EEMs.
correct H;: Participants with the EEM take less time to resolve the error
than participants with the OEM.
incorrect H;: Participants with the EEM take more time to resolve the error
than participants with the OEM.
perception Hp: There is no difference between the perceived helpfulness of
OEMs and EEMs.
correct Hy: EEMs are rated as more helpful than OEMs.
incorrect Hi: EEMs are rated as more misleading than OEMs.

Table 2 The hypotheses for all variables

was less than 0.001, in which case we reported it as p < 0.001. This is in accordance with
the common guidance on p-value reporting [2].

4 Results & Implications

After cleaning our data, we recorded a total of 56 participants in our study (divided 32 / 24
over the variants). Each participant completed an average of 7 assignments (with a median
of 10), for a total of 412 submissions (divided 228 / 184 over the variants). This meant that
each assignment received between 37 and 55 responses with a mean of 41 and a median of 38
(original and enhanced combined). The data and the p-values from the Mann-Whitney U
analysis (see Section 3.5) are summarised in Table 3. We use these to answer our research
questions below. The response data as well as the assignments used in the study are available
under an MIT Licence in our public data repository [4].

RQ1: How do hints in ITP error messages affect the ability of new users to fix errors? ]

Overall, there is strong evidence that EEMs with correct hints can improve both the
likelihood that new users are able to resolve an error (RQ1.1) and the time taken to resolve
it (RQ1.2). We see from Table 3 that the CONFUSABLE EEM in particular had significant
influence over the participants’ ability to fix the errors, and that for those that succeeded at
the WHITESPACE assignment, the EEM significantly improved their time taken. Conversely,
we see that there is no convincing evidence showing that incorrect hints lower the participants’
success rate or that they significantly increase the time taken to find the error.

RQ2: How do new users perceive the helpfulness of hints in ITP error messages? ]

Our data provides strong evidence for H; for the perception of both error message
intentions: correct EEMs are rated as more helpful than OEMs and incorrect EEMs are
rated as more misleading than OEMs. The only outlier seems to be the incorrect intention
of TOOFEWARGS where, on average, participants actually rated the EEM higher than the
OEM (though not significantly). We suspect that this is because by telling a participant
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that the number of arguments provided does not match what a function requires, they were
able to at least pinpoint the problem area, even though they did not necessarily know how
to fix it. For example, consider the (incorrect) TOOFEWARGS#C assignment:

intersperse x (y :: ys) =y :: x :: foldr x ys

solution.agda:18.37-47: error: [UnequalTerms]
(List _A_20 —_B_21) !=< List A
when checking that the inferred type of an application
List _A_20 —_B_21
matches the expected type
List A
+ (did you supply too few arguments to foldr 7)
(lines with “+7” contain the enhancement)

The solution was to replace foldr with intersperse:

intersperse x (y :: ys) =y :: x :: intersperse x ys

By pointing to foldr, participants knew they had to fix something about that particular
function call, even though they might not have known what. On the other hand, the success
rate for this particular debugging assignment actually decreased with the EEM, suggesting
that the participants might have been misled by the error message due to unjustified trust in
the hint being correct.

RQ: How do hints in ITP error messages affect their usability for new users? ]

From the results, we can conclude that adding hints to ITP error messages does improve
their usability for new users. The actual influence they can have on the users’ ability to
fix an error seems to depend on the type of error that is being enhanced, meaning that it
might be worthwhile to pinpoint which types of errors would use hints effectively. However,
it seems that there is no practical danger in adding hints even if they might not always be
displayed at the correct moment. This leads us to believe that hints in ITP error messages
are a safe and viable step on the path towards making I'TPs more widely accessible.

What we found very interesting was just how important the hints seemed to be for the
perceived helpfulness of the error messages. Despite incorrect hints having no significant
influence on the success rate and timing, we saw that the participants recognised how
misleading the error messages were. Even more strongly, our results show that correct hints
clearly increased the perceived helpfulness of all error messages we studied. We feel that this
is an important indicator that even if a small usability change might not have a big impact
on how people use an ITP, it might still greatly influence their developer experience with it.
Hopefully, hints in the correct error messages could help improve the “bad usability” image
ITPs currently seem to be suffering from.

5 Limitations & Threats to Validity

In order to contextualise the findings, we consider the limitations and threats that could
have impacted the representativeness of the results:

Recruitment: Since the participants were recruited during a lecture, this limits the
sample population to a very specific group of people (i.e., bachelor-level, English-speaking,
mostly male, computer science students with good attendance). This may not be
representative of the general population of new Agda users, or of the users Agda might
wish to attract.
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Multiple Lecture Topics: The code snippets in the study were based on different
exercises covered in the course. However, the distribution of the topics over the error
messages was not even, as they were randomly assigned. This could have made comparisons
between different groups of error messages less reliable. For example, the CONFUSABLE
snippets covered much more recent material than the TOOFEWARGS ones.

Delayed Exercise Shuffling: To decrease fatigue effects and minimise collaboration, we
shuffled the code snippets for each participant. However, during the study, the shuffling
only activated after the participant opened the first assignment (TOOFEWARGS#4),
meaning that every participant received this assignment, skewing response rates.

User Interface: The user interface of the code editor was not representative of the
standard Agda user interface. This was in part due to it using Haskell syntax highlighting,
which gave different information to the user than a local Agda editor would”. Further,
the environment did not provide functionality for entering non-ASCII Unicode, or display
column information for where the cursor was in the code. All of these discrepancies could
have skewed the results, as user interfaces are known to have a large impact on how
programmers write code [18].

The Code Snippets: The participants were asked to fix errors in code they did not
write, without knowing the intent or thought process behind the code. This is likely not
a standard situation for an Agda user to be in.

Abandon Rate: With the software used to distribute the user study, we had no way of
differentiating people who opened an exercise without intending to solve it, and those
who attempted to resolve the error without saving their changes to the code. Thus, the
real success rate might be higher than identified, despite the data cleaning we applied.
EEM Frequency: Our study only looked at the effects of EEMs appearing too frequently,
but not at the effects of them not appearing frequently enough (i.e., in situations where
the EEM might be expected but does not appear).

6 Related Work

Even though interactive theorem provers are known to have usability issues, research focused
on addressing them is currently still scarce. Nevertheless, we highlight the most relevant
work on ITP usability in this section, and discuss research on enhancing error messages for
programming languages in general.

Usability of Interactive Theorem Provers

A pioneer in this field, Kadoda studied the usability of a variety of theorem provers and
developed a novel editor for formalising specifications [25]. In a later work, she collaborated
with Stone and Diaper on using the “Cognitive Dimensions” framework [19] to evaluate
educational proof editors. They found that having meaningful error messages has a high
effect on the learnability of such systems [26].

A more recent line of work by Beckert and Grebing studied the usability of the KeY
System, “a platform of software analysis tools for sequential Java” [3]. They found proof
guidance to be important for usability, including good feedback when a proof attempt
fails [11]. A later study with focus groups by Beckert et al. compared the KeY System to

7 For example, in a normal Agda editor, syntax highlighting is not shown if type checking fails, which is a
known complaint among users [23].
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Isabelle [31] and found that unintuitive errors resulting from unexpected type inference are a
drawback of Isabelle [12].

Most recently, Juhosova et al. investigated the obstacles that new users face when learning
to use Agda specifically [23]. They found that confusing error messages are one of the most
significant barriers for new users, among a variety of ecosystem obstacles.

Enhancing Error Messages

In 2019, Becker et al. conveniently conducted a literature review on enhancing error
messages for programming languages in general [8]. It is important to note that these studies
focus on programming novices, whereas we studied newcomers to Agda who already have
programming experience in other languages.

Among the studies discussed in the literature review, the results are somewhat mixed,
suggesting small or hard-to-measure benefits. Becker found that enhancing Java’s error
messages reduces the number of errors made by novices and improves user experience [6, 9]
and later confirmed these results with a control study [7]. Pettit et al., on the other hand,
found no significant effect when testing enhanced error messages for C++ [33]. In a subsequent
quiz-based experiment similar to our own, Becker et al. found enhanced error messages to
be effective, but the signal may be weak, which could explain the conflicting results [10].

Similar to our findings, previous work reported on students often requesting and ap-
preciating enhanced error messages with hints or proposed solutions, but did not study
their practical influence on, e.g., the success rate. Marceau et al. even suggested that error
messages should not propose solutions, as they might lead novices in the wrong directions [28].
The main empirical study on enhanced error messages with hints was by Thieselton and
Treude, who developed a tool for enhancing Python error messages by proposing solutions
found on Stack Overflow [39]. Most participants in their study found the proposed solutions
helpful, which correlates with our own observations.

7 Conclusion

Based on our between-subject user study, we recommend adding a hint to ITP error messages
where deemed to potentially improve usability. Hints can improve the helpfulness of the error
message as perceived by the new user and provide practical help in terms of successfully fixing
the error and time taken to do so. Additionally, they do not seem to have a practical influence
on these variables when hinting at an incorrect solution. In the future, we recommend research
into the following directions:

identifying which ITP error messages are most likely to benefit from hints,

studying the influence of hints on more experience users, and

experimenting with other types of ITP error message enhancements.

Generative Al Statement

The only use of generative AI / LLMs in this work was via an activated GitHub Copilot
plugin in the Pycharm editor, used when analysing the data.
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