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ABSTRACT

PROPERTY-BASED TESTING FOR THE PEOPLE

Harrison Goldstein

Benjamin C. Pierce

Software errors are expensive and dangerous. Best practices around testing help to improve software

quality, but not all testing tools are created equal. In recent years, automated testing, which helps to save

time and avoid developers’ blind-spots, has begun to improve this state of affairs.

In particular, property-based testing is a powerful automated testing technique that gives developers

some of the power of formal methodswithout the high cost. PBT is incredibly effective at finding important

bugs in real systems, and it has been established as a go-to technique for testing in some localized developer

communities.

To bring the power of PBT to a larger demographic, I shift focus to PBT users. My work is motivated

by conversations with real PBT users, accentuating the benefits that they get from PBT and reducing the

drawbacks. My work begins with Property-Based Testing in Practice. This in-depth user study establishes

a rich set of observations about PBT’s use in practice, along with a wide array of ideas for future research

that are motivated by the needs of real PBT users. The rest of the work in the dissertation is informed

by these results. One critical observation is that PBT users struggle with the random data generation that

is a key aspect of PBT’s operation. To address this problem, I establish a new foundation for random

data generators in Parsing Randomness and extend that foundation to be more flexible and powerful in

Reflecting on Randomness. These projects contribute new algorithms that increase developers’ leverage

during testing while decreasing developer effort. I also observed that PBT users are not always good

at evaluating whether their testing was effective. In Understanding Randomness, I establish a new PBT

paradigm that gives developers critical insights into their tests’ performance and enables new ways of

interacting with a PBT system. The Tyche interface developed in that project is now an open source tool

with real-world users.

By blending tools from programming languages, human-computer interaction, and software engineer-

ing, my work increases the reach and impact of PBT and builds a foundation for a future with better

software assurance.
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CHAPTER 1
Introduction

Modern software is full of bugs, and they’re expensive. A 2002 study [149] estimated that the total cost

of software errors was almost $60 billion per year in the United States, and the problem has only gotten

worse, with a 2022 study [98] estimating that the cost of poor software quality is now over $2 trillion per

year. Software bugs also have a human cost: they erode trust and cause frustration in the best cases, and

they lead to serious physical injury [109] in the worst.

Of course, software developers have a wealth of techniques that help them find and fix incorrect code,

and chief among them is testing. The same 2002 study suggested that better testing infrastructure might

help to recoup over a third of the estimated cost of software bugs. But what does better testing infrastruc-

ture look like?

At the moment, the most common form of testing is manual, example-based unit testing. Developers

validate a program by checking that it conforms to input-output examples that capture desired behaviors.

Unfortunately, this kind of testing is both expensive and inconsistent. Each example requires time to de-

velop and express, and the examples are naturally biased towards situations that developers already had

in mind, rather than towards blind-spots. In the face of these shortcomings, automated approaches to test-

ing are growing in popularity: fuzz testing, metamorphic testing, model-based testing, and parameterized

unit testing are just a few of the many approaches that developers can use to supplement their manually

written tests.

In this dissertation, I focus on property-based testing [20]. Like many other approaches to automated

testing, PBT avoids the limitations of manual testing with the help of randomness: by randomly choosing

inputs to the program under test, PBT side-steps both the expense and inconsistency of developer-written

examples. Unlike other approaches to automated testing, PBT is informed by formal methods [23]; PBT is

centered around logical properties that formally capture the way a system under test should behave. This

formal grounding makes PBT incredibly powerful, both as a testing technique and as a stepping stone to

even stronger assurance [99].

And PBT is not just good in theory. The literature is full of accounts of PBT successes, e.g., finding
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critical bugs in telecommunications software [4], replicated file [82] and key-value [11] stores, automotive

software [5], and other complex systems [80]. PBT libraries are available in most major programming

languages, and some now have significant user communities—e.g., Python’s Hypothesis framework [113]

had an estimated 500K users in 2021 according to a JetBrains survey [85].

Still, there is plenty of room for growth. PBT’s following is currently localized to relatively narrow

communities of software developers. Half a million Hypothesis users represent only 4% of the total Python

user base, whereas the Hypothesis maintainers estimate [30] that the “addressable market” is at least 25%.

If PBT is going to pay down the trillions-of-dollar bill that software bugs rack up, it needs to reach a larger

audience of developers.

In this dissertation, I argue that we can increase PBT’s reach and impact by incorporating ideas and

experiences from real-world users. My thesis is that combining techniques from programming languages

and human-computer interaction leads to significant, actionable insights for the development of better

software engineering tools. I demonstrate this through user-centered research on property-based testing

that blends theory and practice to achieve tangible results.

1.1 PROPERTY-BASED TESTING IN PRACTICE

The story begins with some formative research. My collaborators and I had worked on PBT for a while,

motivated primarily by theoretical concerns and our own intuition, but we were not sure that that work

was going to have impact—to improve the PBT experience for real developers. Impact is, of course, never

guaranteed, but there are ways to improve one’s odds. In particular, the human-computer interaction

community has shown time and time again that one can achieve significant impact by (1) understanding

how real users interact with software tools and (2) motivating work based on that understanding and the

stated needs of the users. Thus, we set out to answer two research questions:

RQ1 What are the characteristics of a successful and mature PBT culture at a software company?

RQ2 What are the opportunities for future work in PBT, motivated by the needs of real developers?

Answering the first question establishes a baseline understanding of realistic PBT use and paints a picture

of the current best-case scenario for PBT; answering the second prepares us for future research that has a

2



high chance of impact.

In Chapter 2 of this dissertation, I describe an in-depth user study that proposed answers to these

questions. Our team—led byme and including Joseph Cutler, Dani Dickstein, Benjamin Pierce, and Andrew

Head—interviewed developers about their experience with PBT, collecting qualitative data that addressed

our research questions. We chose to focus on developers at Jane Street, a financial technology company that

uses PBT extensively, and interviewed a total of 30 participants for around an hour each. We analyzed this

extensive dataset via thematic analysis, extracting representative quotes and overall trends that emerged

over the course of the study.

Our findings were split into observations that comment on important or surprising aspects of PBT’s

use and research opportunities that set up specific directions for future work. The full set of observations

and research opportunities appear in Figure 2.2; here I will summarize a few high-level takeaways that are

relevant to the rest of the dissertation.

One important observation is simply that PBT was overwhelmingly seen as a useful tool, especially

when applied in certain high-leverage scenarios. Participants felt that PBT increased their confidence in

their code over and above traditional approaches to unit testing, pointing out that it helped them find bugs

in “the cases you didn’t think of.” But participants did not always choose to use PBT for testing. Instead,

they tended to use PBT when it was both easy to apply and particularly effective. These scenarios included

“differential” or “model-based” testing, where PBT was used to compare two programs that were supposed

to behave the same way, and “round-trip” testing, where PBT helped to determine if one function was the

inverse of another. One participant said that PBT was most useful for testing “a really good abstraction

with a complicated implementation.” By focusing PBT on these high-leverage scenarios, participants often

saw significant value for manageable cost.

We also made important observations about when PBT is used in the testing process. Participants

reported that they used PBT during development as a tool for unit testing, rather than as a tool for inte-

gration testing. (They used fuzzers like AFL for random integration testing.) This mode of use puts tight

time-bounds on the PBT process: some participants included properties with their example-based unit

tests in suites that ran every time they saved their file, which meant that they expected properties to run

in less than a second! This observation emphasizes the need for performance in PBT tools, and suggests

3



that slower data generation strategies may not be the best choice for some PBT workflows.

Speaking of data generation, one key research opportunity we found was to improve automation

around random data generation. PBT requires lots of high-quality random data to be effective, and that

data can be hard to come by. In the study, we saw properties that needed valid XML documents, well-typed

programs, and compliant financial exchange messages in order to exercise some complex program under

test. Participants did not want to have to figure out how to generate these kinds of data manually, and

they asked for better automatic solutions. Participants also wanted better automation around debugging

workflows, for example test-case “shrinking.”

Finally, we identified an opportunity to improve tools for evaluating PBT effectiveness. While par-

ticipants worked hard on their property-based tests, over a third reported not thinking carefully about

whether those tests were actually effective. This caused problems: at least one developer reported a bug

making it into production because their property was set up incorrectly and not testing what they thought

it was testing. We posited that improved user interfaces could help with this issue.

These observations and research opportunities (in total 6 of the former and 7 of the latter) are intended

to guide PBT research beyond just our research group, but we have made exciting progress in addressing

some of the identified challenges. The rest of this dissertation addresses generator and shrinker automation

as well as PBT evaluation.

1.2 PARSING RANDOMNESS

In the previous section, I described the richly structured random data that developers in our study some-

times needed for testing their properties. This rich structure poses difficulties. Take valid XML documents,

for example: if a developer naïvely generates random strings, they are unlikely to produce anything re-

motely resembling XML. Even if they took some care to generate XML tags, the generator may produce

strings like <foo></bar> that do not actually represent valid documents. The core problem is that prop-

erties usually have preconditions that say what it means for a value to be a valid input to the property, and

if the generator does not produce enough valid inputs then testing performance degrades.

In Chapter 3 of this dissertation, I describe foundational work to explore this problem and improve the

state of the art for users. Benjamin Pierce and I developed free generators, a formalization of random data
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generators that contributes both a better understanding of what generators are and a new algorithm for

improving generator performance.

Our key insight is that generators are closely related to parsers. This insight had been understood prac-

tically for quite some time, but it had never been formalized in the context of QuickCheck-style “monadic”

generators. To see how a generator is like a parser, we need to focus on choices. Consider this simple

generator that produces pairs:

x <- choose (1, 10)
y <- choose (1, 10)
return (x, y)

This generator has two choices to make—one to pick x and one to pick y—and it randomly makes those

choices on-the-fly. But what if the choices were made ahead of time? If we had a list of choices [Pick 1,

Pick 2], one could imagine the generator taking those as input and arriving at the result (1, 2). From

this perspective, a generator acts like a parser of a string of choices. Chapter 3 makes this intuition formal,

including proofs of theorems that connect the behavior of parsers and generators.

This shift in perspective is not just interesting, it is also useful for improving the state of PBT for real

developers. When viewed as parsers, generators admit a kind of “derivative” operation that can be used

in generation algorithms to alter the generated distribution. In particular, we developed choice gradient

sampling, an algorithm that guides a naïve generator to produce a higher proportion of inputs that satisfy

a property’s precondition.

The CGS algorithm addresses some of the concerns from the formative study by giving developers

a better on-ramp to PBT. We evaluated the algorithm on a variety of complex preconditions, including

ones that ensured an input program was well-typed, and we found that CGS significantly increased the

proportion of valid values and improved on the variety of those values that were ultimately generated. This

means that if developers want to get started with PBT, but they are not yet ready to write a high-quality

generator, CGS can help.

Free generators also build a foundation for follow-onwork that addresses both generation and shrinker

automation; I describe that next.
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1.3 REFLECTING ON RANDOMNESS

When viewing generators as parsers, as we do in Chapter 3, we can make modifications to the random

choices between generating and parsing them. Concretely, we can take [Pick 1, Pick 2] from above,

modify it to be [Pick 1, Pick 1], and then parse the new choices to get a new tuple (1, 1). Existing

algorithms [112] take advantage of this idea for things like test-case shrinking: given a failing test input, we

can attempt to shrink the randomness that produced that input to obtain a smaller example that still causes

the property to fail. Since the counterexamples that PBT finds can be quite large, this is a very important

step to make debugging possible. In the previous example, if we consider (1, 1) to be “smaller” than

(1, 2), then we have effectively shrunk the value by shrinking the randomness.

This approach to shrinking is incredibly flexible: the shrinking algorithm does not need to be reim-

plemented for each data type, it can be implemented once and for all. And developers in our formative

study did discuss that hand-writing shrinkers (still a common practice, especially in libraries that do not

implement a more generic approach to shrinking) was a significant distraction. But there is one large is-

sue: there is no way to shrink values that were not recently generated. If an end-user were to submit a

bug report containing an input that caused the program to fail, or if an input was generated and stored

somewhere (e.g., for regression testing), those inputs could not be shrunk. Since shrinking can be critical

for the debugging process, this is a significant downside.

In Chapter 4 of this dissertation, I describe work that I led with collaborators Samantha Frohlich, Meng

Wang, and Benjamin Pierce, extending free generators to reflective generators that can be used to implement

an automatic and fully-general approach to test-case shrinking. The key insight comes from the bidirec-

tional programming literature [40]: reflective generators can be run “backward” to extract information

from a generated value.

What does it mean to run a generator backward? The parsing view says that generators are functions

from lists of choices [Pick 1, Pick 2] to values (1, 2); thus, running the generator backward means

taking a value (1, 2) and inferring the choices [Pick 1, Pick 2]. The details of how this is done, and

how it relates to free generators, can be found in Chapter 4—for now, the important part is that it can be

done, and that it requires only modest developer effort to achieve. With a reflective generator in hand, a
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developer can take an input from a user’s bug report, run the generator backward to obtain a list of choices,

shrink those choices, and then run the generator forward again to get a smaller counterexample.

Reflective generators also enable new algorithms for generation. The reflective generators chapter

describes an algorithm for “example-based tuning,” which allows users to modify an existing generator’s

distribution to mimic a set of provided example inputs. Our approach generalizes one from the litera-

ture [155], allowing it to work on a larger class of generators.

Reflective generators continue to push the boundaries of PBT generator technology, providing more

flexibility, utility, and automation to developers. While we have not yet achieved the fully-automated

generation for complex constrained data that users hoped for in our study, we have laid a solid theoretical

and practical foundation. Free and reflective generators clarify the theoretical properties of PBT generators

while providing useful algorithms for generation and shrinking that address real-world users’ concerns and

make PBT easier to adopt.

1.4 UNDERSTANDING RANDOMNESS

Pivoting away from generator and shrinker advances, I will now address another research opportunity

from the formative study: testing evaluation. Recall that many participants reported that they did not

carefully evaluate the effectiveness of their tests, leading to missed bugs in a few cases. The problem, again,

has to do with generation of complex data—as noted above, generating things like valid XML documents

is hard to do with naiv̈e generation strategies, meaning that the test will not get enough good data to test

with. But there is actually a subtler problem too: even if the generator produced a reasonable number of

XML documents, they may not all be interesting. For example, if the generator often produces the empty

document or a single node document, <a></a>, the test may still miss important bugs.

To address this problem, and motivated by suggestions from study participants, we began designing

a user interface that includes visualizations to help developers understand the distribution of data that

was used to test their properties. Chapter 5 describes both the user interface itself, called Tyche, and our

process for refining the design of the interface with the help of PBT experts. I led the design, development,

and evaluation of the tool, but I had critical input along the way from Jeffrey Tao, Zao Hatfield-Dodds,

Benjamin Pierce, and Andrew Head.
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The final Tyche interface shows developers a rich set of visualizations that help them to understand

the effectiveness of their property-based tests. It is built with five design principles in mind:

• Visual Feedback. Developers should have visual representations of distributions that they can un-

derstand at a glance, rather than command-line output which hides important signals.

• Workflow Integration. No matter what the developer’s PBT setup looks like, they should be able to

fit this tool into their workflow. This means embedding the interface in IDEs but also making it

available as a standalone application.

• Customizability. Each testing domain is different, and developers have different signals that indi-

cate the quality of the inputs used for testing. The interface should be customizable to match that

complexity.

• Details on Demand. Developers should be able to move fluidly between high-level summaries of the

data and low-level details. The high-level is necessary for making quick decisions, and the low-level

encourages curiosity that may lead to a better understanding of the system under test.

• Standardization. The interface should be usable with as many PBT frameworks and programming

languages as possible—broader adoption means safer software.

The interface is described in detail in Chapter 5 alongside screenshots and workflow diagrams.

While we were confident that the final design of Tyche embodied our design principles and matched

the expectations of the experts we spoke with, we were not yet confident that we had chosen the right

visualizations to really help developers understand their generators. Thus, we evaluated Tyche in a con-

trolled study, primarily answering the question: Does Tyche help developers to predict the bug-finding

power of a given test suite? The study concluded that, for 3 of the 4 tasks we had participants complete,

Tyche significantly reduced the number of mistakes users made when ranking generators.

The Tyche interface once again demonstrates the power of marrying PL and HCI techniques to achieve

impact in software engineering—in this case, not only was Tychemotivated by human-centered research,

but it was also co-designed with users’ help and evaluated with real developers. The hope is that designing

tools this way results in software that is better tailored to users’ needs than one designed in a vacuum.
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1.5 RELATED AND FUTUREWORK

Since the chapter topics vary significantly, ranging from practical PBT usage to theoretical PBT abstrac-

tions, references to related work are distributed throughout this document. Related work sections in each

chapter provide background that is specific to the content of that chapter.

The work in this dissertation establishes a strong foundation for PBT that is widely usable and widely

used. But this is only the beginning. We must continue understanding user needs, building powerful

theories, and implementing practical tools to build a future where PBT is applied successfully across the

software industry. In Chapter 6, I discuss that potential future in some detail; I outline plans for projects

that target each step in the PBT process, streamlining them and making them more flexible for realistic

use-cases.

I believe that by combining the theoretically grounded techniques with an empathetic understanding of

real users, tools for maintaining software correctness can continue to keep pace with the ever accelerating

world of software engineering.
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CHAPTER 2
Property-Based Testing in Practice

In this chapter, I discuss an in-depth, 30-participant interview study that serves as motivation for the rest of

the work in the dissertation. Through this study, we crystallized a picture of how PBT is used effectively

in a software development context, and we established recommendations for future work in PBT. The

content in this chapter is taken, mostly unchanged, from Property-Based Testing in Practice [59]; it was

published as a Distinguished Paper at the International Conference on Software Engineering (ICSE) 2024.

The paper was written in collaboration with Joseph W. Cutler, Benjamin C. Pierce, and Andrew Head at

the University of Pennsylvania, along with Daniel Dickstein at Jane Street. I lead both the study itself and

the writing effort, although all authors contributed; the study analysis was done primarily by myself and

Prof. Head.

2.1 INTRODUCTION

Property-based testing (PBT) is a powerful tool for evaluating software correctness. The process of PBT

starts with a developer deciding on a formal specification that they want their code to satisfy and encoding

that specification as an executable property. An automated test harness checks the property against their

code using hundreds or thousands of random inputs, produced by a generator. If this process discovers a

counterexample to the property—an input value that causes it to fail—the developer is notified.

The research literature is full of accounts of PBT successes, e.g., in telecommunications software [4],

replicated file [82] and key-value [11] stores, automotive software [5], and other complex systems [80].

PBT libraries are available in most major programming languages, and some now have significant user

communities—e.g., Python’s Hypothesis framework [113] had an estimated 500K users in 2021 according

to a JetBrains survey [85]. Still, there is plenty of room for growth. Half a million Hypothesis users

represent only 4% of the total Python user base, whereas the Hypothesis maintainers estimate [30] that

the “addressable market” is at least 25%. (For comparison, the most popular testing framework, pytest, has

50% market share.)

To help move PBT toward wider adoption, the research community (ourselves included) needs to better
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understand the practical strengths and weaknesses of PBT and the places where further technical advances

are required. Existing work in the software engineering literature has studied how other bug-finding tools

are used in practice (see §2.6), but PBT offers a unique set of tools and warrants its own investigation.

Accordingly, we interviewed PBT users at Jane Street, a financial technology firm that makes significant

use of PBT, to learn how they use PBT, where they see its value, and in what ways they think it might be

improved. Concretely, we aimed to answer two main questions:

RQ1: What are the characteristics of a successful and mature PBT culture at a software company?

RQ2: Are there opportunities for future work in the PBT space that are motivated by the needs of real

developers?

The first question aims both to offer guidance for engineers and managers considering whether PBT might

fit well in their organizations and to provide a basis for evaluating and comparing PBT technologies. The

second question aims to help shape further research to maximize the impact of PBT.

Our findings contribute a wide range of observations about developers’ experiences with PBT, adding

nuance to the research community’s understanding of PBT’s real-world usage. Through our interviews, we

gleaned several new insights about the situations in which property-based tests are deployed in practice.

We found that developers use PBT mainly for testing components of complex systems, expecting the tests

to provide greater confidence than conventional example-based unit tests yet still run quickly as part of

their normal test suite. Interestingly, we also found that developers leverage PBT for the secondary benefit

of communicating specifications: properties serve as a form of persistent documentation, demonstrating

the semantics of the software to readers—a benefit less commonly discussed in the literature. Finally, we

found that at Jane Street, PBT is primarily used in “high-leverage” scenarios, where properties are espe-

cially easy to identify and test. Beyond deepening our understanding of when and why developers reach

for PBT, we also found that PBT technology can be improved in several ways to better support developers.

In particular, study participants reported struggling to generate distributions of test examples that they

were convinced effectively exercised the property, and sometimes viewed the process of designing ran-

dom data generators as a distraction. They also lamented the lack of visible feedback on the effectiveness

of their testing.
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From these findings, we extract a list of opportunities for future research, including understanding the

nuances of PBT performance requirements, exploring better support for differential testing, and expanding

the high-leverage scenarios in which PBT is most effective. We also highlight opportunities around im-

proving languages for random data generators, designing interfaces for test-case reduction (“shrinking”),

evaluating testing success, and using developer feedback to improve the testing process.

We begin with background on PBT (§2.2), then present our study methodology and discuss of poten-

tial threats to validity (§2.3). We present the study’s main results (§2.4) and detail lessons learned in the

form of observations (§2.5.1) and research opportunities (§2.5.2) before discussing related work (§2.6) and

concluding (§2.7).

2.2 BACKGROUND

Properties are executable specifications of programs. For example, suppose a developer is working on a new

implementation of binary search trees (BSTs)—tree structures where each internal node is labeled with a

data value that is greater than any labels in its left subtree and less than any in its right subtree. They know

that all the operations on BSTs (insert, delete, etc.) must preserve this validity condition: given a valid BST,

they should always produce a valid BST. To enforce this condition, they might write the following test for

the insert function using OCaml’s Core QuickCheck library [37]:

let test_insert_maintains_bst () =
QuickCheck.test

(both int_gen (filter valid_bst tree_gen))
(fun (x, t) -> valid_bst (insert t x))

The second argument to QuickCheck.test (on the last line) is the property: It says, given an integer x

and a BST t, that insert t x should return a BST. The first argument to QuickCheck.test is a random

data generator, which here generates a pair of both an int and an arbitrary BST (obtained by generat-

ing an arbitrary binary tree using tree_gen and using filter to discard trees that are not valid BSTs).

QuickCheck.test randomly generates hundreds or thousands of pairs (x, t) and invoke the property

to check each pair. If this check ever fails, we have discovered a bug in insert.

Generators like tree_gen are usually written using an embedded domain specific language (eDSL)

provided by the PBT framework, which includes base generators like int_gen and combinators like both
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that can be used to create generators for complex data types from generators for their parts. The generator

language is embedded in OCaml (in this case), giving generator writers access to the full power of the

host language. Generators can require some careful tuning to find bugs effectively. This is often because

properties have preconditions that define what it means for an input to be valid. For example, “filter

valid_bst tree_gen” is a correct generator of BSTs: it simply discards trees until tree_gen happens

to generate a valid BST. However, this means that the majority of the generated trees will be discarded,

wasting precious generation time. A better strategy is to hand-craft a generator that only produces valid

BSTs, but such generators can be nontrivial to write.

If the property ever fails during testing, the failing value is presented to the user. This value might

be overly complex, with parts that are irrelevant to the failure of the property, so most PBT frameworks

provide tools for test-case reduction [112], usually called shrinking [79] in the PBT literature.

The BST example above uses OCaml’s QuickCheck library, but the general approach—a module under

test, a concise property, a data generator, and a shrinker—is shared by all PBT tools, from the original

Haskell QuickCheck [20] to Python’s Hypothesis library [113] and beyond. The power of PBT comes

from the ability to test a huge number of system inputs with a single specification and generator, often

uncovering edge and corner cases that the developer might not have considered. It thus hits a useful

midpoint between example-based unit tests and heavier-weight formal methods, retaining the precision

of traditional formal specifications and their ability to characterize a system’s behavior on all possible

inputs, but offering quick, best-effort validation instead of requiring developers to write formal proofs.

Of course, PBT is only one amongmany testingmethodologies. Two primary alternatives are especially

relevant to our study.

Example-based unit testing [26] (as supported by pytest, JUnit, and other frameworks) evaluates a pro-

gram by testing it on individual example inputs. For each input, the developer writes down a short snippet

of code that checks that the program’s output is correct for this input. (We call this style “example-based

unit testing” throughout the paper, rather than just “unit testing,” because PBT is also typically used to test

individual units within larger systems.)

Fuzz testing, invented by Miller [7; 121] and popularized by tools like AFL [180], also aims to find bugs

by randomly generating program inputs. The technical foundations of fuzz testing and PBT overlap to a
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large (and increasing [159; 104]!) degree, but existing tools from the two communities tend to be tuned

for different situations: fuzz testing is typically used in integration testing of complete systems, to detect

catastrophic bugs like crash failures and memory unsafety, while PBT is used to flush out logical errors in

smaller software modules.

2.3 METHODOLOGY

To address the research questions described in the introduction, we conducted an interview study of de-

velopers who use PBT in their work. This study was conducted in accordance with the ACM SIGSOFT

Empirical Standards for qualitative surveys.

2.3.1 Population

As the setting for our study, we chose Jane Street, a financial technology firm that uses PBT extensively.

We recruited 31 participants and carried out 30 interviews (one was a joint interview). Participants were

recruited by a Jane Street developer who volunteered to coordinate the study: they found instances of PBT

in the source tree and contacted the authors of those libraries; announced the study on an internal blog;

and carried out snowball sampling by asking participants for others we should talk to. All participants

had some experience with PBT, and most self-reported as having positive experiences. We also explicitly

asked for participants who reported neutral or negative feelings about PBT, but they were difficult to find:

most felt they did not have enough experience to speak to those feelings. Two self-described PBT-critical

developers participated in the study. More details about the study participants can be found in Table 2.1.

Most of those we interviewed were testers (26/30), who use PBT tools in their day-to-day work, but

we also spoke to several maintainers (4/30) who play a role in building and maintaining Jane Street’s PBT

infrastructure. These two groups were given different prompts (see below), reflecting our expectation

that the maintainers would be able to offer a more “global” perspective, but their responses were coded

uniformly since they address the same research questions.

Participants who answered an optional background questionnaire had between 1 and 26 years of pro-

fessional Software Engineering experience (median 7) and between 1 and 20 years using PBT (median 6).

This wide range of experience (for PBT, almost as wide as possible, since the first paper on PBT is only 23
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Table 2.1: Participant backgrounds. Columns 3–5 reflect optional questions; participants that didn’t re-
spond to these are listed at the bottom. ★Measured in years. ★★Stated comfort with PBT on a Likert scale:
7 most comfortable, 1 least. †Participant indicated skepticism of PBT. ‡Pair interview; coded as one partic-
ipant. (At Jane Street’s request, we do not associate individuals with their teams or company divisions.)

ID Role SE Exp.★ PBT Exp.★ Comfort★★

1 Tester 12 3 (6)
3 Maint. 22 17 (7)
4 Maint. 15 16 (6)
5 Tester 5 7 (6)
6 Tester 16 16 (7)
9 Tester 4 4 (5)
11 Maint. 10 7 (6)
14 Tester 8 7 (5)
15 Tester 2 2 (6)
16 Tester 8 8 (3)
18 Tester 1 1 (5)
20† Tester 5 2 (5)
23 Tester 6 6 (5)
25‡ Testers 26 20 (5)
26 Tester 2 2 (6)
28 Tester 7 1 (5)
29 Tester 4 5 (6)
Other Testers: 2, 7, 8, 10, 12, 13, 17, 19†, 21, 22, 24, 27, 30

years old! [20]) also means we heard from developers at many points in their careers and with differing

levels of software development experience. When asked to rate their comfort with PBT on a Likert scale,

these participants were overall quite comfortable with PBT (median 6 out of 7): all but one were at least

“somewhat comfortable” (5 out of 7). Working with developers who are already relatively fluent users of

PBT allowed us to benefit from their well-informed ideas about how to make PBT better, as well as their

frustrations and challenges.

Jane Street’s overall financial operations are supported by a diverse set of software engineering efforts.

We spoke to developers working on core data structures, distributed systems, compilers, graphical inter-

faces, statistical computation, and even custom hardware. Study participants spanned fifteen teams in four

main areas: Trading (2/30, across 2 teams), working directly with traders to develop technology specific

to individual trading desks; Trading Infrastructure (13/30, across 5 teams), building platforms to support

Jane Street’s trading; Quantitative Research (5/30, across 2 teams), writing software to enable research on

trading algorithms; and Developer Infrastructure (11/30, across 6 teams), designing tools and languages
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1. Tell us about a noteworthy time that you ap-
plied PBT.

(a) What kinds of properties did you test?
(b) How did you generate test inputs?
(c) How did you evaluate the effectiveness

of your testing?
(d) What did you do to shrink your failing

inputs?

2. Which parts of the PBT process are the most
difficult?

3. What role does PBT play in your development
workflow?

4. To whom would you recommend PBT?
5. In what contexts is PBT most useful?
6. Is there anything that would make PBT more

useful to you?

(a) Prompts for testers.

1. Have you seen the type of adoption that you
want from your PBT tools?

2. How can QuickCheck be improved?
3. What do you think it would take to get every-

one at Jane Street using PBT? Would that be a
good thing?

4. What do you hopewe’ll learn from this study?

(b) Prompts for maintainers.

Figure 2.1: Interview prompts.

upon which Jane Street’s applications are built. Jane Street developers primarily work in OCaml, a pro-

gramming language with strong typing, good mechanisms for modularity, and a focus on performance.

OCaml is thought of as a functional language, but it has strong support for imperative programming as

well.

2.3.2 Protocol

We conducted a semi-structured one-hour interview with each participant; Goldstein and Cutler led the

interviews. The prompts for testers is shown in Figure 2.1a. The script was designed to attain depth by

encouraging reflection on real, memorable experiences with PBT. It evolved somewhat over the course of

the study, allowing us to validate interesting or unexpected observations from earlier interviews. A sepa-

rate script was used with maintainers, shown in Figure 2.1b. Time permitting, we also asked maintainers

about their use of PBT.

We did not explicitly interview until saturation; we simply tried to recruit a reasonably sized group

that was representative of PBT users at the company. However, as we neared the end of the study we

felt we were no longer learning about new aspects or perspectives on PBT, and we saw convergence on
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many of our findings (as evidenced by the numbers we report in §2.4). Thus, we do not expect there are

significant holes in our results.

Once the interviews were complete, they were transcribed using an automated transcription ser-

vice [133] and analyzed to extract important themes following a thematic analysis process [10]. Gold-

stein and Cutler carried out an open coding pass (reading through the transcripts and assigning thematic

codes as they went). The codes we chose focused on participant goals, benefits of PBT, challenges en-

countered, and opportunities for improvement. Once the set of codes stabilized, they were validated by a

third co-author, then clarified by the whole team to obtain a final set of clean codes. Finally, one co-author

performed an axial coding pass (reading through the transcripts and codes again to make connections and

ensure consistency) with the updated codebook. Our codebook is available online [52].

2.3.3 Threats to Validity

While our study covered a wide variety of software teams and tasks, it should be noted that participants

mostly described using a single PBT toolset, in a single language and software development ecosystem. Our

findings may under-represent the usage patterns and challenges experienced by those working with other

PBT toolsets in other languages. To help us develop findings that generalize beyond the Jane Street toolset,

we designed our interview protocol to focus considerable attention on the conceptual and methodological

aspects of PBT, rather than on details of OCaml’s QuickCheck implementation or specifics of how it is used

at Jane Street. (In the cases where we make observations that are toolset-specific, e.g., where we know

tools outside of OCaml address some of the problems we observed, we state this explicitly.) In addition,

participants were mostly experienced developers who were comfortable with PBT. This means that our

study under-reports the experiences of novice developers. Finally, as discussed above, we did not measure

saturation as interviews progressed, so there is a chance that more interviews may still have uncovered

new insights.

Another threat comes from the inherent limitations of interview studies. For one thing, participants

may not always accurately recall the particulars of their experiences with tools. We did our best to mitigate

this threat by asking developers to tell us about specific experiences—a standard technique for studies

like ours. Additionally, our own biases as interviewers may naturally have skewed the results; Goldstein
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and Cutler, who carried out the interviews, and Pierce and Head, who also participated with additional

questions, are all property-based testing researchers who have a vested interest in the outcome of the study.

Outcomes that show PBT in a positive light may have unintentionally been highlighted, and criticisms that

we have addressed in our prior work may have received extra attention.

2.4 RESULTS

We now present our findings. We start by describing the benefits that PBT delivered to developers and how

it fit with the other testing approaches they used. Thenwe describe in detail their experiences writing spec-

ifications, designing generators, debugging, and evaluating testing success, focusing both on challenges

they experienced and on opportunities for improving PBT tools and workflows.

2.4.1 Benefits of PBT

As might be expected, the primary reason participants used PBT was to assess whether their code was

correct. Participants often used PBT to validate widely used or mission-critical code. For example, one

participant described using PBT for code that was “used in 50,000 places across the code base” to establish

reliable behavioral contracts for library consumers (P13). Another participant used PBT to check soft-

ware that interacted with information they were “sending to the [stock] exchange” (P25), which, should

it contain errors, could incur serious financial costs. An advantage of PBT in these cases was its ability to

explore edge cases (mentioned by 10/30) since, in the words of one participant, “the bugs are always going

to happen in cases you didn’t think of” (P21).

For many participants, PBT served to increase confidence that their software was robust. They de-

scribed code tested with PBT as “solid” (P6, P28), and some (9/30) explicitly mentioned that PBT increased

their “confidence” that the code was correct. One described using PBT when they “wanted peace of mind”

(P11). Confidence was accompanied by material evidence of success: a third of participants (10/30) said

their property-based tests found bugs that they had not found via other methods.

A less obvious benefit of PBT was its ability to help participants better understand their work. One

participant described properties as tools that “force [the developer] to think clearly” (P30) about their code,

and another pointed out that sometimes properties fail because the specification (rather than the code) is
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wrong (P10). In such cases, failing tests can highlight gaps in the developer’s understanding of the problem

space that could lead to issues later.

Outside the testing loop, properties were useful for documentation and communication (12/30). One

participant noted that properties “are part of the interface and part of the documentation” (P3) and em-

phasized that, unlike other documentation, properties never fall out of date: whereas a textual description

in a comment might drift from the code’s actual behavior, a property is repeatedly re-checked as the code

changes. Many also talked about the value of PBT in the code review process (18/30) as a compact way to

express what a particular program does. One remarked: “I feel like [PBT] is very nice for review. . . I really

dread seeing 10,000 lines of tests where you just need to spend hours to read code and understand what’s

going on. . .And I think, if there is a QuickCheck test, and you look at the property that’s been tested, which

is usually much shorter. . . it gives you much more confidence that the code is correct.” (P19)

The benefits of PBT were such that even those who were critical of it found it to be beneficial in some

situations. During the recruiting process we tried to explicitly recruit participants who said they did not

like PBT; we found two (P19 and P20), but the criticism in their interviews turned out to be constructive

suggestions that were echoed by PBT’s proponents as well, and both primarily spoke about situations

where PBT was valuable.

Moreover, some participants who liked PBT really liked it: one said that they “use QuickCheck for

everything” (P13) and another asserted that “everyone should be aware of it” (P27). Yet another participant

argued that “[PBT] is so useful that it’s worth trying to reorganize your code into the form that it is

applicable. PBT is so helpful that if you can reinvent things that way, you should.” (P10) Several participants

(8/30) also talked about evangelizing PBT, encouraging others to use it and increasing its adoption.

We found that this sort of evangelism benefited all parties: PBT becomes more useful as more people

on a team or in an organization use it. A culture of supporting PBT can save work: P24 and P27 both noted

that PBT would be easier to use if more developers in the organization provided generators for the types

exported by their modules, making it much easier to test code in other modules that uses those types. In

addition, treating property-based tests as documentation, as many (12/30) did, requires that others in the

organization can read and understand such documentation.
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2.4.2 Comparisons to Other Testing Approaches

The most common approach to testing at Jane Street is not PBT, but rather an example-based unit testing

framework called “expect tests” [123]. Expect tests are basically conventional example-based unit tests with

editor integration that helps developers create unit tests from the outputs that the system produces. With

expect tests, developers add code to the system under test that that logs interesting data to the standard

output channel; the expect-testing framework then checks that the output matches the output string that

was captured from the previous run of the system—it is up to the developer to decide which output is

intended. Expect tests are integrated into Jane Street’s editor workflow, and they are used pervasively in

much the same way as frameworks like pytest and JUnit are used in other languages. Thus, we can use

comparisons with expect tests as a proxy for comparisons with example-based tests in general where the

specifics of expect tests are not relevant.

From a legibility perspective, PBT was sometimes seen as better, sometimes worse than expect tests.

Expect tests were described as more transparent and “often easier to understand” (P5). P18 said “expect

tests. . . explain what they’re doing to a better degree. And it’s easier for someone to come in and review

my test,” and P27 made a similar point. But expect tests can sometimes go past from “transparent” to

just verbose. P17 complained that reading a whole output string was onerous, and another participant

complained “[with expect tests] it’s easy to get into a mode where you just like write a test, and you just

print out a bunch of crap. And then it’s really annoying to like code review that test because there’s just

too much stuff” (P7). Properties are more concise.

PBT and expect tests also present different strengths and weaknesses when it comes to test writing.

One participant said that writing an individual expect test is “way easier than writing invariants,” but they

highlighted that at the scale of a whole test suite they “love not writing specific unit tests cases” (P13).

Ultimately there was no universal preference for properties or expect tests—both should be available

in a developer’s toolkit. We might infer from participant responses that when code is simple enough and

examples communicate its behavior well enough, expect tests are an attractively lightweight option. In

cases where the code is particularly difficult to get right, or where writing out enough examples becomes

tedious, it seems PBT may be a better choice.
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One area where properties seem to be at a clear advantage over expect tests is in the confidence they

provide developers. P25 remarked of Jane Street developers that “[they] go to randomized testing when

[they’re] not so confident of what [they’ve] done.” As discussed above, around a third of participants talked

directly about PBT building confidence, and the same proportion reported PBT finding bugs that had not

been found with other methods.

Expect tests and PBT were both used to test individual software units during development. PBT was

almost always described as running in Jane Street’s build system, and many developers actually test their

properties “locally after each edit” (P2) Participants described strict time budgets for PBT—no more than

“30 seconds” (P27) and as low as “50 milliseconds” (P11)—to ensure it would not slow down the build.

These time budgets serve to keep PBT from triggering the 1-minute-per-library timeout that many Jane

Street developers set for their unit test suite (P7).

Alongside these fast-turnaround unit testing tools, developers also used fuzzing tools like AFL [180]

and AFL++ [39] for integration testing. A third of participants (10/30) mentioned fuzzing, and a few (3/30)

described using AFL alongside PBT as part of their testing process. In contrast to the strict timeouts set

for expect and property-based tests, one participant described a fuzzer that was forgotten and left running

for a year and a half on a spare server (P9). Others did not run fuzzing this long, but still considered it to

be running “out of band” (P28), outside the normal continuous integration and at time scales on the order

of hours or days. The upshot is that fuzzing tools are given much longer to run than PBT tools.

2.4.3 Writing Specifications

The previous sections have dealt with PBT at a high level; we now begin a deeper dive into the specifics

of the PBT process and how developers described actually using PBT tools. The first step in this process is

defining one or more properties to test. While participants did describe struggling with this stage, many

ultimately developed powerful strategies for finding properties.

Many participants (16/30) said the process of writing specifications slowed their progress. P4 summed

it up like this: “I think the most common failure mode is actually not knowing what properties to test.”

Challenges ranged from systems that seemed not to have properties at all—P1 talked about “a server that

serves queries. . . and has some. . . nuanced behavior” that is not compatible with “logical properties”—to
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systems whose properties were hard to articulate in the form of QuickCheck tests: “With [example-based

unit tests], I kind of look at it, I can just make a snap judgment as to whether this is okay or not. Trying

to formalize that judgment sometimes can be very difficult.” (P2)

Challenges in articulating properties can come from the way code is written. P7 explained that mutable

state (e.g., a hidden variable that may change between calls to the same function) gets in the way of writing

properties: “there’s. . . this hidden state component. . . that kind of makes it harder for me to think about

what are the right laws.” P22 also pointed out that “integrating the outside world and. . . dealing with the

interaction of very large and complicated systems” makes it less clear how to “meaningfully test with PBT.”

(These findings are not surprising. It is well known that code that interacts with its environment is also

a challenge for testing in general, not just PBT: stateful code uses mutable data structures such as hash

tables, which might introduce differences between runs of the same test if the state is not reset properly;

and effectful codemight rely on external files, databases, or networks, which may not be safe to access over

and over during testing.)

Despite these difficulties, the developers we spoke to were generally enthusiastic about PBT. Onemight

therefore wonder: Did they simply forge ahead regardless, or did they have specific techniques for circum-

venting the difficulties of writing specifications?

What we found was that developers often succeeded in applying PBT by being opportunistic in their

choice of when to apply it. Rather than try to apply PBT to every program at all times, participants looked

for situations where it offered high leverage: more confidence for less work. Some participants described

this in general terms as “go[ing] for the low-hanging fruit” (P2) or finding places where “the properties

are sort of obvious” (P28), but many enumerated specific situations where they would reach for PBT.

Classical Properties (11/30). Certain forms of properties are familiar from the PBT literature and from

library documentation for PBT frameworks. These include mathematical properties (e.g., the commutativ-

ity of addition), properties drawn from CS theory (e.g., repeated sorting has no effect), and properties that

naturally fall out of a data structure’s invariants (e.g., the ordering condition of a BST). These properties

may be more accessible because they are naturally top-of-mind.

Round-Trip Properties (11/30) are also common in the literature; we heard about them so much more

often than the other classical cases that they seem worth calling out on their own. These properties check
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that a pair of functions are inverses of one another—for example, parsing and pretty-printing or encoding

and decoding functions. This situation is easy to notice and easy to test since the properties are incredibly

succinct (you call one function, then its inverse, and then check that the final result matches the original

input), so round-trip properties are a popular choice.

Catastrophic Failure Properties (7/30). Rather than write logical specifications, some participants used

PBT to try to provoke catastrophic failures such as assertion failures and uncaught exceptions. In general,

these kinds of properties provide less confidence in code quality (there can still be logical errors, even if

the code does not crash), but they help to rule out worst-case scenarios, and they are easy to write. (These

kinds of specifications are identical to the ones often used for fuzzing; the line between the techniques is

blurry, but since the participants were using PBT tools—including complex generators—and testing small

units of software, we still consider this relevant for our purposes.)

Differential Properties (17/30). A “differential property” (in sense of differential testing [63]) compares

the system under test to a reference implementation of the same functionality that serves as a specifica-

tion; these are often also called model-based properties (c.f. model-based testing [165]), especially when

the reference implementation is designed to be an abstract model of the original code. Differential prop-

erties were by far the most widely implemented kind of property. Differential properties were described

as a “natural place to use property based testing” (P3)—indeed, one participant remarked that PBT was

challenging in a particular situation in part because a good reference implementation was not available

(P1).

The common theme of the high-leverage scenarios described above is the availability of a succinct

abstraction that can be used in writing a property. These PBT scenarios were summed up by P9 with

the following mantra: “[PBT is] most useful when. . . you have a really good abstraction with a complicated

implementation.” We discuss how these high-leverage scenarios should be taken into account to accelerate

research in PBT in §2.5.

2.4.4 Generating Test Data

Participants had several goals for generating inputs. First and foremost, many participants (17/30) talked

about needing to generate values that satisfy some precondition. This can be extremely important for ef-
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fective testing: if too few of the generated values satisfy the property’s precondition, then testing will fail

to exercise the code in interesting ways; in the worst case, it may even report false positives. A few of the

preconditions mentioned by participants are easy to satisfy randomly—for example non-empty strings or

lists—but most are quite hard to satisfy: valid postal addresses, well-structured XML documents, red-black

trees, and syntactically valid S-expressions are extremely unlikely to be generated by a naïve random gen-

erator. Participants also described test data requirements going beyond precondition validity. Some (5/30)

said they wanted their test data to be “realistic”—i.e., similar to the distributions of data the application

was likely to see in the real world. Others described heuristics for the distribution of the input data, for

example generating lists or trees of a “reasonable size” (P9).

Participants described a few different ways that they generated inputs. Most talked about either hand-

written random generators (19/30), which are the default approach in libraries like QuickCheck, or derived

generators (19/30), which are inferred based on the types of the data to be generated (e.g., the type int

list implies a generic generator for lists of integers).

The need for handwritten generators seemed to be a source of friction for many participants. P6 said

that writing generators for data that satisfies property preconditions is “the biggest annoyance with trying

to use QuickCheck” and many participants thought of writing generators as “tedious” (6/30) or “high-

effort” (7/30). P2 described the task of writing generators as intruding into their development process and

contributing to a general perception of PBT as “high cost and low value.” Since PBT was usually described

as an integral part of the development process, rather than as a separate quality-assurance task, it makes

sense that requiring detours into a lengthy generator design process might make PBT less desirable.

Besides requiring significant effort to use, available tools for writing generators by hand do not easily

enable developers to produce precondition-satisfying values that are also well distributed in the way they

would like. Writing a precondition-satisfying generator on its own can be a large task—whole papers have

been written about generators for a single complex data type [134]—and accounting for distributional

considerations adds even more friction. P13 said, “there’s a tension in. . . all these handwritten generators

between ‘I want kind of coverage of everything’ and ‘I want coverage that is realistic for most inputs.’” As

a solution, P13 suggested that one might be able to carefully combine two different handwritten generators

to achieve these competing goals, but thought “that way lies madness”. Other participants had an idea of
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the kinds of values they wanted to generate more or less frequently, but they were not sure how to get

there: “What should [the probabilities in my generator] look like?. . . I’m sure if I studied probability and

statistics and fully understood how the QuickCheck generating systemworked, I could give better guesses.

But all my guesses. . . they’re not educated guesses. They’re just random. . .And that’s a little bit of a mental

strain.” (P20)

In Jane Street’s ecosystem, derived generators are enabled via the ppx_quickcheck library, which pro-

vides a preprocessor that runs before the compiler and synthesizes generator code from type information.

Ideally, this approach is totally automatic, providing a generator without any additional user input, and

it was described fondly by participants. Many included it in their workflows (19/30), and one called it

“f***ing amazing” (P5). P13 went so far as to suggest that “you shouldn’t really be handwriting generators,

you should be changing the structure of your type [to improve generation].” (For example, if a function

being tested takes an int flag, but the only valid values are 0, 1, and 2, then replacing int with an appro-

priate enumerated type causes ppx_quickcheck to derive a better generator.) Others (7/30) leveraged a

combination of derived and handwritten generators, using derived generators as a foundation on which

to build more complex generator programs.

For both handwritten and derived generators, Jane Street developers recognized opportunities for tool

improvements. P4 described the process of hand-writing a generator for a mutable data structure as “over-

whelming,” and P6 suggested that libraries could do a better job supporting that use case. As for improv-

ing PPX-derived generators, P26 wanted better support for generating values of generalized algebraic data

types (GADTs), special types in OCaml and some other languages that can express fine-grained properties

of data.

Stepping outside the world of random generation, participants also described several additional ap-

proaches to obtaining test inputs. P16 described an approach that involved mutating a few user-provided

values, rather than generating new values (this idea is related to ideas in fuzz testing, but used outside of

any fuzzing framework; we discuss fuzzing below). P19 and P22 used enumeration, testing the whole space

of possible input values, rather than random generation. And P25, P27, and P30 all used some kind of real-

world data to test their properties. These techniques are a powerful complement to random generation

and may benefit from support from PBT frameworks.
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2.4.5 Understanding Failure

Debugging is often tricky, but participants described ways that tracking down bugs detected by PBT can be

especially so. One participant described their debugging process: after finding a large, unwieldy counter-

example with PBT, “you have to pull that failure into a separate sort of regression test. . .which runs the

same infrastructure but does it with much more detail. . .Having done that, it is still sometimes unclear—

like what about this example actually causes us to fail?” (P1) This is an instance of a broader problem:

random test generators often produce failing examples that are too large to make sense of during debug-

ging. To help developers understand failing examples, PBT frameworks offer shrinkers that transform

large inputs into smaller inputs that (presumably) introduce the same bug. One participant in our study

deemed shrinking “necessary” (P15), and two who implemented their own ad-hoc PBT frameworks (P8

and P21) insisted that shrinking was one of the most important features they implemented.

That said, participants found it difficult to use the shrinking functionality in QuickCheck, which re-

sembles shrinking in many PBT frameworks. In such frameworks, shrinking is achieved by having users

manually write functions that incrementally reduce a large value (e.g., a string, list, or other more com-

plex data structure) to a smaller one that triggers the same failure. Participants saw writing shrinkers

as an undesirable activity: one plainly stated, “I hate writing shrinkers” (P4). One challenge of writing

shrinkers was writing them in a way that preserved important non-trivial invariants: “It’s easy to write a

shrinker that accidentally does not preserve some invariant, and that makes your test fail.” (P13) This led

one participant to ask for a “generic solution [for shrinking], rather than having the user write shrinkers”

(P10).

A few participants also described wanting more information from the shrinking process—for example,

the progressively smaller intermediate values that were found during shrinking. P1 said “the shrinker gets

it right. . . but [it’s] still useful to see the evolution.”

2.4.6 Understanding Success

Property-based testing not only requires a developer to understand test failures; it also requires developers

to understand whether passing a test actually means the software is correct. If the inputs provided by the
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test harness fail to adequately exercise buggy code, a property-based test may pass misleadingly. One

participant described this situation, recalling a bug in published code that their property-based tests failed

to catch because the generator was “not generating the case that [they] had in mind” (P19). P14 worried

they could not trust their generators because they had “no idea what it’s generating.” (P14)

But, while participants understood that, in principle, tests could pass erroneously, 11 of them—more

than a third—said they did not think as hard as they should about testing effectiveness, or whether they had

adequately tested their software with their generators. Some (3 of the 11) reported seeing their property

catch a couple of bugs and deciding that they did not have to improve their properties any further; the rest

trusted that the generators provided by OCaml’s QuickCheck library or the ones they derived or wrote

themselves would be good enough. While this group is a minority of our sample, even a signal of this size

is striking: PBT tools such as derived generators should make it easy for developers to get started; they

should not (but evidently sometimes do) discourage developers from being critical of their test suite.

On the other hand, several participants described techniques for validating their PBT tests:

Mutation Testing (7/30). Some participants intentionally added bugs to their code and checked that

their tests successfully found those bugs. This technique is standard in the testing literature [135; 138] and

used in testing benchmarks such as Magma [69] and Etna [153].

Example Inspection (8/30). An even simpler way to assess a generator’s distribution is to look at a

handful of examples that the generator produces; one participant (P26) even designed a small utility to

graphically render one example at a time, to make them easier to understand at a glance.

Code Coverage (2/30). Participants evaluated the code coverage achieved by their tests and used code

coverage measurements as an indication that their properties were thoroughly exploring the space of

program behaviors.

Property Coverage (1/30). Another participant measured coverage not of the system under test, but of

the property itself. This is a weaker measurement, since it does not say anything about the system under

test, but it is much easier to make because it can be measured without complex tooling.

A couple of participants (2/30) compensated for gaps in their property-based tests by supplementing

them with example-based unit tests. In these cases, example-based tests were written to test complemen-

tary functionality that could not be easily tested with properties. As one participant put it, “it’s kind of
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not a good idea to use QuickCheck in isolation” (P6), as doing so limits the breadth of software behaviors

that can be tested.

How might PBT frameworks provide better support these (and other) techniques that give insight into

how thoroughly properties have been tested? P15 described their ideal interaction with PBT tools, where

the tools give “insight into what [PBT] is doing. . . I think a combination of knowing what it’s doing and

having more control of the space that it’s exploring would be interesting.” Participants desired greater

awareness of what their tools were doing: P16 called this “visibility”, and P30 called it “inspectability.”

Many participants wanted greater visibility to better understand the breadth of inputs generated. P18, for

instance, desired “visualization of the test [inputs] being generated”. Others wished to see details such

as “the answer [of the function under test] on a smaller set of examples” (P9), “statistics on. . . edge cases”

(P18), statistics describing generated inputs such as “the average length of [a generated] list” (P25), and

code coverage (P9).

2.4.7 Tradeoffs

As the earlier sections indicate, using PBT is not without costs. From coming up with properties to eval-

uating testing success, participants found friction in many steps of PBT. Participants described seeing

themselves as employing PBT more often if its “overhead” could be lowered (P26), or if there was less

“effort necessary to integrate [it] into [their] workflow” (P10).

Amidst these costs, PBT was often seen as worth the effort. For some participants, development of

properties was unremarkable. For others with more involved implementation, it was still worth the costs:

in the words of P6,“[It was] a huge slog, but I was like ‘this needs to be right,’ and. . . I’m glad I did it.”

P17 describes the tradeoffs of using PBT as follows: “doing PBT is both putting in more effort and saving

oneself effort as well.”

2.5 LESSONS LEARNED

In this section we answer our research questions, setting a course for upcoming PBT research and tool

development that is grounded in findings from the study. Our recommendations cut across the PBT process,

and establish new goals and priorities for different areas of PBT research. We first answer RQ1 with
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observations of PBT’s practice that offer a reality check to PBT researchers and tool-builders (§2.5.1), then

we answer RQ2 with a technical and empirical research agenda motivated by our study (§2.5.2).

Observations

OB1 Property-based testing is being used successfully to build confidence in complex systems.
OB2 Properties are used as devices for communicating specifications.
OB3 Property-based tests need to be fast; they are expected to perform as well as other unit

tests.
OB4 Property-based testing is used opportunistically in high-leverage scenarios where prop-

erties are readily available; developers rarely go out of their way to write subtle specifi-
cations.

OB5 Developers see writing generators as a distraction, preferring to use derived generators.
OB6 Developers may not interrogate properties that do not find bugs, even in cases where

they acknowledge they should.

Research Opportunities

RO1 Understand time constraints for property-based tests.
RO2 Improve support for differential and model-based testing.
RO3 Make more testing scenarios high leverage.
RO4 Streamline the process of writing well-distributed, precondition-satisfying generators.
RO5 Improve interfaces for shrinking.
RO6 Improve tools for evaluating testing effectiveness.
RO7 Connect evaluation of testing effectiveness and generator improvement.

Figure 2.2: Summary of results.

2.5.1 The State of Practice

Recall that RQ1 asks, “What are the characteristics of a successful and mature PBT culture at a software

company?” Based on the results of our study, we answer: A mature PBT culture considers PBT a tool to

be opportunistically applied in situations of high leverage to gain confidence in software and document

its behavior; developers try to keep PBT “out of their way,” expecting it to work quickly and easily. In

this section, we synthesize the results from the previous section into observations that expand on these

ideas. Some observations point forward to §2.5.2, where we present ideas for future research based on our

findings.
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OB1: Property-based testing is being used successfully to build confidence in complex systems. The broader

research community sometimes situates PBT as a lower-effort, lower-reward alternative to formal proofs

of correctness, but that perspective underestimates PBT as a practical tool for improving software quality.

In §2.4.1, we show that the developers at Jane Street found PBT to be a valuable part of their testing toolbox,

using it to gain confidence when they were unsure of code’s correctness, especially where correctness was

of critical importance. PBT gave them confidence that their software was operating correctly, finding bugs

in code that had not been found via other methods.

OB2: Properties are used as devices for communicating specifications. Tests are generally a valuable form of

documentation, and properties are no exception. Jane Street developers use them as executable evidence

that code satisfies a specification, which has significant advantages over traditional documentation that

might go stale as the code changes. As shown in §2.4.1 and §2.4.2, properties were deemed especially

useful for communication during code review: when properties were available, they were considered a

strong signal that the code was correct, and when unavailable reviewers sometimes asked the submitter to

write some. These auxiliary uses for properties are worth keeping in mind for PBT framework designers;

for example, some property languages try to make properties easier to write by providing terse syntax and

expressive defaults, but those features may cause problems if they hurt readability.

OB3: Property-based tests need to be fast; they are expected to perform as well as other unit tests. The PBT

literature is not always clear about exactlywhen in the software engineering process they expect properties

to be written, but in §2.4.2 we observe that PBT’s niche is testing module-level code during development.

This is in contrast with fuzz testing, which, when used by Jane Street developers, is treated as a separate

step and run outside of the standard testingworkflow. This discrepancymakes sense in view of the differing

goals that we observed for PBT and fuzzing: PBT is used for module-level tests with often-complex logical

specifications, while fuzzing is used for integration-style tests of whole applications, to check for relatively

basic (e.g., assertion failure or uncaught exception) errors. (Look ahead to RO1.)

Properties live alongside other unit tests, so they are expected to run as quickly as other unit tests.

Knowing this may change priorities for some PBT researchers. If users are only testing their properties

for 50 milliseconds, research advances that increase input generation or property execution speed might

make the difference between bugs being found or not. Conversely, approaches that make generators more
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thorough but significantly slower may not be used unless developers are given reason to accept longer

execution times.

OB4: Property-based testing is used opportunistically in high-leverage scenarios where properties are readily

available; developers rarely go out of their way to write subtle specifications. Conventional wisdom in the

PBT community sometimes assumes that developers decide to use PBT and then try to think of a specifi-

cation, but the study participants generally did the opposite: they saw an obvious testable property and

then decided to use PBT. We call situations with these readily available properties “high-leverage” testing

scenarios.

The high-leverage scenarios varied, and we are not confident that we have exhaustively documented

them, but a few are described in §2.4.3. The most popular was differential or model-based testing, which

compares the code under test to some other available implementation. (We are not surprised our partici-

pants found these techniques useful, after all both differential andmodel-based testing have rich literatures

on their own, but we did not expect to see them so seamlessly incorporated into PBT workflows.) Other

high-leverage properties include round-trip properties that check an inverse relationship between func-

tions and catastrophic failure properties that make sure a program does not fail completely.

What does this opportunistic use of PBT mean for researchers and tool builders? Frameworks can

optimize for and automate these scenarios—tools like Hypothesis Ghostwriter [67] have already begun

incorporating common PBT scenarios into an automation framework—improving the common case and

accelerating PBT use even further. High-leverage scenarios should also be incorporated into PBT bench-

marks like Etna [153] to make sure that the performance of PBT algorithms is evaluated in a way that

reflects their use in real-world scenarios. (Look ahead to RO2 and RO3.)

OB5: Developers see writing generators as a distraction, preferring to use derived generators. Since PBT is

often done in the midst of development, developers are reluctant to slow down and write a generator; the

task was seen as both difficult and time-consuming. Instead, as seen in §2.4.4, many participants opted to

test with generators derived from the types of their programs.

This has two implications. First, it means that ongoing work towards improving generator automation

is critical. After all, as easy as current derived generators are to use, they are not always sufficient. The

well-liked ppx_quickcheck library, for example, cannot derive generators for properties with complex
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preconditions. Broadening applicability of derived generators lowers barriers to using PBT. Second, it

means that developers of manually written generator languagesmust carefully consider any added friction.

Languages that make generators more difficult to write, perhaps because doing so enables desirable new

features, should be cautious—these features may be unlikely to see adoption.

Separately, languages and tools for writing generators should provide a wealth of sensible defaults,

and they should optimize the user experience around common patterns. Participants indicated that there

was room for improvement in all of these areas, at least in OCaml’s QuickCheck. (Look ahead to RO4.)

OB6: Developers may not interrogate properties that do not find bugs, even in cases where they acknowledge

they should. A passing property sometimes means that a program is free of bugs, but it may also mean

that the input values are not the right ones to trigger a latent bug. Developers acknowledged this fact, and

they had expectations around the kinds of input values that they wanted when testing their properties.

(Besides satisfying property preconditions, they wanted them to be realistic, well-distributed in the space,

interesting enough to cover corner and edge cases, and more.) But, as shown in §2.4.6, when it came time

to decide if their generators met expectations, developers did not analyze them closely. Developers of PBT

frameworks, and especially PBT automation, should keep this in mind: automated tools for generating test

inputs risk giving developers a false sense of security. They must ensure that their tools test thoroughly,

because testers may not. (Look ahead to RO6.)

2.5.2 Research Opportunities

Now we tackle RQ2: “What opportunities exist for future work in the PBT space, motivated by the needs

of real developers?” Based on our results, we conclude: Exciting avenues for PBT research include further

studies into performance and usability of PBT generators, broader and deeper support of high-leverage PBT

scenarios, better tools for shrinking, and better visibility into the testing process. This section discusses re-

search opportunities in software engineering, programming languages, and human-computer interaction

research that will unlock the yet-unrealized potential of PBT. Some research opportunities point backward

to §2.5.1, where we synthesize observations that inform these ideas.

RO1: Understand time constraints for property-based tests. Future studies should more thoroughly explore

how long developers actually budget for running PBT. In this study, we heard about numbers between 50
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milliseconds and 30 seconds; that difference is massive, and tools that support PBT cannot make optimal

decisions around optimization without clearer data. Moreover, developers of tools that combine ideas

from PBT and fuzzing need to carefully examine their performance and recognize that many PBT users

set strict timeouts that may preclude the overhead of measuring code coverage while running tests. This

is encouraging for tools like Crowbar [31] and HypoFuzz [66] that allow developers to transition between

short-running PBT and longer-running fuzzing with the same properties. (See OB3.)

RO2: Improve support for differential and model-based testing. As the most popular high-leverage scenario

for PBT, differential testing seems particularly interesting as a topic of further research. Differential testing

has a rich literature, as discussed in §2.6, but in the context of PBT there are still advances within reach.

For example, in languages like OCaml with rich module structures, researchers should aim to increase au-

tomation around differential testing and produce a test harness for comparing modules without requiring

any manual setup; Hypothesis Ghostwriter has begun to incorporate similar ideas with Python’s classes.

(See OB4.)

RO3: Make more testing scenarios high leverage. Some testing situations are just barely outside the realm

of “high-leverage” scenarios, and improved tooling could make the difference. For example, P5 described a

technique that they used to test a poorly abstracted module with an overly complicated interface: instead

of writing normal properties, they instrumented the module with log statements, wrote properties about

what those logs should look like, and then tested the module via an external interface that hides many

of its internal details. Generalizing and operationalizing this technique—e.g., perhaps with temporal logic

in the style of Quickstrom [130]—would allow for better testing leverage in cases where poor abstraction

prevents traditional PBT.

Other testing situations might be supported better as well. Potential opportunities include improving

PBT support for code with mutable state (e.g., by saving memory snapshots for repeatable tests) and code

that interacts with the environment (e.g., via robust integration with tools for mocking [114]). Increasing

the scenarios in which PBT works out of the box will naturally make it higher-value for developers. (See

OB4.)

RO4: Streamline the process of writing well-distributed, precondition-satisfying generators. This has been

a research goal for the PBT community since the beginning. Our study clarifies some promising paths
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forward, including improving tools for automated tuning, generalizing unified languages for defining gen-

erators alongside properties, and supporting alternatives to randomness as first-class.

There are two main options for tuning generator distributions. Actively tuned generators modify their

distribution live, in response to feedback, whereas pre-tuned generators compute distributions ahead of

time. Actively tuned generators are the norm in the fuzzing literature [39] and have been ported to PBT

in many forms [104; 144; 31; 55], but they spend precious testing time on tuning analysis, making them

less useful in time-constrained PBT scenarios. Pre-tuned generators can be much faster, but they currently

require too much programmer effort. For example, reflective generators [58] (which build on example-

based tuning à la the Inputs from Hell approach [155]) automate the process of generating realistic test

inputs, but this automation is only possible if a reflective generator is already available. Moving forward,

the community should continue to look for ways to use current active-tuning strategies for pre-tuning

(e.g., by saving inputs to be run later) and ways to make pre-tuned generators easier to use (e.g., with

interfaces that help developers write complex generators).

When it comes to precondition-satisfying generators, many seek to unify languages for writing genera-

torswith ones forwriting preconditions. One approach, used in theQuickChick PBT framework [136], uses

inductive relations as a language for both properties and generators [137; 103]. This approach works well

in the Coq proof assistant, but complex inductive relations are not expressible in mainstream languages or

accessible to non-specialists. Researchers should consider ways to generalize these results. Alternatively,

dedicated languages such as ISLa [159] use a common language that is closer to the logical connectives one

might use in a standard programming language; more research should be done to evaluate if this approach

can be applied in common PBT scenarios. Whatever dual-purpose language is chosen, this is a compelling

path forward. Finally, obtaining good inputs sometimes means eschewing randomness in favor of enumer-

ators or some other approach. The variety of ways that study participants obtained test inputs supports

recent efforts replace “generators” with a more generic “producers” or “strategies” that support random

generation, enumeration, and other approaches. Frameworks like Hypothesis already do this, and other

frameworks would benefit from following suit. (See OB5.)

RO5: Improve interfaces for shrinking. It is clear from the study results that shrinkers would be far more

useful if they were both more automated and more informative. As we mention above, we recommend that
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existing frameworks improve automation by incorporating internal test-case reduction [112; 158], which

uses generators to aid in shrinking, where possible. Internal shrinking has the added benefit of always

producing valid values, which is difficult to achieve otherwise.

Participants also asked to see more intermediate examples from the shrinking process. Indeed, there

are cases where the smallest failing example is not the most helpful one: e.g., if the shrinker outputs the

tuple (0, 0), one might conclude that any tuple of integers triggers the bug, but it may be that the bug

is only found if the first component is actually 0. This example motivated Hypothesis to begin developing

a tool that will give users a variety of tools for exploring failing tests. Debugging cases using shrinking

might mean showing many shrunk examples to the user, following related work in the model-finding liter-

ature [27; 36], or even providing control over the shrinking process (e.g., with novel interactions allowing

the user to click on components of a value to shrink only those components).

RO6: Improve tools for evaluating testing effectiveness. Participants reported ad-hoc, piecemeal approaches

to understanding their testing effectiveness, and they asked for better ways to visualize testing feedback.

As a simple first step, tools should always announce counts of discarded test cases (i.e., ones that failed

the property’s precondition) so the developer can catch problems early. Many PBT tools provide some

way to aggregate statistics while a property is running (see Haskell QuickCheck’s label and collect

functions) but OCaml’s QuickCheck hides output when tests succeed, which obscures that information,

and more should be done around the usability and legibility of these kinds of aggregations. Going further,

participants desired (1) better interfaces for scanning through examples of generated values, (2) better ways

of visualizing generated distributions, and (3) better integration of code and branch coverage information.

These could significantly improve developers’ understanding of how thoroughly their code has been tested.

(See OB6.)

RO7: Connect evaluation of testing effectiveness and generator improvement. Howmight a developer clearly

express their test data goals and ensure that the generator achieves them? Future tools could tighten the

feedback loop wherein a developer evaluates and then expresses how to improve their generator at the

same time. For instance, a future user interface might display a generator’s distribution in some graphical

form like a bar chart and allow the developer to directly manipulate the distribution by dragging bars up

and down. Alternatively, the developer might be able to click on those annotations to request that the
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distribution try harder to cover a particular line or balance a particular branch, in the style of AFLGo [17].

In an ideal world, an insufficient generator could be caught and fixed in a few clicks, without allowing

bugs slip by.

2.6 RELATEDWORK

We focus, in this section, on related work exploring the usability of testing and formal methods tools. Prior

work on PBT, testing, and formal methods usability has made important observations about the challenges

of specification and bug finding, but it has lacked the depth and domain focus to paint a clear picture of

PBT, its usage, and opportunities for improvement.

Property-based testing. As a precursor to this study, our group did a smaller-scale pilot study with

developers using Hypothesis [57]. The full-scale study is far more in-depth, and presents more detailed and

nuanced findings, although talking to Python developers did raise a few concerns that were less prevalent

at Jane Street, especially when it comes to difficulty coming up with specifications.

A study analyzing open-source libraries using Hypothesis [25] evaluated the kinds of properties that

developers test in practice, and found significant overlap with our “high-leverage” testing scenarios. In

particular, they found that both round-trip and differential or model-based testing are overrepresented in

real-world tests.

An experience report from Amazon [11] described differential testing as a major use-case of PBT and

reported that developers used shrinking tools for debugging and mutation testing to ensure testing effec-

tiveness. Our study confirms these patterns and explores further PBT use-cases (§2.4.3), insights around

shrinking (§2.4.5), and concerns about testing effectiveness (§2.4.6).

Other studies highlight a more narrow set of specific challenges faced by developers using PBT. One

experience report describing PBT use at DropBox [82] cited usability problems when testing timing-

dependent code. The report found that sequences of timed operations resist shrinking, often remain-

ing unwieldy, and that timing dependence caused tests to be flaky. An education-focused study using

PBT [176] observed that the PBT community lacks good motivating examples. While the former concern

only appeared in passing in our study (when discussing PBT’s handling of stateful software), the latter—a

dearth of goodmotivating examples—might be ameliorated by our characterization of high-leverage testing
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scenarios in §2.5.

Testing more generally. Beyond PBT, there is considerable work studying usability software of testing

in general. Our study sheds light into how these common testing issues manifest in PBT specifically. Two

studies of developers who use IDEs [8; 9] conclude that testing, especially Test Driven Development, is

not as prevalent as conventional wisdom would suggest. Based on these studies, Beller et al. coined the

term “Test Guided Development” to describe the strategy that programmers actually use. Our study agrees

with the idea that developers use testing to guide their thinking during development (§2.4.1). We also

corroborate challenges that another study found around integration testing: Greiler et al. [62] found that

while unit testing is common, integration testing is difficult and often left to the software’s users; in our

study, developers struggled to use PBT for integration testing because it is difficult to write specifications

of entire systems’ behaviors. (§2.4.3).

Our study also suggests that PBT addresses testing difficulties raised in the literature. Aniche et al.

[3] observed that developers try to write relatively “random” test cases, with the hope of accidentally

stumbling on bugs; this is related to developers’ goals for PBT generators, discussed in §2.4.4, although PBT

has the advantage of automating this process in many cases. Another study [63], focusing on differential

testing, found PBT to be a valuable tool in a developer’s toolbox, providing a coherence check for important

code; however, they also found some problems with differential testing systems, such as naïve sampling

algorithms that failed to trigger bugs and large counter-examples that were difficult to reason about. Our

study suggests new tools may address these problems.

Formal methods. PBT is sometimes described as a “lightweight formal method.” Indeed, a recent po-

sition paper [145] argued that testing techniques like PBT and fuzzing were important steps on the way

towards more formal verification. Formal methods as a field have seen similar calls for usability improve-

ments. A report out of the Naval Research Lab [71] says, “to be useful to software practitioners, most of

whom lack advanced mathematical training and theorem proving skills, current formal methods need a

number of additional attributes, including more user-friendly notations, completely automatic (i.e., push-

button) analysis, and useful, easy to understand feedback.” This report was published in 1998, but, as our

study shows, some of their usability criteria are still not adequately met by modern PBT tools. A more

contemporary account agrees that “the user experience of formal methods tools has largely been under-
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studied” [99] and calls for better education and tools for writing and understanding specifications.

2.7 CONCLUSION

Our study reveals that, even after two decades of active exploration—and, increasingly, exploitation—of

PBT, there is still much to learn about how it is being used and what challenges it faces in practice. We

contribute a wealth of observations about PBT’s use in an industrial setting, along with well-founded ideas

for future research in PBT that we, with the help of the broader community, hope to pursue in the coming

years.
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CHAPTER 3
Parsing Randomness

This chapter tackles one of the research opportunities from Chapter 2, RO4, which highlights the need for

better ways to express precondition-satisfying PBT generators. I present free generators a formalization of

random data generators that clarifies folklore understanding of generator operation and enables new gen-

eration algorithms. While the work in this chapter was done before the Property-Based Testing in Practice

study, the abstractions and algorithms I present were not yet available to the study participants. Since the

study, I have begun conversations with PBT practitioners to see if ideas from this chapter can improve real-

world users’ experiences. The content in this chapter is taken from Parsing Randomness [55], published at

the conference on Object-Oriented Programming, Systems, Languages, and Applications (OOPSLA) 2022.

The paper was written with help and guidance from Benjamin C. Pierce.

3.1 INTRODUCTION

“A generator is a parser of randomness. . . ” It’s one of those observations that’s totally puzzling right up to

the moment it becomes totally obvious: a random generator—such as might be found in a property-based

testing tool like QuickCheck [20]—is a transformer from a series of random choices into a data structure,

just as a parser is a transformer from a series of characters into a data structure.

While this connection may be obvious once it is pointed out, few actually think of generators this way.

Indeed, to our knowledge the framing of random generators as parsers has never been explored formally.

The relationship between these fundamental concepts deserves a deeper look!

We focus on generators written in the monadic style popularized by the QuickCheck library, which

that build random data structures by making a sequence of random choices; those choices are the key.

Traditionally, a generator makes decisions using a stored source of randomness (e.g., a seed) that it consults

and updates whenever it must make a choice. Equivalently, if we like, we can pre-compute a list of choices

and pass it in to the generator, which gradually walks down the list whenever it needs to make random

decisions. In this mode of operation, the generator is effectively parsing the sequence of choices into a
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data structure!

To connect generators and parsers, we introduce free generators, syntactic data structures that can be

interpreted as either generators or parsers. Free generators have a rich theory; in particular, we can use

them to prove that a large class of random generators can be factored into a parser and a distribution over

sequences of choices.

Free Generators

Parser + =Randomness Generator

1. "A generator is a parser
of randomness."

2. Free Generator Derivatives

3. Choice Gradient Sampling

Figure 3.1: Our contributions.

Besides clarifying folklore, free generators admit

transformations that do not exist for standard gen-

erators and parsers. A particularly exciting one is a

notion of derivative which modifies a generator by

asking: “what does this generator look like after it

makes choice 𝑐?” The derivative previews a partic-

ular choice to determine how likely it is to lead to

useful values.

We use derivatives of free generators to tackle

a well-known problem—we call it the valid gener-

ation problem. The challenge is to generate many

random values that satisfy some validity condition.

This problem comes up often in property-based test-

ing, where the validity condition is the precondi-

tion of some functional specification. Since gener-

ator derivatives give a way of previewing the effects

of a particular choice, we can use gradients (deriva-

tives with respect to a vector of choices) to preview

all possible choices and pick a promising one. This leads us to an elegant algorithm that takes a free gen-

erator and replaces its distribution with one that produces only valid values. Replacing the distribution in

this way trades the benefits of the programmer’s tuning effort for a higher chance of finding valid inputs

to test with.

In §3.2 below, we introduce the ideas behind free generators and the operations that can be defined on
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them. We then present our main contributions:

• We formalize the folklore analogy between parsers and generators using free generators, a novel class

of structures that make choices explicit and support syntactic transformations (§3.3). We use free

generators to prove that any finitely supported monadic generator can be factored into a parser and

a distribution over strings.

• We exploit free generators to transport an idea from formal languages—the Brzozowski derivative—to

the context of generators (§3.4).

• To illustrate the potential applications of these formal results, we present an algorithm that uses

derivatives to turn a naïve generator into one with a different distribution, assigning nonzero prob-

ability only to values satisfying a Boolean precondition (§3.5). Our algorithm performs well on a

set of simple benchmarks, in most cases producing more than twice as many valid values as a naïve

“rejection sampling” generator in the same amount of time (§3.6).

We conclude with related and future work (§3.8 and §3.9).

3.2 HIGH-LEVEL STORY

To set the stage, let’s clarify the specific formulations of generators and parsers that we plan to discuss.

Consider the following programs:

genTree ℎ =
if ℎ = 0 then

return Leaf
else

𝑐 ← frequency [(1, False), (3, True)]
if 𝑐 == False then return Leaf
if 𝑐 == True then

𝑥 ← genInt ()
𝑙 ← genTree (ℎ − 1)
𝑟 ← genTree (ℎ − 1)
return Node 𝑙 𝑥 𝑟

parseTree ℎ =
if ℎ = 0 then

return Leaf
else

𝑐 ← consume ()
if 𝑐 == l then return Leaf
if 𝑐 == n then

𝑥 ← parseInt ()
𝑙 ← parseTree (ℎ − 1)
𝑟 ← parseTree (ℎ − 1)
return Node 𝑙 𝑥 𝑟

else fail

The program on the left, genTree, generates random binary trees of integers like

Node Leaf 5 Leaf and Node Leaf 5 (Node Leaf 8 Leaf),
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up to a given height ℎ, guided by a series of weighted random Boolean choices made using frequency.

Each time the program runs, it produces a random tree—i.e., the program denotes a distribution over trees.

Generators like these can describe arbitrary finitely supported distributions of values.

The program on the right, parseTree, parses a string into a tree, turning

n5ll into Node Leaf 5 Leaf and n5ln8ll into Node Leaf 5 (Node Leaf 8 Leaf).

It consumes the input string character by character with consume and uses the characters to decide what

to do next. This program is deterministic, but its execution (and thus the final tree it produces) is guided

by a string of characters it is passed as input. Parsers like these can parse arbitrary computable languages.

These two programs are nearly identical in structure, and both produce the same set of values. The

main difference lies in how they make choices: in genTree branches are taken at random, whereas in

parseTree they are controlled by the input string.

This is the key observation that links generators and parsers. To make it more concrete, let us imagine

how to recover the distribution of genTree ℎ from parseTree ℎ. We can do this by choosing a string at

random and then parsing it—if we choose strings with the correct distribution, then the result of parsing

those strings into values will be the same as if we had run genTree in the first place.

Here, we want the distribution over strings given to parseTree to satisfy the weighting of the Boolean

choices in genTree. That is, n should appear three times more often than l, since True is chosen three

times more often than False.

3.2.1 Free Generators

With these intuitions in hand, let’s connect parsing and generation formally. First, we unify random

generation with parsing by abstracting both into a single data structure; then we show that a structure of

this form can be viewed equivalently as a generator or as a parser and a source of randomness.

Our unifying data structure is called a free generator. Free generators are syntactic structures that can

be interpreted as programs that either generate or parse. For example:
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fgenTree ℎ =
if ℎ = 0 then

return Leaf
else

𝑐 ← pick [(1, l, return False), (3, n, return True)]
if 𝑐 == False then return Leaf
if 𝑐 == True then

𝑥 ← fgenInt ()
𝑙 ← fgenTree (ℎ − 1)
𝑟 ← fgenTree (ℎ − 1)
return Node 𝑙 𝑥 𝑟

The structure of this program is again very similar to that of genTree and parseTree. The call to pick

on line 5 combines ideas from both the generator (capturing the relative weights of False and True) and

the parser (capturing the labels l and n corresponding to different paths in the parser code). However,

the meaning of fgenTree is very different from that of either genTree or parseTree. The operators in

fgenTree are entirely syntactic, and the result of running fgenTree ℎ is simply an abstract syntax tree

(AST).

The syntactic nature of free generators means that they can simultaneously represent generators,

parsers, and more. In §3.3 we give several ways to interpret free generators. We write G⟦·⟧ for the random

generator interpretation of a free generator and P⟦·⟧ for the parser interpretation. In other words,

G⟦fgenTree ℎ⟧ ≈ genTree ℎ and P⟦fgenTree ℎ⟧ ≈ parseTree ℎ.

The interpretation functions walk the AST produced by fgenTree to recover the behavior of the generator

and parser programs.

These two interpretations can be related, formally, with the help of one final interpretation function,

R⟦·⟧, the randomness interpretation of the free generator. The randomness interpretation produces the

distribution of sequences of choices that the random generator interpretation makes. Now, for any free

generator 𝑔, we have

P⟦𝑔⟧ <$>R⟦𝑔⟧ ≈ G⟦𝑔⟧

where <$> is a “mapping” operation that applies a function to samples from a distribution (see Theorem 1

below). Since a large class of generators (monadic generators with a finitely supported distribution) can
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also be written as free generators, another way to read this theorem is that such generators can be factored

into two pieces: a distribution over choice sequences (given by R⟦·⟧), and a parser of those sequences

(given by P⟦·⟧).

This precisely formalizes the intuition that “A generator is a parser of randomness.” But wait, there’s

more to come!

3.2.2 Derivatives of Free Generators

Since a free generator defines a parser, it also defines a formal language: we write L⟦·⟧ for this language

interpretation of a free generator. The language of a free generator is the set of choice sequences that it

can parse.

Viewing free generators this way suggests some interesting ways that free generators might be ma-

nipulated. In particular, formal languages come with a notion of derivative, due to Brzozowski [14]. Given

a language 𝐿, the Brzozowski derivative of 𝐿 with respect to a character 𝑐 is

𝛿L𝑐 𝐿 = {𝑠 | 𝑐 · 𝑠 ∈ 𝐿},

that is, the set of all strings in 𝐿 that start with 𝑐 , with the first 𝑐 removed.

We can apply the same intuition to parsers by considering the derivative of a parser with respect to 𝑐

to be whatever parser remains after 𝑐 has been parsed. Each consecutive derivative fixes certain choices

within the parser, simplifying the program:

parseTree 10 =
𝑐 ← consume()
if 𝑐 == l then

return Leaf
if 𝑐 == n then

𝑥 ← parseInt()
𝑙 ← parseTree 9
𝑟 ← parseTree 9
return Node 𝑙 𝑥 𝑟

else fail

𝛿Ln (parseTree 10) ≈

𝑥 ← parseInt()
𝑙 ← parseTree 9
𝑟 ← parseTree 9
return Node 𝑙 𝑥 𝑟

𝛿L5 𝛿
L
n (parseTree 10) ≈

𝑙 ← parseTree 9
𝑟 ← parseTree 9
return Node 𝑙 5 𝑟

The first derivative fixes the character n, ensuring that the parser will produce a Node. The next fixes the

character 5, which determines the value 5 in the final Node.
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Free generators have a closely related notion of derivative, illustrated by an almost identical set of

transformations:

fgenTree 10 =
𝑐 ← pick [. . . ]
if 𝑐 == False then

return Leaf
if 𝑐 == True then

𝑥 ← fgenInt()
𝑙 ← fgenTree 9
𝑟 ← fgenTree 9
return Node 𝑙 𝑥 𝑟

else fail

𝛿Ln (fgenTree 10) ≈

𝑥 ← fgenInt()
𝑙 ← fgenTree 9
𝑟 ← fgenTree 9
return Node 𝑙 𝑥 𝑟

𝛿L5 𝛿
L
n (fgenTree 10) ≈

𝑙 ← fgenTree 9
𝑟 ← fgenTree 9
return Node 𝑙 5 𝑟

But there is a critical difference between this series of derivatives and the ones for parseTree. Whereas

the parser derivatives we saw could be thought of intuitively as a program transformation on parsers, the

analogous transformation on free generators is readily computable! Just as we can compute the derivative

of a regular expression or a context-free grammar, we can compute the derivative of a free generator via

a simple and efficient syntactic transformation.

In §3.4 we define a procedure, 𝛿L𝑐 , for computing the derivative of a free generator and prove it correct,

in the sense that, for all free generators 𝑔,

𝛿L𝑐 L⟦𝑔⟧ = L⟦𝛿𝑐𝑔⟧.

In other words, the derivative of the language of 𝑔 is equal to the language of the derivative of 𝑔. (See

Theorem 2.)

3.2.3 Putting Free Generators to Work

The derivative of a free generator is the generator that remains after a particular choice. This gives us a way

of “previewing” the effect of making a choice by looking at the generator after fixing that choice.

In §3.5 and §3.6 we present and evaluate an algorithm called Choice Gradient Sampling that uses free

generators to address the valid generation problem. Given a validity predicate on a data structure, the goal

is to generate as many unique, valid structures as possible in a given amount of time. Starting from a

simple free generator, our algorithm uses derivatives to evaluate choices and search for ones that produce
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valid values.

We evaluate the choice gradient sampling algorithm on four small benchmarks, all standard in the

property-based testing literature. For each, we compare our algorithm to rejection sampling—sampling

from a naïve generator and discarding invalid results—as a simple but useful baseline for understanding

how well or algorithm performs. Our algorithm does remarkably well on three out of four benchmarks,

generating more than double the valid values per minute of rejection sampling.

3.3 FREE GENERATORS

We now turn to developing the theory of free generators, beginning with some background on monadic

abstractions for parsing and random generation.

3.3.1 Background: Monadic Parsers and Generators

In §3.2 we represented generators and parsers as pseudocode. Here we flesh out the details, presenting all

definitions as Haskell programs, both for the sake of concreteness and also because Haskell’s abstraction

features (e.g., type-classes) allow us to focus on the key concepts. Haskell is a lazy functional language,

but, as we focus our attention on finite programs, our results should apply directly to eager functional lan-

guages. It may also be possible, with appropriate domain knowledge, to translate these ideas to idiomatic

constructs in popular imperative languages [139].

We represent both generators and parsers using monads [125]. A monad is a type constructor (e.g.,

List, Maybe, etc.) M equipped with two operations,

return :: a -> M a

and

(>>=) :: M a -> (a -> M b) -> M b

(pronounced “bind”). Conceptually, return is the simplest way to put some value into the monad, while

bind gives a way to sequence operations that produce monadic values.

We can use these operations to define genTree like we would in QuickCheck [20] and parseTree like

we would if using libraries like Parsec [106]:
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genTree :: Int -> Gen Tree
genTree 0 = return Leaf
genTree ℎ = do
c <- frequency [(1,False), (3,True)]
case c of

False -> return Leaf
True -> do
x <- genInt
l <- genTree (ℎ - 1)
r <- genTree (ℎ - 1)
return (Node l x r)

parseTree :: Int -> Parser Tree
parseTree 0 = return Leaf
parseTree ℎ = do
c <- consume
case c of

l -> return Leaf
n -> do

x <- parseInt
l <- parseTree (ℎ - 1)
r <- parseTree (ℎ - 1)
return (Node l x r)

_ -> fail

In the first program, genTree, we use the monadic operations (along with frequency) to generate a

random tree of integers. The expression return Leaf is a degenerate generator that always produces the

value Leaf—this is what we mean by the “simplest way to put a value into the Gen monad.”

Rather than use (>>=) explicitly, we use do-notation, where

do
a <- x
f a

is syntactic sugar for x >>= f. In the context of the Gen type, this operation samples from a generator

x to get a value a and then passes it to f for further processing—this is what we mean by “sequencing

operations.” Formally, genTree denotes a distribution over binary trees (e.g., an arrow in an appropriate

category [44]), and running the program samples from that distribution.

We can see these same combinators (used with a different monad) in parseTree. There, return a

means “parse nothing and produce a”, and x >>= fmeans “run the parser x to get a value a and then run

the parser f a.” Under the hood, we have:

type Parser a = String -> Maybe (a, String)

A Parser can be applied to a string to obtain either Nothing or Just (a, s), where a is the parse result

and s contains any extra characters. The consume function pulls the first character off of the string for

inspection.
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Expressiveness Relative to Other Abstractions Monadic parsers and generators are maximally ex-

pressive in their respective domains. Monadic parsers can parse arbitrary computable languages, sub-

suming more restricted parser descriptions like context-free grammars and regular expressions. Likewise,

monadic generators can generate values satisfying arbitrary computable constraints (e.g., it is possible to

write a monadic generator for well-typed System F terms), subsuming less powerful representations like

probabilistic context-free grammars.

For example, the following monadic generator generates (only) valid binary search trees:

genBST :: (Int, Int) -> Gen Tree
genBST (lo, hi) | lo > hi = return Leaf
genBST (lo, hi) = do
c <- frequency [(1,False), (3,True)]
case c of
False -> return Leaf
True -> do

x <- genRange (lo, hi)
l <- genBST (lo, x - 1)
r <- genBST (x + 1, hi)
return (Node l x r)

The generator maintains the BST invariant by keeping track of the minimum and maximum values avail-

able for a given subtree and ensuring that all values to the left of a value are less and that all values to

the right of a value are greater. This kind of generator is impossible to express as a stochastic CFG, since

there is dependence between the choice of value x and the choices of subtrees. Our examples focus on

simple (non-dependent) generators to streamline the exposition, but our theory applies to the full class of

monadic generators with finitely supported distributions.

3.3.2 Representing Free Generators

With the monad interface in mind, we can now give the formal definition of a free generator.1

1For algebraists: Free generators are “free” in the sense that they admit unique structure-preserving maps to other “generator-
like” structures. In particular, the G⟦·⟧ and P⟦·⟧maps are canonical. For the sake of space, we do not explore these ideas further
here.
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Type Definition

The actual type of free generators is based on a structure called a freer monad [94]:

data Freer f a where
Return :: a -> Freer f a
Bind :: f a -> (a -> Freer f b) -> Freer f b

This type looks complicated, but it is essentially just a representation of a monadic syntax tree. The

constructors of Freer align almost exactly with the monadic operations return and (>>=), providing

syntactic forms that can represent the building blocks of monadic programs.

An eagle-eyed reader might notice that the type of Bind here is not quite an instance of the type of

(>>=) above—one would have expected to see

Bind :: Freer f a -> (a -> Freer f b) -> Freer f b

with Freer f a as the first argument. The version we use is equally powerful, but more convenient. We

will see in a moment that syntax trees in a freer monad are normalized by construction.

But what is going on with this f that appears throughout Freer? The type constructor f is a type of

specialized operations that are specific to a particular monadic program. For example, programs in the Gen

monad do not just use return and (>>=), they also use a Gen-specific operation, frequency. Similarly,

representing a Parser as a syntax tree requires a way to represent a call to consume. In general, f a

should be a syntactic representation of an operation returning a. Thus, we might have a type representing

a parser operation that returns a character:

data Consume a where
Consume :: Consume Char

Since Freer is polymorphic over f, it can capture any specialized operation necessary to represent the

syntax tree of a monad.

For free generators specifically, the specialized operation we need is called pick—we saw it in §3.2.

Intuitively, pick subsumes both frequency and consume. We define the Pick operation with a data type

(since free generators are syntactic objects) simultaneously with our definition of FGen, the type of free

generators:
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data Pick a where
Pick :: [(Weight, Choice, Freer Pick a)] -> Pick a

type FGen a = Freer Pick a

By defining FGen as Freer Pick, we are really saying that “FGen is a monad with operation Pick.”

The Pick operation takes a list of triples. The first element of type Weight represents the weight given

to a particular choice; weights are represented by signed integers for efficiency, but for theoretical purposes

we treat them as strictly positive. The type Choice can theoretically be any type that admits equality, but

for the purposes of this paper we take choices to be single characters. This makes the analogy with parsing

clearer. Finally, Freer Pick a is actually just the type FGen a! Thus, we should view the third element

in the triple as a nested free generator that is run if and only if a specific choice is made.

Together the elements of these triples represent both kinds of choices that we have seen so far, subsum-

ing both the weighted random choices of generators and the input-directed choices of parsers. Depending

on our needs, we can interpret Pick as either kind of choice. In the rest of the paper, we sometimes speak

of free generators “making” or “parsing” a choice, but remember that this is really just an analogy—a free

generator is simply syntax, and the interpretation comes later.

Our First Free Generator

The FGen structure achieves our goal of unifying monadic generation and parsing, so let’s try writing a

free generator. Following the basic structure of genTree and parseTree, we can start to define fgenTree:

fgenTree :: Int -> FGen Tree
fgenTree 0 = Return Leaf
fgenTree ℎ = Bind
(Pick [(1, l, Return False), (3, n, Return True)])
(\c -> case c of

False -> Return Leaf
True -> ... )

The first few lines are relatively easy to translate. The height checks are all the same as before, but now in

the ℎ = 0 case we produce the syntactic object Return Leaf rather than return Leaf, whose behavior

depends on a particular implementation of return. When ℎ > 0, we use Bind and Pick to specify that

the generator has two choices: False (with weight 1, marked by character l) and True (with weight 3,

50



marked by n).

But things get a bit more complicated when we get into the anonymous function passed as the second

argument to Bind. In the False case we Return Leaf again, but in the True case the next step should be

a call to fgenInt. We could look at the definitions of genInt and parseInt to determine the next choice,

and then we could create a Bind node to make that choice, but that would be fairly tedious to do for every

choice that the generator might eventually make. In general, while FGen is the right type to capture free

generators, its constructors are a bit cumbersome to write down directly.

Recovering Monadic Syntax

Luckily, we can use the samemonadic machinery used by genTree and parseTree to make free generators

much easier to write. We can define return and (>>=) for FGen as follows, allowing us to use do-notation

to write free generators:

return :: a -> FGen a
return = Return

(>>=) :: FGen a -> (a -> FGen b) -> FGen b
Return a >>= f = f a
Bind p g >>= f = Bind p (\a -> g a >>= f)

The return operator maps directly to a Return syntax node, but there is a bit more going on in the

definition of (>>=). Specifically, (>>=) normalizes the structure of the computation, ensuring that there

is always an operation at the “front.” The advantage of this is that it is always 𝑂 (1) to check if a free

generator has a choice to make. There is no need to dig through the syntax tree to determine the next step.

Another convenient way to manipulate free generators is via an operation called “fmap,” written f

<$> x. Like return and (>>=), (<$>) is a syntactic transformation, but intuitively f <$> xmeans “apply

the function f to the result of generating/parsing with x”. We define it as:

(<$>) :: (a -> b) -> FGen a -> FGen b
f <$> Return a = Return (f a)
g <$> (Bind p f) = Bind p ((g <$>) . f)

(Note that all monads have an analogous operation; this will come in handy later.)
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Representing Failure

For reasons that will become clear in §3.4, it is useful to be able to represent a free generator that can “fail.”

We call the always-failing free generator void, and define it like this:

void :: FGen a
void = Bind (Pick []) Return

Any reasonable interpretation of this free generator must fail (by either diverging or returning a signal

value); with no choices in the Pick list, there is no way to get a value of type a to pass to the second

argument of Bind. Additionally, the use of Return as the second argument to Bind is irrelevant, since

any free generator with no choices available will fail. This suggests that we can check if a free generator

is certainly void by matching on an empty list of choices! In Haskell this is easy to do with a pattern

synonym:

pattern Void :: FGen a
pattern Void <- Bind (Pick []) _

This declaration means that pattern-matching on Void is equivalent to matching a Bind with no choices

to make and ignoring the second argument. It is simple to define a function that uses this new pattern to

check if a particular free generator is void:

isVoid :: FGen a -> Bool
isVoid Void = True
isVoid _ = False

While void is useful as an error case for algorithms that build free generators, it would be incorrect

for a user to use void in a handwritten free generator. To enforce this constraint, we define a wrapper

around Pick (called pick) that does a few coherence checks to make sure that the generator is constructed

properly:

pick :: [(Weight, Choice, FGen a)] -> FGen a
pick xs =
case filter (\ (_, _, x) -> not (isVoid x)) xs of
ys | hasDuplicates (map snd ys) -> undefined
[] -> undefined
ys -> Bind (Pick ys) Return
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This function is partial: it yields undefined if the list passed to pick is invalid. (This is analogous to

raising an exception in a conventional imperative language.) The first line filters out any choices that are

equivalent to void, since making those choices would lead to failure. The second line checks that the user

has not duplicated any of the choice labels; this would introduce a nondeterministic choice that would

complicate the interpretation considerably (see §3.7). Finally, the third line ensures that the generator

we construct is not itself void. In practice, these checks ensure that the various interpretations of free

generators presented in the remainder of this section work as intended.

Examples

Now that we have seen the building blocks of free generators, let’s look at a couple of concrete examples.

First, we can finally write down an ergonomic version of fgenTree:

fgenTree :: Int -> FGen Tree
fgenTree 0 = return Leaf
fgenTree ℎ = do
c <- pick [(1, l, return False), (3, n, return True)]
case c of
False -> return Leaf
True -> do

x <- fgenInt
l <- fgenTree (ℎ - 1)
r <- fgenTree (ℎ - 1)
return (Node l x r)

Remember, the do-notation here is no longer sequencing generators or parsers. Instead, each line of a

do-block builds a new Bind node in a syntax tree. Similarly, return has no semantics, it only wraps a

value in the inert Return constructor. In this way fgenTree looks like both genTree and parseTree, but it

does not behave like either (yet).

Trees are nice as a running example, but they are by no means the most complicated thing that free

generators can represent. Here is a free generator that produces random (possibly ill-typed) terms of a

simply-typed lambda-calculus:
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fgenExpr :: Int -> FGen Expr
fgenExpr 0 = pick [ (1, i, Lit <$> fgenInt), (1, v, Var <$> fgenVar) ]
fgenExpr ℎ =
pick [ (1, i, Lit <$> fgenInt),

(1, p, do
e1 <- fgenExpr (ℎ - 1)
2 <- fgenExpr (ℎ - 1)
return (Plus e1 e2)),

(1, l, do
t <- fgenType
e <- fgenExpr (ℎ - 1)
return (Lam t e)),

(1, a, do
e1 <- fgenExpr (ℎ - 1)
e2 <- fgenExpr (ℎ - 1)
return (App e1 e2)),

(1, v, Var <$> fgenVar) ]

Structurally fgenExpr is similar to fgenTree; it just has more cases and more choices. One stylistic

difference between fgenExpr and fgenTree is that fgenExpr does not pick a coin and use it to decide

what should be generated next; instead, it picks among a list of free generators directly. These styles of

writing free generators are equivalent.

This version of the lambda calculus uses de Bruijn indices for variables and has integers and functions

as values. This is a useful example because, while syntactically valid terms in this language are easy to

generate (as we just did), it is more difficult to generate only well-typed terms. We will return to this

problem in §3.6.

3.3.3 Interpreting Free Generators

A free generator does not do anything on its own—it is just a data structure. To actually use these structures,

we next define the interpretation functions that we mentioned in §3.2 and prove a theorem linking those

interpretations together.

Free Generators as Generators of Values

The first and most natural way to interpret a free generator is as a QuickCheck generator—that is, as a

distribution over data structures. Plain QuickCheck generators ignore failure cases like void (they throw
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an error if there are no valid choices to make), but to make things a bit more explicit for our theory we use

a modified generator monad: Gen⊥. 2

We define the random generator interpretation of a free generator to be:

G⟦·⟧ :: FGen a -> Gen⊥ a
G⟦Void⟧ = ⊥
G⟦Return v⟧ = return v
G⟦Bind (Pick xs) f⟧ = do
x <- frequency (map (\ (w, _, x) -> (w, return x)) xs)
a <- G⟦x⟧
G⟦f a⟧

Note that the operations on the right-hand side of this definition do not build a free generator; they are

Gen⊥ operations. This translation turns the syntactic form Return v into the semantic action “always

generate the value v” and the syntactic form Bind into an operation that chooses a random sub-generator

(with appropriate weight), samples from it, and then continues with f.

Note that G⟦fgenTree ℎ⟧ has the same distribution as genTree ℎ.

Free Generators as Parsers of Random Sequences

The parser interpretation of a free generator views it as a parser of sequences of choices. The translation

looks like this:

P⟦·⟧ :: FGen a -> Parser a
P⟦Void⟧ = \s -> Nothing
P⟦Return a⟧ = return a
P⟦Bind (Pick xs) f⟧ = do
c <- consume
x <- case find ((== c) . snd) xs of
Just (_, _, x) -> return x
Nothing -> fail

a <- P⟦x⟧
P⟦f a⟧

This time the do-notation on the right-hand side is interpreted using the Parsermonad (as before, defined

as String -> Maybe (a, String)). In the case for Bind, the parser consumes a character and attempts
2Our Haskell development implements partial generators with Gen (Maybe a).
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to make the corresponding choice from the list provided by Pick. If it succeeds, it runs the corresponding

sub-parser and continues with f. If it fails, the whole parser fails.

Note that P⟦fgenTree ℎ⟧ has the same parsing behavior as parseTree ℎ.

Free Generators as Generators of Random Sequences

Our final interpretation of free generators represents the distribution with which the generator makes

choices, ignoring how those choices are used to produce values. In other words, it captures exactly the

parts of the structure that the parser interpretation discards. We define the randomness interpretation of

a free generator to be:

R⟦·⟧ :: FGen a -> Gen⊥ String
R⟦Void⟧ = ⊥
R⟦Return a⟧ = return 𝜀

R⟦Bind (Pick xs) f⟧ = do
(c, x) <- frequency (map (\ (w, c, x) -> (w, return (c, x))) xs)
s <- R⟦x >>= f⟧
return (c : s)

Again, we use Gen⊥ and frequency to capture randomness and potential failure.

Factoring Generators

These different interpretations of free generators are closely related to one another; in particular, we can

reconstruct G⟦·⟧ from P⟦·⟧ and R⟦·⟧. That is, a free generator’s random generator interpretation can be

factored into a distribution over choice sequences plus a parser of those sequences.

Tomake this more precise, we need a notion of equality for generators like the ones produced via G⟦·⟧.

We say two QuickCheck generators are equivalent, written 𝑔1 ≡ 𝑔2, if and only if the generators represent

the same distribution over values. This is coarser notion than program equality, since two generators

might produce the same distribution of values in different ways.

With this in mind, we can state and prove the relationship between different interpretations of free

generators:

Theorem 1 (Factoring). Every free generator can be factored into a parser and a distribution over choice
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sequences that are, together, equivalent to its interpretation as a generator. In other words, for all free generators

𝑔,

P⟦𝑔⟧ <$>R⟦𝑔⟧ ≡ (𝜆𝑥 → (𝑥, 𝜀)) <$>G⟦𝑔⟧.

Proof sketch. By induction on the structure of 𝑔; see the Appendix for the full proof. □

Corollary 1. Any monadic generator, 𝛾 , written using return, (>>=), and frequency, can be factored into

a parser plus a distribution over choice sequences.

Proof. Translate 𝛾 into a free generator, 𝑔, by replacing return and (>>=) with the equivalent free gen-

erator constructs, and frequency with pick. (This will require choosing labels for each choice, but the

specific choice of labels is irrelevant.)

By construction, 𝛾 = G⟦𝑔⟧.

Additionally, 𝑔 can be factored into a parser and a source of randomness via Theorem 1. Thus,

(𝜆𝑥 → (𝑥, 𝜀)) <$>𝛾 = (𝜆𝑥 → (𝑥, 𝜀)) <$>G⟦𝑔⟧ ≡ P⟦𝑔⟧ <$>R⟦𝑔⟧,

and 𝛾 can be factored as desired. □

This corollary is what we wanted to show all along. Monadic generators are parsers of randomness.

Free Generators as Formal Language Syntax

One final interpretation will prove useful. The language of a free generator is the set of choice sequences

that it can make or parse. It is defined recursively, by cases:

L⟦·⟧ :: FGen a -> Set String
L⟦Void⟧ = ∅
L⟦Return a⟧ = 𝜀

L⟦Bind (Pick xs) f⟧ = [ c : s | (w, c, x) <- xs, s <- L⟦x >>= f⟧ ]

This definition uses Haskell’s list comprehension syntax to iterate through the large space of choices se-

quences in the language of a free generator. To determine the language of a Bind node, we look at each

possible choice and then at each possible string in the language L⟦x >>= f⟧ obtained by continuing with
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that choice. (This recursion is well-founded as long as the language of the free generator is finite; by

monad identities Bind (Pick xs) f = Bind (Pick xs) Return >>= f, and x is strictly smaller than

Bind (Pick xs) Return.) For each of these strings, we attach the appropriate choice label to the front.

The end result is a list of every sequence of choices that, if made in order, would result in a valid output.

We can think of the result of this interpretation as the support of the distribution given by R⟦𝑔⟧. The

language of a free generator is exactly those choice sequences that the random generator interpretation

can make and that the parser interpretation can parse.

3.4 DERIVATIVES OF FREE GENERATORS

Next, we review the notion of Brzozowski derivative from formal language theory and show that a similar

operation exists for free generators. The way these derivatives fall out from the structure of free generators

justifies taking the correspondence between generators and parsers seriously.

3.4.1 Background: Derivatives of Languages

The Brzozowski derivative [14] of a formal language 𝐿 with respect to some choice 𝑐 is defined as

𝛿L𝑐 𝐿 = {𝑠 | 𝑐 · 𝑠 ∈ 𝐿}.3

In other words, it is the set of strings in 𝐿 that begin with 𝑐 , with the initial 𝑐 removed. For example,

𝛿La {abc, aaa, bba} = {bc, aa}.

Many formalisms for defining languages support syntactic transformations that correspond to Brzo-

zowski derivatives. For example, we can take the derivative of a regular expression like this:
3The superscript L highlights that is the language derivative, distinguishing it from the generator derivative to be defined

momentarily.
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𝛿L𝑐 ∅ = ∅
𝛿L𝑐 𝜀 = ∅
𝛿L𝑐 c = 𝜀 (𝑐 = c)
𝛿L𝑐 d = ∅ (𝑐 ≠ d)

𝛿L𝑐 (𝑟1 + 𝑟2) = 𝛿L𝑐 𝑟1 + 𝛿L𝑐 𝑟2

𝛿L𝑐 (𝑟1 · 𝑟2) = 𝛿L𝑐 𝑟1 · 𝑟2 + 𝜈L𝑟1 · 𝛿L𝑐 𝑟2

𝛿L𝑐 (𝑟 ∗) = 𝛿L𝑐 𝑟 · 𝑟 ∗

𝜈L∅ = ∅
𝜈L𝜀 = 𝜀

𝜈Lc = ∅
𝜈L (𝑟1 + 𝑟2) = 𝜈L𝑟1 + 𝜈L𝑟2
𝜈L (𝑟1 · 𝑟2) = 𝜈L𝑟1 · 𝜈L𝑟2

𝜈L (𝑟 ∗) = 𝜀

The 𝜈L operator, used in the “·” rule and defined on the right, determines the nullability of an expression—

whether or not it accepts 𝜀. If 𝑟 accepts 𝜀 then 𝜈L𝑟 = 𝜀, otherwise 𝜈L𝑟 = ∅.

As one would hope, if 𝑟 has language 𝐿, it is always the case that 𝛿L𝑐 𝑟 has language 𝛿L𝑐 𝐿.

3.4.2 The Free Generator Derivative

To define derivatives of free generators, we first need a definition of nullability for free generators:

𝜈 :: FGen a -> Set a
𝜈(Return v) = {v}
𝜈g = ∅ (g ≠ Return v)

Note that this behaves a bit differently than the 𝜈L operation on regular expressions. For a regular ex-

pression 𝑟 , the expression 𝜈L𝑟 is either ∅ or 𝜀. Here, the null check returns either ∅ or the singleton set

containing the value in the Return node. That is, 𝜈 for free generators extracts a value that can be obtained

by making no further choices. Another difference is that, for free generators, “can accept the empty string”

and “accepts only the empty string” are equivalent statements; this greatly simplifies the definition of 𝜈 .

To see what the derivative operation might look like, we can write down some equations that it should

satisfy, based on the equations satisfied by regular expressions:
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𝛿𝑐 void ≡ void (3.1)
𝛿𝑐 (return 𝑣) ≡ void (3.2)
𝛿𝑐 (pick 𝑥𝑠) ≡ 𝑥 if (𝑐, 𝑥) ∈ 𝑥𝑠 (3.3)
𝛿𝑐 (pick 𝑥𝑠) ≡ void if (𝑐, 𝑥) ∉ 𝑥𝑠

𝛿𝑐 (𝑥 »= 𝑓 ) ≡ 𝛿𝑐 (𝑓 𝑎) if 𝜈𝑥 = {𝑎} (3.4)
𝛿𝑐 (𝑥 »= 𝑓 ) ≡ 𝛿𝑐𝑥 »= 𝑓 if 𝜈𝑥 = ∅

The derivative of an empty generator, or of one that immediately returns a value without looking at any

input, should be void. The derivative of pick depends on whether 𝑐 is present in the list of possible

choices—if it is, we simply make the choice; if not, the result is void. Finally, the equations for (>>=) are

based on the equation for concatenation of regular expressions, using 𝜈 to check to see if the left-hand side

of the expression is out of choices to make.

Of course, these equations are not definitions. In fact, the actual definition of the derivative for a free

generator 𝑔 is much simpler:

𝛿 :: Char -> FGen a -> FGen a
𝛿𝑐(Return v) = void
𝛿𝑐(Bind (Pick xs) f) =

case find ((== c) . snd) xs of
Just (_, _, x) -> x >>= f
Nothing -> void

Since freer monads are pre-normalized, there is no need to check nullability explicitly in this definition. It

is always apparent from the top-level constructor (Return or Bind) whether there is a choice available to

be made. The definition is not even recursive!

We can use the earlier equations to give us confidence that this definition is correct.

Lemma 1. 𝛿𝑐 satisfies equations (3.1), (3.2), (3.3), and (3.4). In other words, the free generator derivative

behaves similarly to the regular expression derivative.

Proof sketch. See the Appendix for the proofs. Most are immediate. □

Another way to ensure that the derivative operation acts as expected is to see how it behaves in relation

to the free generator’s language interpretation. The following theorem makes this concrete:
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Theorem 2. The derivative of a free generator’s language is the same as the language of its derivative. That

is, for all free generators 𝑔 and choices 𝑐 ,

𝛿L𝑐 L⟦𝑔⟧ = L⟦𝛿𝑐𝑔⟧.

Proof sketch. Straightforward induction (see the Appendix). □

Since derivatives behave as expected, we can use them to simulate the behavior of a free generator. Just

as we can check if a regular expressionmatches a string by taking derivatives with respect to each character

in the string, we can simulate a free generator’s parser interpretation by taking repeated derivatives. Each

derivative fixes a particular choice, so a sequence of derivatives fixes a choice sequence.

3.5 GENERATING VALID RESULTS WITH GRADIENTS

Wenow put the theory of free generators and their derivatives into practice. We introduce Choice Gradient

Sampling (CGS), a novel algorithm for generating data that satisfies some given validity condition, given

a simple free generator for data of the appropriate type.

The Choice Gradient Sampling algorithm starts with a free generator for data of some type and uses

derivatives to step the generator through choices one at a time. This process guides the generator towards

values that are valid with respect to a given validity condition. At each step, the algorithm looks at all

available choices and takes the free generator’s derivative with respect to each one. Since this is, in a

sense, a vector of all possible derivatives, we call this the gradient of the free generator, by analogy with

calculus. We write

∇𝑔 = ⟨𝛿a𝑔, 𝛿b𝑔, 𝛿c𝑔⟩

for the gradient of 𝑔 with respect to the available choices {a, b, c}.

Since each derivative in the gradient is itself a free generator, the derivatives can be interpreted as

value generators and sampled. If the derivative with respect to c produces lots of valid samples, then c is

a good choice. If it produces mostly invalid samples, maybe other choices would be better. As we discuss

below, this process is not faithful to the distribution of the original generator, but it provides a metric that
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guides the algorithm toward a series of “good” choices, leading to more valid inputs in many cases.

1: 𝑔← 𝐺

2: V ← ∅
3: while true do

4: if 𝜈𝑔 ≠ ∅ then return 𝜈𝑔 ∪V
5: if isVoid g then 𝑔← 𝐺

6: 𝐶 ← choices 𝑔
7: ∇𝑔← ⟨𝛿𝑐𝑔 | 𝑐 ∈ 𝐶⟩ ⊲ ∇𝑔 is the gradient of 𝑔
8: for 𝛿𝑐𝑔 ∈ ∇𝑔 do

9: if isVoid 𝛿𝑐𝑔 then

10: 𝑣 ← ∅
11: else

12: 𝑥1, . . . , 𝑥𝑁 f G⟦𝛿𝑐𝑔⟧ ⊲ Sample G⟦𝛿𝑐𝑔⟧
13: 𝑣 ← {𝑥 𝑗 | 𝜑 (𝑥 𝑗 )}
14: 𝑓𝑐 ← |𝑣 | ⊲ 𝑓𝑐 is the fitness of c
15: V ← V ∪ 𝑣
16: if max𝑐∈𝐶 𝑓𝑐 = 0 then
17: for 𝑐 ∈ 𝐶 do 𝑓𝑐 ← weightOf 𝑐 𝐺

18: 𝑔 f frequency [(𝑓𝑐 , 𝛿𝑐𝑔) | 𝑐 ∈ 𝐶]

Figure 3.3: Choice Gradient Sampling: Given a free generator 𝐺 , a sample rate constant 𝑁 , and a validity
predicate 𝜑 , this algorithm produces a set of outputs that all satisfy 𝜑 (𝑥).

Figure 3.4: The main loop of Choice Gradient Sam-
pling.

We present the CGS algorithm in detail in Fig-

ure 3.3. Lines 7–14 are the core of the algorithm;

their execution is shown pictorially in Figure 3.4.

We take the gradient of 𝑔 by taking the derivative

with respect to each possible choice, in this case

a, b, and c. Then we evaluate each of the deriva-

tives by interpreting the free generator with G⟦·⟧,

sampling values from the resulting value generator,

and counting how many of those results are valid

with respect to 𝜑 . The precise number of samples

is controlled by 𝑁 , the sample rate constant; this is

up to the user, but in general higher values for 𝑁

will give better information about each derivative
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at the expense of time spent sampling. At the end of sampling, we have values 𝑓a, 𝑓b, and 𝑓c, which we can

think of as the “fitness” of each choice. We then pick a choice randomly, weighted based on fitness, and

continue until our choices produce a valid output.

Critically, we avoid wasting effort by saving the samples (V) that we use to evaluate the gradients.

Many of those samples will be valid results that we can use, so there is no reason to throw them away.

Still, note that the performance of this sampling does depend on |𝐶 |, the number of choices available at

this point. If the generator has many valid choices at a given point, it will need to do a lot of sampling to

decide which choice to make.

This sampling procedure would not be possible with a traditional monadic generator: free generators

are key. Trying to take a derivative of a traditional monadic generator would be like taking the derivative

of a black-box function—there would be no generic way to incrementalize evaluation. Free generators

expose more structure, making derivatives (and thus CGS) possible.

3.5.1 Impact on Distribution

As noted above, this algorithm is not faithful to the original distribution of𝐺 . In particular, the observable

behavior of the algorithm is not to sample from the original generator’s distribution, conditioned on valid-

ity. While this property would arguably be ideal, it seems quite difficult to obtain. Moreover, its absence

need not significantly detract from the value that CGS provides, for two reasons.

First, while the distribution produced by CGS is not faithful to the original distribution, it is certainly

informed by it. At any given point in the algorithm, the weight given to a choice is based on how often

making future choices, weighted by the original distribution, results in valid values. This means that valid

values that are unlikely results from 𝐺 will be unlikely results from CGS, and likely results from 𝐺 will

also be likely from CGS. Doing better than this would be quite difficult, since the preconditions we care

about are black-box functions. This means that the only information they can provide is whether or not

a particular value is valid, forcing us into rejection-based approaches. Standard rejection sampling does,

in fact, sample from the ideal conditional distribution but it does so very slowly. Rather than sample from

that distribution, CGS allows the predicate to guide its generation, reaching valid inputs more quickly.

Second, and more importantly, the primary use case for CGS is to improve the performance of free
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generators that are either automatically derived or else handwritten but not carefully tuned. That is, the

algorithm is most effective as a low-effort way to get from a useless generator to a usable one. If a tester

has strict requirements for the distribution they are after, CGS will likely not be sufficient; but as a quick

way of getting up and running it can be quite helpful.

We have implemented our Choice Gradient Sampling algorithm in Haskell, along with the definitions

presented throughout the paper [51].

3.6 EXPLORATORY EVALUATION

The Choice Gradient Sampling algorithm is not a tightly optimized production algorithm: it is a proof of

concept. Primarily, CGS exists to illustrate the theory of free generators and their derivatives. Still, there

is much to learn by exploring how well CGS is able to guide realistic generators to valid outputs.

We set out to answer two basic research questions:

RQ1 Does CGS produce more useful test inputs than standard sampling procedures, in the same period

of time?

RQ2 Are the test inputs obtained from CGS well distributed in shape and size?

Our experimental results suggest that, with a few (interesting) caveats, these questions can both be an-

swered in the affirmative. We find that CGS generally produces at least twice as many valid values as

rejection sampling (explained in the next section) in the same period of time, and we also find that CGS’s

values are at least as diverse as the ones from rejection sampling. This indicates that guiding generation

with derivatives is a promising approach to the valid generation problem.

3.6.1 Experimental Setup

Our experiments explore how well CGS improves on a canonical generation strategy. We compare our

algorithm to the standard rejection sampling approach used by default in frameworks like QuickCheck,

which takes a naïve generator, samples from it, and discards any results that are not valid. Rejection

sampling is a useful point of comparison because, like our approach, it requires no extra effort from the

user.
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We use four simple free generators to test four different benchmarks: BST, SORTED,AVL, and STLC.

Details about each of these benchmarks are given in Table 3.1.

Table 3.1: Overview of benchmarks.

Free Generator Validity Condition 𝑁 Depth

BST Binary trees with values 0–9 Is a valid BST 50 5
SORTED Lists with values 0–9 Is sorted 50 20
AVL AVL trees with values 0–9 Is a balanced AVL tree 500 5
STLC Arbitrary ASTs for 𝜆-terms Is well-typed 400 5

Each of our benchmarks requires a simple free generator to act as a baseline and as a starting point

for CGS. For consistency, and to avoid potential biases, our generators follow their respective inductive

data types as closely as possible. For example, fgenTree, shown in §3.3 and used in the BST benchmark,

follows the structure of the definition of the Tree type exactly. All generators use uniform choice weights,

to avoid potential biases introduced by manual tuning.

The parameter 𝑁 , used by CGS to decide how many samples to use for each iteration, was chosen

via trial and error in order to balance fitness accuracy with sampling time. It is possible that some of our

best-case results might improve with a more careful choice of 𝑁 .

3.6.2 Results

We ran CGS and Rejection on each benchmark for one minute (on a MacBook Pro with an M1 processor

and 16 GB RAM) and recorded the unique valid values produced. We counted unique values because

duplicate tests are generally less useful than fresh ones (if the system under test is pure, duplicate tests

add no value). The totals, averaged over 10 trials, are presented in Table 3.2.

Table 3.2: Unique valid values generated in 60 seconds (𝑛 = 10 trials). Standard deviation in parentheses.

BST SORTED AVL STLC

Rejection 7354 (109) 5768 (88) 129 (6) 70,127 (711)
CGS 22,107 (338) 59,677 (1634) 219 (2) 280,091 (7265)

These measurements show that CGS is always able to generate more unique values than Rejection in

the same amount of time, often significantly more. The exception is the AVL benchmark; we discuss this

below.
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Figure 3.5: Unique values and term sizes for the STLC benchmark, averaged over values in a single trial.

Besides unique values, we measured some other metrics; the charts in Figure 3.5 show the results for

the STLC benchmark. The first plot (“Unique Terms over Time”) shows how CGS behaves over time. Not

only does CGS find more unique terms than Rejection overall, but its lead continues to grow over time.

Additionally, the “Normalized Size Distribution” chart shows the size distributions terms generated by both

algorithms. The CGS distribution is skewed farther to the right, showing that it generates larger terms on

average; this is good from the perspective of property-based testing, where test size is often positively

correlated with bug-finding power, since larger test inputs tend to exercise more of the implementation

code. Analogous charts for the remaining benchmarks can be found in the Appendix of the full paper.
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3.6.3 Measuring Diversity

In the original paper, this section discussed the diversity of the inputs generated by CGS. We used Levenshtein

distance [108] of choice sequences as a proxy for distance and argued that the average distances between CGS-

generated values was larger. Upon reflection, I no longer like that evaluation; it made some weak arguments

based on the shapes of confusing-looking graphs, rather than doing a thorough statistical analysis. Looking

back at the data, I am comfortable arguing that CGS does not reduce diversity (the average distances do appear

to be marginally higher for CGS) but the variance of the data is too high to say anything stronger.

3.6.4 The Problem with AVL: Very Sparse Validity Conditions

TheAVL benchmark is an outlier in most of our measurements: CGS only manages to find a modest num-

ber of extra valid AVL trees. Understanding this phenomenon provides insight into a critical assumption

underlying the CGS algorithm—namely that it is not too difficult to find valid values randomly.

It is clear that AVL trees are quite difficult to find randomly: balanced binary search trees are hard to

generate on their own, and AVL trees are even more difficult because the generator must guess the correct

height to cache at each node. This is why rejection sampling only finds 156 AVL trees in the time it takes

to find 9762 binary search trees.

In domains like this, CGS is unlikely to find any valid trees while sampling. In particular, the check in

line 15 of Figure 3.4 will often be true, meaning that choices will be made at random rather than guided

by the fitness of the appropriate derivatives. We could reduce this effect by significantly increasing the

sample rate constant 𝑁 , but then sampling time would likely dominate generation time, resulting in worse

performance overall.

The lesson here seems to be that the CGS algorithm does not work well with especially hard-to-satisfy

validity conditions. In §3.9, we present an idea that would do some of the hard work ahead of time and

help with this issue.
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3.7 LIMITATIONS

Our free generator abstraction is extremely general and demonstrably useful, but a few technical weak-

nesses are worth discussing.

The biggest limitation has to do with the kinds of distributions our free generators can represent. Our

exposition uses weighted choices (frequency) as the randomness primitive, but QuickCheck is technically

built using a primitive like:

choose :: Random r ⇒ (r, r) → Gen r

Intuitively, choose (x, y) uniformly picks a value in the range from x to y, and this range can technically

be infinite (e.g., if r = Rational). This cannot be replicated with frequency or pick. Thus, our results

only apply to generators whose distributions are finitely supported.

Another small issue is that we have intentionally neglected one common element of monadic genera-

tors in the style of QuickCheck: size. Generators in standard QuickCheck track size bounds dynamically,

allowing the testing framework to externally control the size distribution of the inputs that it generates.

This does not impact our theoretical results (sizes can always be passed around manually, as we do in the

examples in this paper), and sizes would be relatively easy to add to the free generator language in practice.

Finally, a note on the class of languages that free generators can parse (when interpreted with P⟦·⟧).

Free generators are limited in their nondeterminism (by the definition of pick, and by assumptions made

in the definition of P⟦·⟧); choices in a free generator are always unambiguous. This means that the parser

interpretation of a free generator cannot parse arbitrary languages of choices, even thoughmonadic parsers

in general can parse arbitrary languages. Ultimately this is not a practical concern, as free generators parse

sequences of choices, not realistic languages, but it is aesthetically disappointing. We believe it would be

straightforward to add an operator for explicit nondeterminism and extend the interpretations accordingly.

3.8 RELATEDWORK

We discuss a variety of publications that relate to the present work via connections either to free generators

or to our Choice Gradient Sampling algorithm.
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3.8.1 Parsing and Generation

The connection between parsers and generators has been employed implicitly in some generator imple-

mentations. Two popular property-based testing libraries, Hypothesis [113] and Crowbar [31], implement

generators by parsing a stream of random choices. In fact, Hypothesis even takes advantage of parsing

concepts when shrinking test inputs to make failing test-cases more readable for uses. However, neither

of these frameworks has formalized the relationship between parsing and generation.

3.8.2 Free Generators

Garnock-Jones et al. present a formalism based on parsing expression grammars (PEGs) with some of

the same goals as ours. They give a derivative-based algorithm that somewhat resembles CGS, which

constructs sentences thatmatch a particular PEG. Their work does not attempt to solve the valid generation

problem for complex validity conditions like the ones we tackle, but it does provide further evidence that

connecting parsing and generation is advantageous.

Claessen et al. [22] present a generator representation that is related to our free generator structure, but

used in a very different way. They primarily use the syntactic structure of their generators (they call them

“spaces”) to control the size distribution of generated outputs; in particular, spaces do not make choice

information explicit in the way free generators do. Claessen et al.’s generation approach uses Haskell’s

laziness, rather than derivatives and sampling, to prune unhelpful paths in the generation process. This

pruning procedure performs well when validity conditions take advantage of laziness, but it is highly

dependent on evaluation order and limited in its analysis of what makes a choice invalid. In contrast,

CGS does not require that predicates be written in a specific way and has a much more nuanced notion of

“unhelpful” choices.

3.8.3 The Valid Generation Problem

The valid generation problem is well studied. The most obvious solution existing solution is to write a

bespoke generator. For example, the CSmith project famously developed a generator for valid C programs

that was very successful at finding bugs in C compilers [179]. More generally, the domain-specific language
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for generators provided by the QuickCheck library [79] provides a whole framework for writing manual

generators that produce valid inputs by construction. The primary issue with these manual approaches

is effort: writing a bespoke generator is labor-intensive and difficult. The CGS algorithm aims to avoid

manual techniques like this in the hopes of making property-based testingmore accessible to programmers

that do not have the time or expertise to write their own custom generators.

The constraint logic programming (CLP) generators proposed by Dewey [29] represent a different

approach to valid generation, more automated thanQuickCheck. Users of CLP generators have a constraint

solver to help them, making it easier to express certain kinds of validity conditions in the generator. Even

so, the CLP approach is not truly automatic: testers still need to express validity condition as annotated

logic programs. Depending on the testers’ background, this may be ideal, or it may be a deal-breaker.

In contrast, CGS only requires that the validity condition be encoded as a Boolean predicate in the host

programming language, which the tester may very well already have written for other reasons.

The Luck language [102] provides a similar semi-automatic solution; users are still required to put

in some effort, but they are able to define generators and validity predicates at the same time. Again,

this solution might be satisfying if users are starting from scratch and willing to learn a domain-specific

language, but if validity predicates have already been written or users do not want to learn a new language,

a more automated solution may be preferable.

When validity predicates are expressed as inductive relations, approaches like the one in Generating

Good Generators for Inductive Relations [103] are extremely powerful. In the QuickChick framework, users

can extract generators from the inductive relations that they likely already have for their proofs. This

is incredibly convenient for testing lemmas that will eventually be proved, to establish confidence before

attempting the proof. Unfortunately, the kinds of inductive relations that QuickChick depends on generally

require dependent types to express, so this approach does not work in most mainstream programming

languages.

Target [111] uses search strategies like hill climbing and simulated annealing to supplement random

generation and significantly streamline property-based testing. Löscher and Sagonas’s approach works

well when inputs have a sensible notion of “utility,” but in the case of valid generation the utility is often

degenerate—0 if the input is invalid, and 1 if it is valid—with no good way to say if an input is “better” or
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“worse.” In these cases, derivative-based searches may make more sense.

Some approaches use machine learning to automatically generate valid inputs. Learn&Fuzz [49] gen-

erates valid data using a recurrent neural network. This solution seems to work best when a large corpus

of inputs is already available and the validity condition is more structural than semantic. In the same vein,

RLCheck [144] uses reinforcement learning to guide a generator to valid inputs. This approach served as

early inspiration for our work, and we think that the theoretical advance of generator derivatives may lead

improved learning algorithms in the future (see §3.9).

3.9 CONCLUSION

Free generators and their derivatives are powerful structures that give a flexible perspective on random

generation. This formalism yields a useful algorithm for addressing the valid generation problem, and

it clarifies the folklore that a generator is a parser of randomness. Moving forward, there are a number

of paths to explore, some continuing our theoretical exploration and others looking towards algorithmic

improvements.

3.9.1 Bidirectional Free Generators

We have only scratched the surface of what seems possible with free generators. One concrete next step is

to merge the theory of free generators with the emerging theory of ungenerators [50]. This work describes

generators that can be run both forward (to generate values as usual) and backward. In the backward

direction, the program takes a value that the generator might have generated and “un-generates” it to give

a sequence of choices that the generator might have made when generating that value.

Free generators are quite compatible with these ideas, and turning a free generator into a bidirectional

generator that can both generate and ungenerate should be fairly straightforward. From there, we can

build on the ideas in the ungenerators work and use the backward direction of the generator to learn a

distribution of choices that approximates some user-provided samples of “desirable” values.
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3.9.2 Algorithmic Optimizations

In §3.6.4, we saw some problems with the Choice Gradient Sampling algorithm: because CGS evaluates

derivatives via sampling, it does poorly when validity conditions are very difficult to satisfy. This begs the

question: might it be possible to evaluate the fitness of a derivative without naïvely sampling?

One potential approach involves staging the sampling process. Given a free generator with a depth

parameter, we can first evaluate choices on generators for size 1, then evaluate choices for size 2, etc. These

intermediate stages would make gradient sampling more successful at larger sizes, and might significantly

improve the results on benchmarks likeAVL. Unfortunately, this approachmight perform poorly on bench-

marks like STLC where the validity condition is not uniform: size-1 generators would avoid generating

variables, leading larger generators to avoid variables as well. Nevertheless, this design space seems well

worth exploring.

3.9.3 Making Choices with Neural Networks

Another algorithmic optimization is a bit farther afield: using recurrent neural networks (RNNs) to improve

our generation procedure.

As Choice Gradient Sampling makes choices, it generates useful data about the frequencies with which

choices should be made. Specifically, every iteration of the algorithm produces a pair of a history and a

distribution over next choices that looks something like this:

abcca ↦→ {a : 0.3, b : 0.7, c : 0.0}

In the course of CGS, this information is used once (to make the next choice) and then forgotten—but what

if there was a way to learn from it? Pairs like this could be used to train an RNN to make choices that are

similar to the ones made by CGS.

There are details to work out, including network architecture, hyperparameters, etc., but in theory we

could run CGS for a while, train an RNN, and after that point only use the RNN to generate valid data.

Setting things up this way would recover some of the time that is currently spent sampling of derivative
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generators.

One could imagine a user writing a definition of a type and a predicate for that type, and then setting

the model to train while they work on their algorithm. By the time the algorithm is finished and ready to

test, the RNN model would be trained and ready to produce valid test inputs. A workflow like this might

help increase adoption of property-based testing in industry.
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CHAPTER 4
Reflecting on Randomness

This chapter addresses two research opportunities fromChapter 2, RO5, which calls for better technologies

for test-case shrinkers, and RO4, which once again asks for better generation technologies. I describe an

extension to free generators, reflective generatorswhich can be run “backward” to extract information from

generated values. Reflective generators give new algorithms for both shrinking and generation that are

more generally applicable than previous results. The work in this chapter was done concurrently with the

Property-Based Testing in Practice study, so, again, these technologies were not available to the developers

we spoke with. I plan to explore the usability of reflective generators in real-world scenarios in the future.

The content in this chapter is taken from Reflecting on Random Generation [58], which was published as a

Distinguished Paper at the International Conference on Functional Programming (ICFP) 2023. An original

version of the paper was written with equal contribution between myself and Samantha Frohlich at the

University of Bristol, with revised versions rewritten primarily by me; Meng Wang (also at Bristol) and

Benjamin C. Pierce advised the project and helped edit the papers.

4.1 INTRODUCTION

Property-based testing, popularized by Haskell’s QuickCheck library [20], draws much of its bug-finding

power from generators for random data. These programs are carefully crafted and encode important in-

formation about the system under test. In particular, QuickCheck generators like the one in Figure 4.1a

capture what it means for a test input to be valid—here, ensuring that a tree satisfies the binary search tree

(BST) invariant by keeping track of the minimum and maximum allowable values in each subtree. This

generator is not just a program for generating BSTs, it defines BSTs in the sense that its range is precisely

the set of valid BSTs.

Developers of tools like Hypothesis [113]—arguably the most popular PBT framework, with 6,500 stars

on GitHub and an estimated 500,000 users [30]—capitalize on this observation and repurpose generators

for other tasks, including test-case shrinking and mutation. These algorithms do not operate directly on
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bst :: (Int, Int) -> Gen Tree
bst (lo, hi) | lo > hi =
return Leaf

bst (lo, hi) =
frequency
[ ( 1, return Leaf ),

( 5, do
x <- choose (lo, hi)
l <- bst (lo, x - 1)
r <- bst (x + 1, hi)
return (Node l x r) ) ]

(a) QuickCheck generator.

bst :: (Int, Int) -> Reflective Tree Tree
bst (lo, hi) | lo > hi =

exact Leaf
bst (lo, hi) =

frequency
[ ( 1, exact Leaf),

( 5, do
x <- focus (_Node._2) (choose (lo, hi))
l <- focus (_Node._1) (bst (lo, x - 1))
r <- focus (_Node._3) (bst (x + 1, hi))
return (Node l x r) ) ]

(b) Reflective generator.

Figure 4.1: Generators for binary search trees.

data values; rather, shrinking or mutating a value is accomplished by shrinking or mutating the random

choices that produced that value, and then re-running the generator on the modified choices [112]. This

amounts to treating generators as parsers, taking unstructured randomness and parsing it into structured

values—a perspective formalized in terms of free generators [55]. Viewing generators as parsers has two

advantages: (1) shrinking and mutation can be implemented generically, rather than once per generator,

and (2) the modified data values will automatically satisfy any preconditions that the generator was de-

signed to enforce (e.g., the BST invariant), since they are ultimately produced by pushing modified choices

through the generator.

Ideally, Hypothesis’s type-agnostic, validity-preserving algorithms should completely subsume more

manual ones. Unfortunately, the current Hypothesis approach assumes that the shrinker, for example,

is given access to the original random choices that the generator made when producing the value it is

shrinking; this doesn’t work when shrinking is separated (in time or space) from generation. In particular,

Hypothesis can’t shrink values that it did not generate in the first place—e.g., because theywere provided as

pathological examples or from crash reports. More subtly, Hypothesis’s shrinking also breaks if the value

was modified between generation and shrinking, or saved without also saving a record of the choices.

To use Hypothesis-style shrinking on an arbitrary value, the shrinker needs someway of reconstituting

a set of random choices that produce that value. Luckily, inspiration for how to do this can be drawn from

the grammar-based testing literature, specifically Inputs from Hell [155], which describes a way to produce

test inputs that are similar to an existing one. Starting with a grammar-based generator [48], they first
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use the grammar to parse a value, determining which productionsmust be expanded to produce that value.

Then, they bias the generator to expand those productions more often, thus resulting in more values that

are similar to the example. In essence, this approach determines which generator choices lead to a desired

value by going backward, parsing the value with the same grammar that (could have) generated it.

The Inputs from Hell approach works well for grammar-based generators, but does not apply to gen-

erators that enforce validity. For this, we need a more general solution—one that works with the kinds of

monadic generators used in QuickCheck, which can enforce arbitrary validity conditions. Such a solution

can be found in the bidirectional programming literature. Xia et al. [177] describe partial monadic pro-

functors, which enrich standard monads with extra operations for describing bidirectional computations.

This infrastructure, along with the parsing-as-generation perspective of free generators, enables exactly

the kind of bidirectional generation needed to extract random choices from a monadically produced value.

Our main contribution, reflective generators, is a language for writing bidirectional generators that

can “reflect” on a value to analyze which choices produce that value (see Figure 4.1b). They subsume the

grammar-based generators of Inputs from Hell, and, critically, they enable Hypothesis-style shrinking and

mutation for arbitrary values in the range of a monadic generator. Furthermore, since reflective generators

are built on freer monads, they can be interpreted numerous ways besides generation and reflection. We

discuss three more use cases that demonstrate the versatility of reflective generators as testing utilities.

Following a brief tour through some background (§4.2), we offer the following contributions:

• We present reflective generators, a framework that fuses free generators and partial monadic profunc-

tors into a flexible domain-specific language for PBT generators that can reflect on a value to obtain

choices that produce it. (§4.3)

• We develop the theory of reflective generators, defining what it means for reflective generators

to be correct along a number of axes and comparing their expressive power to other generation

abstractions. (§4.4)

• We demonstrate the core behavior of reflective generators by generalizing prior work on example-

based generation. Our implementation subsumes the Inputs from Hell algorithm and extends it to

work with monadic generators. (§4.5)
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• We apply reflective generators to manipulate user-provided values. Reflective generators enable

generator-based shrinking and mutation algorithms to work even when the randomness used to

generate test inputs is not available. We show that our shrinkers are at least as effective as other

automated shrinking techniques. (§4.6)

• We leverage the reflective generator abstraction to implement other testing tools: checkers for test

input validity, “completers” that can randomly complete a partially defined value, and test input

producers like enumerators and fuzzers. (§4.7)

We conclude by discussing related work (§4.8) and future directions (§4.9).

4.2 BACKGROUND

The abstractions we present in this paper rely on a significant amount of prior work. In this section, we

review the structures that make reflective generators possible: monadic random generators (§4.2.1), free

generators (§4.2.2), and partial monadic profunctors (§4.2.3).

class Monad m where
return :: a -> m a
(>>=) :: m a -> (a -> m b) -> m b

do { x <- m; f x } = m >>= f

type Gen a = Int -> a

(a) Definitions for monadic generators.

data Freer f a where
Return :: a -> Freer f a
Bind :: f a

-> (a -> Freer f b)
-> Freer f b

data Pick a where
Pick :: [(Weight, Choice, Freer Pick a)]

-> Pick a

(b) Definitions for free generators.

class Profunctor p where
lmap :: (d -> c) -> p c a -> p d a
rmap :: (a -> b) -> p c a -> p c b

class Profunctor p => PartialP p where
prune :: p b a -> p (Maybe b) a

class (Monad (p b), PartialP p)
=> PMP p

(c) Definitions for partial monadic profunctors.

Figure 4.2: Background definitions.
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4.2.1 Monadic Random Generators

The idea of testing executable properties using monadic generators was popularized by QuickCheck and

has endured for more than two decades. The core structures used by QuickCheck are shown in Figure 4.2a,

where Gen represents the type of random generators. It treats the input Int as a random seed and uses it

to produce a value of the appropriate type. Generators like the one in Figure 4.1a are easy to write because

they are monads [125]; this structure provides a neat interface for chaining effectful computations.

4.2.2 Free Generators

Interfaces like the Monad type class can be reified into “free” structures that represent each operation as a

data constructor, allowing it to be interpreted in multiple ways. There are several such free structures for

the monad interface [95; 164, etc.]; we focus on the freer monad [94] structure shown in Figure 4.2b, which

reifies the return operation as the constructor Return and (>>=) as Bind. The extra type constructor

f ranges over the operations that are specific to each given monad, for example, the Get :: State s s

and Put :: s -> State s () operations for State.

Our prior work, free generators [55], are an instance of this scheme, instantiating f as the type con-

structor Pick (Figure 4.2b), which represents a choice between sub-generators. Pick is used to implement

familiar QuickCheck-style combinators like choose, which generates an integer in a given range, and

oneof, which randomly selects between a list of generators. We use free generators to draw a formal con-

nection between random generation and parsing, interpreting the same free generator as both a generator

and a parser.

4.2.3 Partial Monadic Profunctors

Profunctors are a standard construction from category theory, generalizing ordinary functors—structure-

preserving maps—to allow for both covariant and contravariant mapping operations. They are realized

as the Profunctor class (Figure 4.2c), popularized in Haskell by Pickering et al. [140], where the map-

ping operations are called rmap and lmap respectively. The quintessential example of a profunctor is the

function type constructor (->). This makes sense, since b -> a is contravariant in b and covariant in a.
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In that case, rmap implements post-composition (of some function a -> a’) and lmap implements pre-

composition (of a function b’ -> b). Indeed, it is often useful to think of profunctors as function-like:

a value of type p b a “examines a value of type b to produce a value of type a” (potentially doing some

other effects).

Amonadic profunctor is a profunctor that is also a monad (i.e., a profunctor p such that for any b, p b is

a monad). Xia et al. [177] use this extra structure to implement composable bidirectional computations. For

example, consider the classic bidirectional programming example of a parser and a pretty printer, which

invert one-another. These dual functions can be implemented using the same monadic profunctor:

data Biparser b a = { parse :: String -> (a, String); print :: b -> (a, String) }

This Biparser is a single program that gets “interpreted” in two different ways. As a parser, it ignores

the b parameter entirely, and simply acts as a parser in the style of Parsec [106] to produce a value of type

a. As a pretty printer, it still needs to produce a value of type a—after all, the two interpretations share

the same code—but now there is no input String to parse. Instead, the pretty printer interpretation has a

value of type b it uses as instructions to produce both the a and a String. This scheme makes much more

sense when the profunctor is aligned, that is of type Biparser a a; in that case, a properly written pretty

printer acts as an identity function, taking a value and reproducing it while also recording its String

representation.

Xia et al. call the first type of interpretation, which ignores its contravariant parameter and just pro-

duces an output, a “forward” interpretation, and the second, which acts as an identity function and follows

the structure of its contravariant parameter, a “backward” interpretation. We say parse goes forward and

print goes backward. This is an arbitrary choice, but it is helpful as an analogy for the way that certain

monadic profunctors are duals of one other.

Writing a Biparser, or any other monadic profunctor, is a game of type alignment. In general, aligned

programs are desirable, but aligning the types gets tricky around monadic binds. Suppose we have an

aligned p a a and we want to get an a out and continue with a function of type a -> p b b (whose

codomain is also aligned). We cannot simply use (>>=) whose type is:

(>>=) :: p b a -> (a -> p b b) -> p b b

79



The problem is the first argument: we have a value of type p a a but we need one of type p b a since

p b is the type of the monad. Luckily, the lmap operation (§4.2c) makes it possible to take an aligned

profunctor, p a a and turn it into a p b a by providing an annotation of type b -> a that says how to

focus on some part of a value of type b that has type a. We can thus build up a Biparser by writing

a program that looks essentially like a standard monadic parser, but with monadic binds annotated with

calls to lmap that fix the alignment.

This story is almost complete, but it leaves out cases where annotations need to be partial. Consider a

Biparser like this one, which parses either a letter or a number:

letter :: Biparser Char Char
number :: Biparser Int Int
data LorN = Letter Char | Number Int

lOrN :: Biparser LorN LorN
lOrN = Letter <$> lmap ??? letter <|> Number <$> lmap ??? number

The first annotation should be of type LorN -> Char, but there is no total function of that type: what

happens if the LorN is a Number? The more appropriate annotation type would be LorN -> Maybe Char

. Xia et al. make this possible with partial monadic profunctors (PMPs), which add one more operation,

prune, to capture failure. (We have renamed it prune instead of the original “internalizeMaybe”.) Unlike

monadic profunctors, which can only be annotated with total functions using lmap, PMPs can be annotated

with partial functions. The combinator comap demonstrates this generalized annotation:

comap :: PMP p => (c -> Maybe b) -> p b a -> p c a
comap f = lmap f . prune

When a PMP like print branches (e.g., in lOrN) the execution follows both sides (e.g., trying to pretty

print both a Letter and a Number). The partial annotations tell the computation when to prune a branch,

keeping the search space small and ensuring that PMPs like print are efficient.

A concrete example of a partial profunctor is the partial arrow constructor:

newtype PartialArr a b = PartialArr {unPA :: a -> Maybe b}

This follows on naturally from the intuition that (->) is a profunctor. In fact, these are also PMPs, you

can find the relevant instances in the full paper’s Appendix.
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PMPs are complex, and they can be used in a wide variety of ways. We recommend Composing Bidi-

rectional Programs Monadically [177] for a more thorough explanation.

4.3 THE REFLECTIVE GENERATOR LANGUAGE

Reflective generators combine free generators with PMPs, enabling a host of enhanced testing algorithms.

In this section, we explain the intuition behind reflective generators (§4.3.1), describe their implementation

(§4.3.2), and discuss their various interpretations (§4.3.3).

The basic structure of a reflective generator comes from adding the partial monadic profunctor opera-

tions, lmap and prune, to the Pick datatype. We call this extended type R (for Reflective) and implement

it like this:

type Weight = Int
type Choice = Maybe String

data R b a where
Pick :: [(Weight, Choice, Freer (R b) a)] -> R b a
Lmap :: (c -> d) -> R d a -> R c a
Prune :: R b a -> R (Maybe b) a

The Pick constructor here has two small changes from the free generator presentation: we add an extra

contravariant type variable b, and we modify the choice type to optionally elide choice labels.4 Then

Lmap captures contravariant annotations (there is no need to explicitly represent rmap, as we will be able

to encode it using the monad structure), and Prune represents its PMP counterpart with an analogous

type. A reflective generator is then a freer monad over R b:

type Reflective b a = Freer (R b) a

4.3.1 Intuition

The type Reflective b a of reflective generators should be understood to mean a program that can

“reflect on a value b, recording choices, while generating an a.”
4As in Parsing Randomness, we represent weights in Pick as integers for simplicity. Formally they are required to be strictly

positive; this will be necessary to prove Theorem 3.
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Like PMPs, reflective generators use annotations to fix the types around monadic binds. More intuition

of how these should be defined follows from the intuitive interpretation of the types: the goal is to take a

generator that reflects on choices in an a and turn it into one that reflects on choices in a b. Here’s the key:

it suffices to show how to focus on a part of the b that contains an a, because that focusing turns a choices

into b choices. Put another way, the annotation should embed a mapping of type b -> a or b -> Maybe

a that focuses on the a part of the b. To see this in action, consider the example in Figure 4.1b, paying

attention to the first bind in the Node branch,

do
x <- focus (_Node._2) (choose (lo, hi))
...

where ... continues on to produce the rest of the tree. The call to choose results in a Reflective Int

Int, but the type of the enclosing monad is Reflective Tree; as discussed in §4.2.3 we need to add an

annotation on the bind that focuses on an Int in a Tree to get a Reflective Tree Int. In the example,

we annotate with focus (_Node._2) (this syntax is introduced in the next section) but the following is

equivalent:

comap (\ t -> case t of { Leaf -> Nothing; Node _ x _ -> Just x })

As with PMPs like Biparser, the process of reflecting on choices is all about the interaction between

binds and comaps. A value flows through the program, and, at each bind, the comap focuses on the part of

the value that the left side of the bind should reflect on. If the focusing fails, that branch gets pruned—there

is no way to produce the desired value—but if it succeeds, then the left side can reflect on that part of the

value, extracting some choices, and reflection can continue on the right side.

With this intuition in mind, we can move onto the technical details of reflective generators.

4.3.2 Implementation

We next describe how reflective generators are implemented and what we’ve done to make them feel

familiar and easy to work with. (In §4.9, we discuss plans to validate this belief with a proper user study.)

The Full Story The actual type R defined in the Haskell artifact [53] is a bit more complicated than the

one explained above. The actual implementation looks like:
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data R b a where
Pick :: [(Weight, Choice, Freer (R b) a)] -> R b a −− as before

Lmap :: (c -> d) -> R d a -> R c a −− as before

Prune :: R b a -> R (Maybe b) a −− as before

ChooseInteger :: (Integer, Integer) -> R Integer Integer
GetSize :: R b Int
Resize :: Int -> R b a -> R b a

First, we add a constructor ChooseInteger for picking integers from a range. Technically, this is im-

plementable via Pick by simply enumerating the integers in the desired range, but doing so is inefficient if

the range is large. Adding a separate function for choosingwithin a range of integers allows us to bootstrap

other generators over large ranges, and it makes it easy to implement much more efficient interpretation

functions later on.

Second, we add two constructors, GetSize and Resize, that are analogous to similar operations im-

plemented by QuickCheck. Maintaining size control is critical for ensuring generator termination, and,

although it is possible to implement sized generators by passing size parameters around manually, inter-

nalizing size control cleans up the API of the combinator library and makes generators more readable.

In future sections, we often elide parts of definitions pertaining to these operations, to streamline the

presentation, but they do present a couple of theoretical complications that we note in §4.4.

Building a Domain-Specific Language We implement a variety of combinators that make reflective

generators easier to read and write, aiming for an interface that captures the full power of reflective gen-

eration without straying too far from familiar QuickCheck syntax.

The most important reflective generator operation is Pick, so we provide a number of choice combi-

nators that are built on top of it:

pick :: [(Int, String, Reflective b a)] -> Reflective b a
labeled :: [(String , Reflective b a)] -> Reflective b a
frequency :: [(Int , Reflective b a)] -> Reflective b a
oneof :: [Reflective b a] -> Reflective b a
choose :: (Int, Int) -> Reflective Int Int

The most flexible, pick, just passes through to the Pick constructor, wielding its full power. The rest

are simplifications of this operation that represent common use cases. A bit simpler, labeled takes only

choice labels and no weights—it sets all weights to 1. Finally, frequency, oneof, and choose have the
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same API as their counterparts in QuickCheck, forgoing choice labels.

A brief aside on choice labels: whether or not a user decides to label the choices in a generator depends

on two factors. First, it depends on how the generators will be used. In §4.5.1, we discuss a use case that

relies heavily on choice labels, and in §4.6 we discuss one that ignores them. Second, whether or not

a particular sub-generator is labeled can impact the behavior of use cases that pay attention to labels; in

§4.5.1 we discuss intentionally eliding labels as a way of marking parts of the generator whose distributions

should not be tuned. As a general rule, we recommend labeling choices in generators, and all generators

provided by the reflective generators library are labeled by default, but it is convenient to be able to elide

labels when upgrading from a QuickCheck generator.

Choice operators alone are not enough to build a reflective generator, we need infrastructure to glue

them together. The bulk of these glue operations follow from the fact that reflective generators are, as

expected, PMPs:5

instance Profunctor Reflective where
lmap _ (Return a) = Return a
lmap f (Bind x h) = Bind (Lmap f x) (lmap f . h)
rmap = (<$>)

instance PartialProfunctor Reflective where
prune (Return a) = Return a
prune (Bind x f) = Bind (Prune x) (prune . f)

Both lmap and prune commute over Bind and do nothing to a Return (see the laws in §4.4), so these im-

plementations are straightforward. Behind the scenes, the Functor, Applicative, and Monad operations

are implemented for free from the freer monad.

Using lmap and prune on their own is a bit tedious, so we give two combinators that make common

use cases much simpler. The focus combinator makes it possible to replace pattern matches in lmap

annotations with lenses [40].

focus :: Getting (First b) c b -> Reflective b a -> Reflective c a
focus p = lmap (preview p) . prune

5Technically, these definitions are not legal Haskell, since both partially apply the Reflective type constructor, which is not
supported by GHC. In the Haskell artifact we implement the operations as normal functions (rather than type-class methods).
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The curious reader can dig into the gory details of the types involved [96], but it suffices to understand

focus as a notational convenience that gives a terse syntax for pattern matches:

focus (_Node._2) g =
(lmap (\ case { Node _ x _ -> Just x; _ -> Nothing }) . prune) g

This call to focus identifies the part of the value that g produces: the second argument to the Node con-

structor. The neat thing about this setup is that _Node, a lens that “pattern matches” on a node, can be

automatically generated from the Tree datatype, and _2, which extracts the second element of a 𝑘-tuple, is

included in the lens library. Together they can match on and extract the part of the value that the reflective

generator needs to focus on.

Another convenient helper built from lmap and prune is exact, which operates like return but en-

sures that the returned value is exactly the expected one:

exact :: Eq a => a -> Reflective a a
exact a = (lmap (\ a’ -> if a == a’ then Just a else Nothing)

. prune) (Pick [(1, Nothing, return a)])

Using this function (or manually pruneing) at the leaves of a reflective generator is critical: without it, the

generator may incorrectly claim to be able to produce an invalid value.

We saw above that combinators like oneof, frequency, and choose align closely with the QuickCheck

API to make upgrading easier. We provide one more combinator to simplify the upgrade process, voidAnn,

which can be used in place of an annotation:

voidAnn :: Reflective b a -> Reflective Void a
voidAnn = lmap (\ x -> case x of)

The Void type in Haskell is uninhabited, and thus a reflective generator of type Reflective Void a can

only be used in limited cases, but voidAnn makes it possible to perform the upgrade from Figure 4.1 in

stages.

The Void version looks like this:
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bst :: (Int, Int) -> Reflective Void Tree
bst (lo, hi) | lo > hi = return Leaf
bst (lo, hi) =
frequency
[ ( 1, return Leaf),

( 5, do
x <- voidAnn (choose (lo, hi))
l <- voidAnn (bst (lo, x - 1))
r <- voidAnn (bst (x + 1, hi))
return (Node l x r) ) ]

First the user goes from Figure 4.1a to this partially converted generator, and then they can convert to

Figure 4.1b by replacing Void with the correct output type, replacing voidAnn annotations with ones that

do appropriate focusing, and replacing return with exact where appropriate. All three generators are

shown together in the original paper’s Appendix. Experienced reflective generator writers do the upgrade

in a single step, but when starting out it may be easier to go through a simpler intermediate generator.

There are a number of other combinators implemented in the artifact, including getSize, resize,

standard generators for base types, and higher-order combinators for lists and tuples.

4.3.3 Interpretation

Like free generators, reflective generators do not do anything interesting until they are interpreted. An

interpretation describes how the inert syntax of the generator program should be executed. As with PMPs,

most reflective generator interpretations can be thought of as working either “forward,” simply producing

an output of their covariant type, or “backward,” reflecting on a value (and reproduce it en passant) while

tracking choices. Unlike PMPs, reflective generators do not explicitly pair a forward and a backward

interpretation together—in fact, the interpretation in §4.7.2 actually uses both directions at once. Still,

directionality of interpretations is often a useful intuition.

The simplest “forward” interpretation turns a reflective generator into a standard QuickCheck gen-

erator, shown in Figure 4.3 The free monad part of the syntax is implemented as expected, with Return

implemented as return in the Gen monad, and Bind as the monad’s bind. The rest of the syntax is sim-

ilarly straightforward, with Lmap and Prune doing nothing and Pick interpreted as a weighted random

choice.
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generate :: Reflective b a -> Gen a
generate = interp
where
interpR :: R b a -> Gen a
interpR (Pick gs) = QC.frequency [(w, interp g) | (w, _, g) <- gs]
interpR (Lmap _ r) = interpR r
interpR (Prune r) = interpR r

interp :: Reflective b a -> Gen a
interp (Return a) = return a
interp (Bind r f) = interpR r >>= interp . f

Figure 4.3: The “generate” interpretation.

Of course, the value of reflective generators lies in their ability to run “backward,” focusing on sub-

parts of a value and reflecting on how they are constructed. This process can be seen using the reflect

function in Figure 4.4, which interprets a generator to determine which choices could lead to a given value.

For example, it would behave as follows when run on bst (adapted to record choices):

ghci> reflect bst Leaf
⟦"leaf"⟧
ghci> reflect bst (Node Leaf 4 Leaf)
⟦"node","4","leaf","leaf"⟧

Here, the constructor choice is indicated with "leaf" or "node", and the number choice by printing the

number. A list of lists is produced so that all possible choice traces are covered. (In these examples, there

just happens to be only one trace of choices that could have led to the provided values.)

When interpreting Pick the computation splits, each branch representingmaking one particular choice.

In each branch, Lmap nodes focus on parts of the value being reflected on; if the focusing fails, a following

Prune node will filter that branch out of the computation. The monad structure, Return and Bind, threads

the list of recorded choices through the computation, so the final result is a list of the different branches

of the computation that were not pruned, along with the choices made in each of those branches. For

termination, the reflect interpretation requires that any recursion is guarded by focus annotations that

focus on smaller parts of the value being reflected on; see §4.4.2 for more details.

87



reflect :: Reflective a a -> a -> ⟦String⟧
reflect g = map snd . interp g
where
interpR :: R b a -> (b -> [(a, [String])])
interpR (Pick gs) = \ b -> −− Record choices made.

concatMap
( \ (_, ms, g’) ->

case ms of
Nothing -> interp g’ b
Just lbl -> map (\ (a, lbls) -> (a, lbl : lbls)) (interp g’ b)

) gs
interpR (Lmap f r) = \ b -> interpR r (f b) −− Adjust b according to f.

interpR (Prune r) = \ b -> case b of −− Filter invalid branches.

Nothing -> []
Just a -> interpR r a

interp :: Reflective b a -> (b -> [(a, [String])])
interp (Return a) = \ _ -> return (a, [])
interp (Bind r f) = \ b -> do −− Thread choices around.

(a, cs ) <- interpR r b
(a’, cs’) <- interp (f a) b
return (a’, cs ++ cs’)

Figure 4.4: The “reflect” interpretation.

These two interpretations demonstrate the essence of reflective generators, but they are far from the

only ones—in total we discuss seven use cases of our different interpretations, all of which can be found

in our artifact, and we expect there are use cases for many more. As a user, this gives an amazing amount

of flexibility, since a single reflective generator can be interpreted in all of these different ways.

4.4 THEORY OF REFLECTIVE GENERATORS

In this section, we describe more of the theory underlying reflective generators. We discuss various for-

mulations of correctness, including defining what it means to correctly interpret a reflective generator and

what it means to correctly write an individual reflective generator (§4.4.1). Next, we explore an interesting

property of reflective generators—overlap—which has implications for generator efficiency (§4.4.2). Finally,

we discuss the expressive power of reflective generators, comparing it to grammar-based generators and
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to standard monadic ones (§4.4.3).

4.4.1 Correctness

Both interpretations and individual reflective generators can be written incorrectly—the types involved

are not strong enough. Here, we describe algebraic properties that the programmer should prove (or test)

to ensure good behavior.

Correctness of Interpretations Reflective generators should obey the laws of monads [125], profunc-

tors, and PMPs:

(𝑀1) return a >>= f = f a
(𝑀2) x >>= return = x
(𝑀3) (x >>= f) >>= g = x >>= (\ a -> f a >>= g)

(𝑃1) lmap id = id
(𝑃2) lmap (f’ . f) = lmap f . lmap f’

(𝑃𝑀𝑃1) lmap Just . prune = id
(𝑃𝑀𝑃2) lmap (f >=> g) . prune = lmap f . prune . lmap g . prune
(𝑃𝑀𝑃3) (lmap f . prune) (return y) = return y
(𝑃𝑀𝑃4) (lmap f . prune) (x >>= g) = (lmap f . prune) x >>= (lmap f . prune) . g

Some of these are definitionally true for all reflective generators, thanks to the structure of freer mon-

ads:

Lemma 2. Reflective generators always obey (𝑀1), (𝑀3), (𝑃𝑀𝑃3), and (𝑃𝑀𝑃4).

Proof. By induction on the structure of the generator, using the definitions of return and (>>=) from

Kiselyov and Ishii [94] and the definitions of lmap and prune from §4.3.2. See the Appendix. □

The other equations do not hold in general: they must be established for each interpretation.

We say an interpretation of a reflective generator is lawful if it implements a PMP homomorphism to

some lawful partial monadic profunctor. Concretely:

Definition 1. An interpretation

⟦·⟧ :: Reflective b a -> p b a

89



is lawful iff p obeys the laws of monads, profunctors, and partial monadic profunctors and there exists an

R-interpretation

⟦·⟧R :: R b a -> p b a

such that the following equations hold:

⟦Return a⟧ = return a
⟦Bind r f⟧ = ⟦r⟧R >>= \ x -> ⟦f x⟧
⟦Lmap f r⟧R = lmap f ⟦r⟧R
⟦Prune r⟧R = prune ⟦r⟧R

An alternative approach would be to simply define an interpretation of a reflective generator as a PMP

homomorphism along with an interpretation for Pick, rather than giving the programmer the freedom to

implement lawless interpretations. From a programming perspective, this would behave like a tagless-final

embedding [93]. We found this tagless-final approach more tedious to program with, but it is available to

users if desired (see the Appendix).

The generate instance is indeed lawful, modulo one technical caveat. The classic Gen “monad” itself

is not actually a lawful monad, but it is lawful up to distributional equivalence [20]—i.e., generators that

produce equivalent probability distributions of values are equivalent, even if they are not equal as Haskell

terms. The same caveat applies to the other laws.

Theorem 3. The generate interpretation is lawful up to distributional equivalence.

Proof. Since Lmap and Prune are both ignored, the other laws are trivial. □

The reflect interpretation is also lawful, ignoring the map snd projection that discards the accumulator

values.

Theorem 4. The reflect interpretation is lawful.

Proof. We choose

p b a = b -> [(a, [String])] = ReaderT b (WriterT [String] []) a
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which is simply a stack of three monads (reader, writer, and list). Lawfulness follows straightforwardly, by

aligning the definition of reflect with the lawful implementations of the monad, profunctor, and partial

profunctor operations for this combined monad. □

Correctness of a Reflective Generator The proofs of lawfulness for each of the interpretations we

want to use can be carried out once and for all, but there is also some work to do for each individual

reflective generator, to ensure that its various interpretations will behave the way we expect. We next

characterize what it is for a reflective generator to be correct and comment on testing for correctness using

QuickCheck.

Our correctness criteria are based on similar notions to those of Xia et al. [177]. We formulate cor-

rectness using two interpretations. The generate interpretation is the canonical “forward” interpreta-

tion, characterizing the set of values that can be produced by a reflective generator when it ignores its

contravariant parameter. The canonical “backward” interpretation should characterize the generator’s op-

eration as a generalized identity function, taking a value and reproducing it—reflect is almost the right

interpretation, but it does extra work to keep track of choices. Thus, we define:

reflect’ :: Reflective b a -> b -> [a]

The reflect’ interpretation has the same behavior as reflect, but it skips the code that tracks choices.

It also has a more general, unaligned type. (Alignment is an artificial restriction anyway; reflect could

also be given an unaligned type, but the alignment better-communicates the intended use.) The full code

for this and all other interpretation functions can be found in our artifact.

We define soundness and completeness of a reflective generator as follows:

Definition 2. A reflective generator g is sound iff

a ∼ generate g ==> (not . null) (reflect’ g a).6

6The definition we give for soundness is morally correct, but it will occasionally fail (spuriously) if tested using QuickCheck.
The problem is size: QuickCheck varies the generator’s size parameter while testing, but it does not know to vary the size of the
reflect’ interpretation to match. Concretely, this means that QuickCheck may test

a ∼ resize 100 (generate g) ==> (not . null) (reflect’ g a).

which is effectively evaluating two different generators. To get around this, we should instead test

a ∼ generate (resize n g) ==> (not . null) (reflect’ (resize n g) a).

for all n in a reasonable range.
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Where 𝑎 ∼ 𝛾 means “a can be sampled from QuickCheck generator 𝛾 .”

In other words, if the generate interpretation can produce a value, then the reflect’ interpretation can

reflect on that value without failing.

Definition 3. A reflective generator g is complete iff

(not . null) (reflect’ g a) ==> a ∼ generate g.

In other words, if the reflect’ interpretation successfully reflects on a value, then that value should be

able to be sampled from the generate interpretation.

As there is no way to check a ∼ generate g directly, completeness is impossible to test. Luckily, Xia

et al. give an alternative. First they define weak completeness:

Definition 4. A reflective generator g is weak complete iff

a ∈ reflect’ g b ==> a ∼ generate g.

Weak completeness is still impossible to test, but it is compositional, meaning it is true of a generator if it

is true of its sub-generators. Since the only kind of sub-generator reflective generators can be built from

is Pick, we can prove this once and for all:

Lemma 3. All reflective generators are weak complete.

Proof. By induction on the structure of the generator; see the Appendix. (Note that this relies on the

weights in every Pick being strictly positive.) □

Xia et al. also gives a so-called pure projection property, which is testable (albeit sometimes intractably7):

Definition 5. A reflective generator satisfies pure projection iff

a’ ∈ reflect’ g a ==> a = a’.

To complete the picture, we prove the following:
7The precondition of this property is often difficult to satisfy, leading to discards, but since needs only be tested once for given

generator, the user can likely afford to spend time trying to falsify it.
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Theorem 5. Any weak-complete reflective generator satisfying pure projection is complete.

Proof. Assume (not . null) (reflect’ g a), so there is some a’ in reflect’ g a. By pure projec-

tion, a = a’ so a is in reflect’ g a. Then by weak completeness we have a ∼ generate g as de-

sired. □

The take-away is that testing completeness of a reflective generator directly is impossible, but testing

pure projection suffices, where tractable. When determining the correctness of a reflective generator, one

should definitely test soundness and, where tractable, test pure projection.

External Correctness of a Reflective Generator The notions of soundness and completeness above

are internal, focused on only the reflective generator itself, but we can also define external soundness and

completeness with respect to some predicate on the generator’s outputs.

We define the following properties:

Definition 6. A reflective generator g is externally sound with respect to p iff

x ∈ gen g ==> p x.

Definition 7. A reflective generator g is externally complete with respect to p iff

p x ==> (not . null) (reflect x g).

Unlike internal soundness and completeness, external soundness and completeness may not be rea-

sonable to check for every reflective generator. Sometimes there is no external predicate to check against;

other times there may be a predicate, but the generator may intentionally be incomplete. But it is inter-

esting and useful that both of these are testable; normal QuickCheck generators cannot test their own

completeness.

4.4.2 Overlap

One last theoretical property of a reflective generator worth noting is its overlap.

Definition 8. A reflective generator’s overlap for a given value is the number of different ways that the

value could be produced.
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Many reflective generators naturally have an overlap of 1, meaning that there is only one way to

generate any given value, but some generators benefit from higher overlap. For example, a generator

might pick between two high-level strategies for generating values for the sake of distribution control.

g1 = labelled [ ("Z", exact Z), ("S", S <$> (focus _S g1)) ]

gE =
labelled
[ ("Z", exact Z),

("S", S <$> (focus _S gE)),k
("2", (S.S) <$> (focus (_S._S) gE))

]

gI =
labelled

[ ("Z", exact Z),
("S", S <$> (focus _S gI)),
("inf", gI)

]

Figure 4.5: Reflective generators with unit, exponential, and infinite overlap.

But overlap can cause problems for backward interpretations that care about examining all ways of

producing a particular value (e.g., probabilityOf which we will define in §4.7). In these cases, overlap

may lead to exponential blowup or even non-termination. For example, consider the three generators in

Figure 4.5. The first, g1, generates natural numbers, each in exactly one way:

ghci> reflect g1 (S (S (S (S (S Z))))) −− 5

⟦"S","S","S","S","S","Z"⟧

The second, gE, can generate numbers in exponentially many ways; specifically, it can generate a number

by generating any sum of 1s and 2s that add to the desired total:

ghci> length (reflect gE (S (S (S (S (S Z)))))) −− 5

8
ghci> length (reflect gE (S (S (S (S (S (S ...))))))) −− 10

89

Computing reflect gE of a large number could take a very long time, which may be a problem for some

use cases. Finally, we have gI which includes the option to make a no-op choice, "inf":

ghci> length (reflect gI (S (S (S (S (S Z)))))) −− 5

...
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Calling reflect gI does not terminate—there are infinitely many ways to generate 5. However, we con-

jecture that any generator with infinite overlap can be made into one that does not, by ensuring that any

loop is guarded by some change to the generated structure.

4.4.3 Expressiveness

Reflective generators fall on a spectrum between simple grammar-based generators and complex monadic

ones. Here, we show off the different kinds of data constraints that reflective generators can express and

discuss a few idioms that they cannot express.

Grammar-Based and Monadic Generators Grammar-based generators [48] use a context-free gram-

mar describing the program’s input format as the basis for generating test inputs. For example, the fol-

lowing grammar fragment defines a generator of expression parse trees:

term -> factor | term "*" factor | term "/" factor

Read as a generator, this says “to generate a term, choose either a factor, a "*" node, or a "/" node.”

Grammar-based generators are useful for generating inputs to a program with a context-free input struc-

ture, like expression evaluators, JSON minifiers, or even some compilers. They are often used in fuzzing,

which we will discuss more in §4.6.3, for this reason. But grammar-based generators cannot ensure that

the values they generate satisfy context-sensitive constraints. One might, for example, want to ensure that

the left-hand side of a division does not evaluate to zero:

term -> factor | term "*" factor | term "/" nonzero(factor)

A complete generator of these expressions would require evaluation to take place during generation, which

is not possible as part of a context-free grammar. And this is just the tip of the iceberg: there are a host of

context-sensitive constraints that a generator might need to satisfy.

Entermonadic generators. As described in §4.2.1, monadic generatorswere introducedwithQuickCheck

and are a domain-specific language for writing generators that produce values satisfying arbitrary com-

putable constraints. Monadic generators can generate binary search trees [81], well-typed terms in a

simply-typed lambda calculus, and more. Monadic generators subsume context-free generators, for ex-

ample, the following generator subsumes the term generator above:
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term = oneof [Factor <$> factor, liftM2 Mul term factor, liftM2 Div term factor]

And with a bit more effort, we can exclude the parse trees with a divide-by-zero error:

term = oneof [ Factor <$> factor, liftM2 Mul term factor,
do f <- factor

if eval f == 0
then liftM2 Mul term (return f)
else liftM2 Div term (return f) ]

There is technically one more rung on this ladder: Hypothesis generators. While they are not com-

putationally more powerful than monadic ones, they are implemented in Python and can thus perform

arbitrary side effects while generating. See the Appendix for an example of a Hypothesis generator. As we

move on to analyzing reflective generators’ expressiveness, we continue to focus on pure generators, but

incorporating an extra monad argument (and thus, arbitrary effects) to reflective generators is compelling

future work.

What Reflective Generators Can Do As a start, reflective generators are certainly at least as powerful

as grammar-based generators.

Claim 1. Every grammar-based generator can be turned into a reflective generator via an analogous

procedure to the one for monadic generators.

Justification. A grammar can be made into a monadic generator in the following way. For every rule

𝑆 → 𝛼1 | · · · | 𝛼𝑛 , we can write a generator

s = oneof [liftMi C1 T (𝛼1), ..., liftMj C𝑛 T (𝛼𝑛)]

where C1 through C𝑛 are fresh data constructors, andT translates each production by turning non-terminals

into the appropriate sub-generator and turning terminals into Haskell strings. To turn that monadic gen-

erator into a reflective generator, simply add focus annotations that extract each argument from each

constructor (C). □

For example, this is the term generator that results from translating the grammar-based generator to a

reflective generator:
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term = oneof [
Factor <$> (focus _Factor factor),
liftM2 Mul (focus (_Mul._1) term) (focus (_Mul._2) factor),
liftM2 Div (focus (_Div._1) term) (focus (_Div._2) factor) ]

In fact, reflective generators can implement all of the examples we previously listed as the motiva-

tion for monadic generators (see the binary search tree generator in Figure 4.1b and the STLC generator

fragment below). There are also a variety of examples in §4.5.1 and §4.6 that are expressible by monadic

generators and not context-free ones.

To see how reflective generators fare in a complex case, consider a reflective generator for terms in a

simply-typed lambda calculus (STLC). The STLC generator is built from two sub-generators:

type_ :: Reflective Type Type
expr :: Type -> Reflective Expr Expr

(The underscore prevents type_ from being interpreted as a keyword.) The STLC generator works by pick-

ing a type, then generating a value of that type. The monadic version of the generator would simply write

type_ >>= expr. But this does not work for a reflective generator; it needs an annotation. Specifically,

what’s needed is a mapping from Expr to Type that can focus on the type in the expression. Pleasingly,

this focusing is precisely type inference! The type-correct reflective generator is: comap typeOf type_

>>= expr.

What Reflective Generators Can’t Do Given that reflective generators seem to be able to express

so much, it may be easier to characterize what they can’t express. The biggest limitation of reflective

generators is that they cannot represent any approach to generation that fundamentally loses information

about previously generated data. For example, in the generator

lmap ??? g >>= \ _ -> g’

which is missing an annotation, there is no valid annotation to write: the value generated by g cannot

be “focused” on as part of the final structure. Why might this come up? One case is when the generator

generates a value and then computes some non-invertible function on it; there would be no way to recover

the original value to analyze the choices made when producing that value.

We have run across very few generators that fundamentally require a non-invertible function, but one
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interesting examples is some formulations of System F [147; 43]. It is possible (though challenging) to write

a monadic generator for System F [134], but impossible to do so for reflective generators. The problem

can be seen when referring back to the reflective generator for STLC terms, which uses type inference to

recover a type from an expression. If we tried to translate this generator to one for System F, we would

have a problem: type inference for System F is undecidable! Thus, the generator may fail to run backward,

even if it works correctly when run forward. Of course, in practice one could write a reflective generator

for System F terms which would work modulo some time-outs, but this is a neat example of the dividing

line between monadic and reflective generators.

System F is a rare example of a fundamental limitation of reflective generators, but there are a few

common generation idioms that reflective generators need to work around. First, reflective generators

cannot use the QuickCheck combinator “suchThat”, which samples a value and then, if it does not satisfy

a some predicate, throws it away, increases the size parameter, and samples another. The size manipulation

is the problem here: to correctly reflect on a value, the backward direction would need to keep trying

generators, recording and throwing away choices, until one succeeds; as far as we know this is not possible

with the current structure. The solution is simply to avoid suchThat in favor of generators that satisfy

predicates constructively—this would be our recommendation anyway, since suchThat can be extremely

slow in complex cases. Second, reflective generators do not support a relatively common idiom where

generators pick an integer and then use that integer to bias the generation distribution in some way.

This is problematic because there is no way to recover that integer in the backward direction. One could

theoretically encode this pattern via pick: instead of do { i <- choose (0, n); k i }, write a pick

with n equally-weighted branches that each call k on a different value of i. But this is inefficient, so, in

practice, a larger rewrite might be required to get the desired distribution of values.

Bottom line: reflective generators have some ergonomic limitations, but they are almost as powerful

as monadic generators in practice.

4.5 EXAMPLE-BASED GENERATION

In this section, we demonstrate the power of reflective generators in the context of a clever generation

technique that was an early inspiration for their design: example-based generation (§4.5.1). We replicate
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and generalize the prior work using reflective generators (§4.5.2).

4.5.1 Inputs from Hell

Inputs from Hell [155] (IFH) describes an approach to random testing that starts with a set of user-provided

example test inputs and randomly produces values that are either quite similar to or quite different from

those examples—the idea being that similar values represent “common” inputs and that different ones

represent interestingly “uncommon” inputs. By drawing test cases from both of these classes, IFH is able

to find bugs in realistic programs.

The IFH approach is based on grammar-based generation. Examples provided by the user are parsed

by the grammar, and the resulting parse trees are used to derive weights for a probabilistic context-free

grammar (pCFG) that generates the actual test inputs. For example, given a simple grammar for numbers

num -> "" | digit num digit -> "1" | "2" | "3"

and the example 12, the IFH technique might derive the following pCFGs:

−− common

num -> 33% "" | 66% digit num
digit -> 50% "1" | 50% "2" | 0% "3"

−− uncommon

num -> 66% "" | 33% digit num
digit -> 0% "1" | 0% "2" | 100% "3"

Each production is given aweight based on the number of times it appears in the parse tree for the provided

example (more or less weight, depending onwhether the goal is to generate common or uncommon inputs).

The first grammar puts more weight on the 1 and 2, since it is trying to generate more inputs like the initial

example, whereas the second puts more weight on 3 because it is trying to generate inputs unlike 12.

4.5.2 Reflecting on Examples

This process—parse the input, analyze the parse tree, and re-weight the grammar—is straightforward to

implement in the setting of grammar-based generation, but the IFH work does not extend to monadic

generators. As we discuss in §4.4.3, this is a significant limitation. Reflective generators can bridge this
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gap by recapitulating the ideas in IFH but using a reflective generator for IFH’s parsing and generation

steps.

Implementation We define three functions, corresponding to the parsing, analysis, and re-weighting

operations for grammars in the IFH paper:

reflect :: Reflective a a -> a -> ⟦String⟧
analyzeWeights :: ⟦String⟧ -> Weights
genWithWeights :: Reflective b a -> Weights -> Gen a

We have already seen reflect: it reflects on a generated value and produces lists of choices that were

made to produce that value. With the choice sequences in hand, analyzeWeights aggregates the choices

together to produce a set of weights that say how often to expand one rule versus another. This allows a

new interpretation, genWithWeights, to generate new values by making choices with the weights calcu-

lated from the user-provided examples.

When a reflective generator looks like a grammar (aswith term in §4.4.3), this process replicates the IFH

algorithm exactly. But we have seen that reflective generators are far more powerful than grammar-based

generators, so the new algorithm both replicates and generalizes IFH, enabling example-based generation

for a much larger class of generators.

These interpretations rely heavily on choice labels, which we discuss briefly in §4.3.2. These labels are

used by reflect and genWithWeights to track the choices that should be weighted higher or lower based

on the examples. This means that, rather than building reflective generators with oneof or frequency,

the programmer should use labeled or pick. Recall that the reflective generators library provides base

generators that are labeled as well. However, there is some flexibility here: if the programmer would prefer

some choices not be re-weighted based on examples, they can simply elide the labels. This is another way

that the reflective generators approach generalizes IFH.

Example-Based Generation in Action Soremekun et al. [155] use the IFH tuning algorithm as part of

a comprehensive testing regime; by contrast, we have found them to be most useful as a quick way to tune

a generator to yield a reasonable distribution of sizes and shapes.

To see this in action, consider a generator for JSON documents (the payload) along with a short hash

of the document that can be used as a checksum:
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withHashCode :: Reflective String String

The full generator can be found in the Appendix. This is inspired by a generator for JSON documents from

the IFH paper, the reflective version of which is shown in full in our artifact. Note that, while the JSON

part of the generator is equivalent to a context-free one, withHashCode is not (since it has to compute the

hash during generation).

To demonstrate how these also achieve the goal of IFH-style generators (that the weighted generator

is preferable to its unweighted counterpart), we sampled 10 JSON documents that were used in the IFH

experiments, ranging from ∼200-1,200 bytes long, and used them to weight withHashCode in the style

of IFH. We generated 1,000 documents from that weighted generator, as well as from the unweighted

generator, and compare the results in Figure 4.6.
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Figure 4.6: Analysis of withChecksum tuned by example in the style of Inputs from Hell.

Figure 4.6a demonstrates that the weighted generator is far preferable to the unweighted version in

terms of its length distribution. The unweighted distribution, shown in orange, is skewed to the left

(smaller values) and has a huge spike. Inspecting the data revealed that the payloads of these values are

all either {} or [], both relatively uninteresting and certainly not worth generating hundreds of times!

In contrast, the weighted generator has a varied length distribution. It generates very few trivial values,
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instead producing a wide distribution that covers more of the input space.

Figure 4.6b focuses on the samples’ character distributions. We counted the occurrences of each char-

acter across all 10 of the example documents, resulting in a probability distribution over characters. Then,

for each sample, we computed the Jensen-Shannon divergence8 [110], between the example distribution

and the character distribution of the sample and plotted those divergences in a violin plot. JS divergence

measures the difference between two probability distributions, so it is a simple way of getting a sense of

how similar or different the characters in the samples are from the ones in the examples. The plots show

that the unweighted samples are farther from the example distribution than the weighted samples.

Without this example-based tuning, the developer of withHashCode would need to think carefully

about the distribution that they want and even harder about how to alter the generator weights to get

there. With example-based tuning, they simply need to assemble 10 or so examples, compute weights

from those, and then use those weights for generation instead.

4.6 VALIDITY-PRESERVING SHRINKING AND MUTATION

The example-based generation in the previous section illustrates some benefits of reflecting on choices.

In this section, we explore those benefits further, using them to implement test input manipulation algo-

rithms like shrinking andmutation. In this section, we discuss the “internal test-case reduction” algorithms

implemented in the Hypothesis framework for PBT (§4.6.1), show that reflective generators make these

algorithms much more flexible (§4.6.2), and finally sketch the ways that these ideas also apply to test-case

mutation (§4.6.3).

4.6.1 Test-Case Reduction in Hypothesis

Shrinking is the process of turning a large counterexample into a smaller one that still triggers a bug.

Shrinking is critical in PBT because bugs are often found by very large inputs that are nearly impossible

to use for debugging—shrinking makes it much easier to understand which specific bits of the value are

actually necessary to trigger the bug.
8Jensen-Shannon divergence is closely related to the more common Kullback-Leiber (KL) divergence [101], but it works better

for distributions with differing support because its value is never infinite.
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In QuickCheck, users can either use GHC’s Generics [115] to derive a shrinker automatically for a given

type, or they can write a shrinker by hand. The former is effective in simple cases, as we will see below,

but it is not very general—these automatic shrinkers only know about the type structure, so they cannot

ensure that the shrunken values satisfy important preconditions nor adequately shrink less structured

data like strings. The latter is totally general, but many users find writing shrinkers by hand confusing

and error-prone.

This unsatisfying situation led MacIver and Donaldson [112] to design Hypothesis’s “internal test-case

reduction,” which gives the best of both worlds. It solves the generality issue without requiring user effort

or understanding. The key insight is that the generator itself already has the information needed to produce

precondition-satisfying inputs, so the generator should be used as part of the shrinking process. The

accompanying clever trick is to shrink the random choices used to generate a value, rather than shrinking

the value itself.

unlabeled = oneof
[ exact Leaf,
Branch

<$> focus (_Branch._1) unlabeled
<*> focus (_Branch._2) unlabeled ] (10(1(100)0))

Figure 4.7: A Hypothesis-inspired reflective generator and a tree that the generator might produce.

Concretely, Hypothesis represents its input randomness as a bracketed string of bits. For example

(10(1(100)0)) produces the tree in Figure 4.7. The first bit says to expand the top-level node, the second

says that the left-hand subtree is a leaf, and so on. Each level of bracketing delineates some choices that

are logically nested together (in this case, on a particular level of the tree). Hypothesis aims to shrink

these bitstrings by finding the shortlex minimum string of choices that results in a valid counterexample;

shortlex order considers shorter strings to be less than longer strings, and follows lexicographic ordering

otherwise (brackets are ignored for the purpose of ordering). In practice, shortlex order turns out to be

an effective proxy for complexity of generated test cases: smaller bitstrings tend to produce smaller test

cases.

The actual shrinking procedure uses a number of different passes, each of which attempts to shorten
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the choice string, swap 1s with 0s, or both, resulting in a shortlex-smaller choice string. The passes are

described in the Hypothesis paper and available in the open source codebase.

4.6.2 Reflective Shrinking

The downside of the Hypothesis approach is that this style of shrinking only works if the random bitstring

that produced the target value is still available—without it, there is nothing to shrink. But there are many

reasons one might want to shrink a value for which one does not have a corresponding bitstring. In

particular, shrinking can be useful for understanding externally provided values that were not produced

by the generator at all; for example, if a user submits a bug report containing a printout of some large input

that caused a crash, it might be much easier to debug the problem with the help of a shrinker. Similarly,

internal shrinking does not work if the value has been modified at all between generation and shrinking,

as might be desirable when doing fuzzing-style (see §4.6.3) testing where test inputs are mutated to explore

values in a particular region. Luckily, reflective generators can help.

Extracting Bracketed Choice Sequences We implement reflective shrinking via another interpretation

of reflective generators, with the following type:

data Choices = Choice Bool | Draw [Choices]
choices :: Reflective a a -> a -> [Choices]

The Choices type describes rose trees with two types of nodes: Choice, which represents a single-bit

choice, and Drawwhich represents some nested sequence of choices;9 this type is isomorphic to the brack-

eted choice sequences that Hypothesis uses. The choices function takes a reflective generator and a value

and produces the choice sequences that result in generating that value.

The implementation of choices is similar to that of reflect. It performs a “backward” interpretation

of the generator, keeping track of choices as it disassembles a value. This interpretation ignores choice

labels, since Hypothesis shrinks at a lower level of abstraction. Instead, the interpretation of a Pick node

determines how many bits would be required to choose a branch (by taking the log of the length of the list

of sub generators) and then assigns the appropriate choice sequences to each branch. For example:
9In the Haskell artifact, we use a slightly more complicated type, caching size information to make shortlex comparisons

faster.
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choices (oneof [exact 1, exact 2, exact 3]) 2 = [Draw [Choice False, Choice True⟧

Shrinking Strategies With an appropriate bracketed choice sequence in hand, shrinking can begin.

We implemented a representative subset of the shrinking passes described in the Hypothesis paper. The

subTrees pass tries shrinking to every available child sequence of the original:

(10(1(100)0)) => (1(100)0)
(100)

The zeroDraws pass replaces Draw nodes with zeroes:

(10(1(100)0)) => (10(00000))
(10(0000))
(10(000))
(10(00))
(10(0))
(10)

Finally, swapBits swaps ones and zeroes to produce lexically smaller choices strings:

(10(1(100)0)) => (0111000)
(1010100)

Replicating Hypothesis Evaluation To check that we replicated Hypothesis shrinking correctly, we

replicated one of the experiments from the Hypothesis paper. MacIver and Donaldson borrowed five ex-

amples from the SmartCheck repository [141] that represent a varied range of shrinking scenarios. Each

example comes with a property, a buggy implementation, and a QuickCheck generator; the goal was to

run the property to find a counterexample and shrink that counterexample to the smallest possible value.

We upgraded the existing QuickCheck generators to reflective ones, making minor modifications

where necessary: we replaced uses of suchThat with generators that satisfied invariants constructively,

modified some approaches to distribution management, and added appropriate reflective annotations.

These modifications are based on the observations from §4.4.3. Then, we ran each experiment 1,000 times

and reported the average size of the resulting counterexamples in Table 4.1. Note that the QuickCheck

and baseline numbers come from the generate interpretation of the upgraded reflective generator, rather

than the original generator.
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Table 4.1: Average size of shrunk outputs after reflective shrinking, compared with Hypothesis shrinking,
QuickCheck’s genericShrink, and un-shrunk inputs. (Mean and two standard-deviation range.)
∗Hypothesis experiments not re-run, data taken from [112].

Reflective Hypothesis∗ QuickCheck Baseline
binheap 9.15 (8.00–10.30) 9.02 (9.01–9.03) 9.14 (8.12–10.16) 14.89 (7.01–22.77)
bound5 3.06 (0.60–5.52) 2.08 (2.07–2.10) 17.75 (0.00–62.32) 131.48 (0.38–262.59)
calculator 5.03 (4.54–5.52) 5.00 (5.00–5.00) 5.07 (4.21–5.92) 13.75 (1.60–25.90)
parser 3.70 (2.21–5.20) 3.31 (3.28–3.34) 3.67 (2.69–4.64) 40.04 (0.00–127.51)
reverse 2.00 (2.00–2.00) 2.00 (2.00–2.00) 2.00 (2.00–2.00) 2.67 (0.76–4.57)

We find that reflective shrinkers perform just as well as QuickCheck’s genericShrink in all cases, and

significantly better in bound5. With a few caveats, reflective shrinkers alsomatchHypothesis. They exhibit

a higher variance in the size of counterexamples that they produce, likely because they only implement a

subset of Hypothesis’s shrinking strategies, but nevertheless their counterexamples are on average within

1 unit of Hypothesis (and usually much closer). The worst experiment relative to Hypothesis is bound5; in

that example, we suspect the difference is due to differing strategies for generating integers, rather than

anything to do with shrinking directly.

A Realistic Example As a final demonstration that reflective shrinkers are useful, we return to a mod-

ified version of the JSON example used in §4.5. We define a generator for “package.json” files, which are

used as a configuration format in Node.js. Programs that process these files may be used by millions of

users, so a user may indeed find a bug in the program that a PBT regime did not.

Imagine a scenario where a user finds a bug where a program behaves incorrectly only when the file

specifies a specific version of a specific package. In this case, shrinking would be extremely helpful: it

would help the developers of the program isolate the exact lines in the JSON file that cause a problem. But

shrinking a JSON file like this is impossible for both genericShrink and Hypothesis. The former does not

work because the format is too unstructured: the generator produces JSON strings, rather than a Haskell

datatype, so the best the shrinker could do is shorten the string (which would result in invalid JSON). The

latter does not even start to shrink, since the JSON file came from a user, and therefore there is no random

bitstring to shrink.

A reflective shrinker, however, works perfectly. The full version of the paper shows two JSON docu-

ments, the first a full “buggy” version and the second a shrunk version. The shrunk JSON document could
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point a developer to the precise issue with their program.

4.6.3 Reflective Mutation

HypoFuzz, a tool for coverage-guided fuzzing [39] of PBT properties, is a newer and lesser-known part of

theHypothesis ecosystem. Like Crowbar [31], HypoFuzz uses a PBT generator to aid the fuzzer. Fuzzers try

to maximize code coverage by keeping track of a set of interesting inputs andmutating them, attempting to

explore similar values and hopefully continue to cover new branches of the program. “Mutating well” can

be challenging, since naïve mutations will rarely produce valid values; HypoFuzz gets around this concern

with the same trick Hypothesis uses for fuzzing: mutate the randomness, not the value.

Internal mutation has the same benefits and drawbacks as internal shrinking. On the positive side, it

is type agnostic, easy to use, and guarantees validity of the mutated values. On the other side, it assumes

that the randomness used to produce a given value is available. It may seem like this drawback is less of

an issue for mutation than it is for shrinking, since the fuzzer can just keep track of the random choices

associated with each value it wants to mutate, but this is not true of the initial set of seed inputs. For

optimal fuzzing, the seeds are provided by the user and represent some set of initially interesting values

that the fuzzer can play with. But this does not work with Hypothesis-style mutation: the seeds needed

for this style are not user-comprehensible values but choice sequences! Once again, reflective generators

provide a compelling solution. We can simply extract a choice sequence from each seed using the choices

interpretation.

4.7 IMPROVING THE TESTINGWORKFLOW

So far we have seen reflective generators in the context of example-based generation, shrinking, and mu-

tation. In this section, we explore several more useful interpretations, demonstrating reflective generators’

power and flexibility.

107



4.7.1 Reflective Checkers

The “bigenerators” in the original work on PMPs [177] can be viewed as a special case of reflective gen-

erators. Rather than reflect on a value and produce choices, a bigenerator simply checks whether a value

is in the range of the generator, effectively checking if the value satisfies the invariant that the generator

enforces. Reflective generators can do this too, by reflecting on the generator’s choices and asking whether

there exists a set of choices that results in the desired value.

Going further, a reflective generator can calculate the probability of generating a particular value with

the generate interpretation. We implement this in our artifact as an interpretation, probabilityOf,

which tracks the different ways of generating a particular value and the likelihood of choosing those

different ways. Obviously this works best when the generator’s overlap is low (see §4.4.2)—in cases where

overlap is exponential or infinite this may be slow or fail to terminate.

4.7.2 Reflective Completers

A rather different use case for reflective generators is generation based on a partial value. For example,

imagine a binary search tree with holes:

Node (Node _ 1 _) 5 _

Reflective generators provide away to randomly complete a value like this, filling the holes with appropriate

randomly generated values:

Node (Node Leaf 1 Leaf) 5 Leaf
Node (Node Leaf 1 (Node Leaf 3 Leaf)) 5 (Node (Node Leaf 6 Leaf) 7 Leaf)

This technique lets the user pick out a subspace of a generator, defined by some prefix of a value, and

explore that subspace while maintaining any preconditions that generator enforces. We accomplish this

with some carefully targeted hacks, representing a partial value as a value containing undefined: Node

(Node undefined 1 undefined) 5 undefined.

Suppose, now, that this valuewere passed into a backward interpretation of bst from the introduction—

wherewould things fail? The key insight is that the only place a reflective generatormanipulates its focused

108



value is when re-focusing. In other words, the only place a backward interpretation can crash on a partial

value is while interpreting Lmap. Capitalizing on this insight, we wrap the standard Lmap interpretation in

a call to catch, Haskell’s exception handling mechanism:

complete :: Reflective a a -> a -> IO (Maybe a)
...
interpR (Lmap f x) b =
catch

(evaluate (f b) >>= interpR x)
(\(_ :: SomeException) ->
(: []) <$> (QC.generate (generate (Bind x Return))))

As long as no exception occurs, the code works as before. If there is ever an exception, the current value

is abandoned and the rest is generated via the generate interpretation. In other words, complete mixes

both backward and forward styles of interpretation to achieve its goals.

This trick works best for “structural” generators that only do shallow patternmatching in Lmaps, things

fall apart if the backward direction needs to evaluate the whole term. The clearest example of this is comap

typeOf type_ >>= expr (recall, it generates a type and then a program of that type); in the backward

direction, this generator immediately evaluates the whole term to compute its type. For this generator,

complete would just generate a totally fresh program.

Users may be able to work around this by making their predicates lazier. For example, one could

imagine writing an optimistic type checking algorithm optimisticTypeOf that maximizes laziness by

blindly trusting user-provided type annotations. The user could then use the reflective generator

comap optimisticTypeOf type_ >>= expr

to complete an incomplete term like

App (Ann (Int :-> Int) undefined) (Ann Int undefined).

The completer would successfully determine that the type of the whole expression is Int, and then it

would have enough information to complete the undefineds with well-typed expressions.
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4.7.3 Reflective Producers

Weighted random generation in the style of QuickCheck is not the only way to get test inputs: both

enumeration [151; 12; 35] and guided generation [39; 180] have been explored as alternatives. Indeed,

much of the PBT literature has moved from talking about generators to talking about producers of test data,

where the specific strategy does not matter [155; 137]. We say “generators” here because it is familiar and

concrete, but reflective generators might better be considered as reflective producers because they can be

used in these styles.

A reflective generator can be made into an enumerator by interpreting Pick as an exhaustive choice

rather than a random one. We implement an interpretation

enumerate :: Reflective b a -> ⟦a⟧

for “roughly size-based” enumeration, leaning heavily on the combinators and techniques found in LeanCheck [12].

We say “roughly” because, whereas LeanCheck enumerators allow the user to define their own notion of

size for each enumerator, reflective generators are limited to a single notion of size based on the number

and order of choices needed to produce a given value. A thorough evaluation of this discrepancy would

require its own study, but early experiments are promising. For example, enumerate (bst (1, 10))

reaches size-4 BSTs before its 10th enumerated value and matches the sizes for an idiomatic LeanCheck

enumerator (see the Appendix).

While fuzzing is sometimes treated as a separate topic from PBT—focused on finding crash failures by

generating inputs external to a system rather than finding more subtle errors in individual functions—a

number of recent projects have attempted to bridge the gap, and reflective generators may offer a useful

unifying framework for such efforts. We already saw that reflective mutators are helpful in the context of

HypoFuzz-style mutation; reflective generators can also be used to interface with an external fuzzer in the

style of Crowbar [31], which is designed to get its inputs from popular fuzzers like AFL or AFL++ [180; 39].

Since Crowbar already uses a free-monad-like structure to represent its generators, we can imagine writ-

ing an equivalent reflective generator interpretation that works the same way. More generally, reflective

generators can be used in any producer algorithm that uses a generator as a parser.

110



4.8 RELATEDWORK

This work builds on the ideas of free generators [55] and partial monadic profunctors [177]. Free generators

are, in turn, built on top of freer monads [94], which were initially invented as a better way to represent

effectful code in pure languages. While our implementation remains faithful to the basic conception of

freer monads, there are many insights from Kiselyov and Ishii that we have not yet explored. Likewise,

PMPs are part of the long tradition of bidirectional programming [40], and it remains to be seen if there

are stronger ways to tie reflective generators to work on other bidirectional abstractions.

The concrete realization of reflective generators is also related to Crowbar [31]. Both libraries are

implemented with a syntactic, uninterpreted representation for generators, although the Crowbar version

does not incorporate any ideas from monadic profunctors and uses a different type for bind that does not

normalize as aggressively.

The idea of reflective generators was originally sparked by the tools developed in Inputs fromHell [155],

and these tools in turn tie into the broader world of grammar-based generation [49; 76; 166; 170; 157; 6;

48]. Grammar-based approaches are less expressive than monadic ones, since they can only generate

strings from a context-free grammar, and therefore cannot generate complex data structures with internal

dependencies.

Replicating example distributions is a classic problem in probabilistic programming [60]. While the

goals of probabilistic programs are usually quite different from those of PBT generators, there is some

overlap in the formalisms used to express these ideas. In particular, one representation of probabilistic

programs in the functional programming literature [183] uses a free monad that is similar to free and

reflective generators.

Reflective shrinking and mutation build heavily on ideas in the Hypothesis framework [112; 113],

but there are other approaches to automated shrinking. As mentioned in §4.6, QuickCheck provides

genericShrink, which provides a competent shrinker for any Haskell type that implements Generic.

While genericShrink is a decent starting point, it fails to shrink unstructured data (like strings) and val-

ues with complex preconditions. Another alternative is provided by Hedgehog [158], another Haskell PBT

library. Hedgehog shrinking is similar to Hypothesis shrinking, both using the structure of the generator
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to automatically shrink values. It has the same limitation: externally provided values cannot be shrunk.

4.9 CONCLUSION AND FUTURE DIRECTIONS

Reflective generators are a powerful abstraction for producing and manipulating test inputs. We have

developed their theory and demonstrated their utility in a variety of testing scenarios, including example-

based generation, shrinking, mutation, precondition checking, value completion, enumeration, fuzzing,

and more. We plan to build on reflective generators, automating their creation and improving their usabil-

ity.

Automation and Synthesis of Annotations The Lmap annotations in reflective generators can be

arbitrarily complex, but in practice they are usually simple, predictable functions that operate on the input’s

structure. We hope that, in a large variety of cases, the annotations can be synthesized.

We plan to work with Hoogle+ [84], using its type-based synthesis algorithm to obtain candidate pro-

grams for the annotations with no user intervention. This is an especially compelling opportunity because

it is easy to tell whether annotations are correct: they must be sound and complete, as described in §4.4.

When synthesizing multiple annotations at the same time, the system can even use the number of exam-

ples that pass or fail the soundness and completeness properties as a way to infer which annotations are

correct and which need to be re-synthesized—if changing an annotation increases the number of passing

tests, it is more likely to be correct; if the change causes more tests to fail, it is likely wrong. If this idea

works, it could make transitioning from QuickCheck generators to reflective generators almost entirely

automatic.

Usability Wehave taken care to design anAPI for reflective generators that alignswith existingQuickCheck

functions and minimizes programmer effort. Our own experience writing reflective generators studies has

been positive, and, except for the aforementioned limitations (§4.4.3), we ran into no issues upgrading ex-

isting generators. The automation techniques hypothesized above could make reflective generators even

more usable. Still, we certainly do not constitute a representative sample of PBT users: the usability of

reflective generators should be studied empirically.

There is a growing push in the PL community to incorporate ideas and techniques from human-

computer interaction (HCI) [19], and this is a perfect opportunity to join that movement. We will col-
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laborate with HCI researchers on a usability analysis of reflective generators. Inspired by prior work [24],

this analysis will be useful for refining our design.
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CHAPTER 5
Understanding Randomness

The inspiration from this chapter came from OB6 in Chapter 2, and explores RO6: both concern the tech-

niques developers use (or do not use) to evaluate testing effectiveness. I discuss a new interface called

Tyche, which gives developers better and more interactive tools for understanding what happened when

their property-based test executed. Tyche is currently available as an open-source project, and it has been

adopted as an officially supported tool in the Hypothesis framework’s ecosystem. The content in this

chapter is taken from a paper that has been conditionally accepted at the Symposium on User Interface

Software and Technology (UIST) 2024. The project is a collaboration with Jeffrey Tao, Benjamin C. Pierce,

and Andrew Head at the University of Pennsylvania and Zac Hatfield-Dodds who has affiliations at the

Australian National University and Anthropic.

5.1 INTRODUCTION

Software developers work hard to build systems that behave as intended. But software is rarely 100% cor-

rect when first implemented, so developers also write tests to validate their work, detect bugs, and check

that bugs stay fixed. Traditionally, these tests take the form of manually written “example-based” tests,

where developers write out specific sample inputs together with expected outputs; but this process is labor-

intensive and can miss bugs in cases the programmer did not think to check. Instead, some programmers

have adopted automated techniques to supplement or replace example-based tests. One such technique is

property-based testing (PBT), which automatically samples many program inputs from a random distribu-

tion and checks, for each one, that the system’s behavior satisfies a set of developer-provided properties.

Used well, this leads to testing that is more thorough and less laborious; indeed, PBT has proven effective in

identifying subtle bugs in a wide variety of real-world settings, including telecommunications software [4],

replicated file and key-value stores [82; 11], automotive software [5], and other complex systems [80].

Of course, automation comes with tradeoffs, and PBT is no exception. In PBT, there are often too many

automatically generated test inputs for a developer to understand at once, creating a gulf of evaluation for
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test suite quality. Indeed, in a recent study of the human factors of PBT [59], developers reported having

difficulty understanding what was really being tested.

For example, suppose a developer is testing some mathematical function using randomly generated

floating-point numbers. The developer might have a variety of questions about their test suite quality.

They might ask if the distribution is broad enough (e.g., is it stuck between 0 and 1), or too broad (e.g.,

does it span all possible floats, even if the function can only take positive ones). Or they may wonder if the

distribution misses corner-cases like 0 or -1. Perhaps most importantly, they may want to know if the data

generator produces too many malformed or invalid test inputs (e.g., NaN) that cannot be used for testing

at all. State-of-the-art PBT tooling does not give adequate tools for answering these kinds of questions:

any of these erroneous situations could go unnoticed because necessary information is not apparent to the

user. As a result, developers may not realize that their tests are not thoroughly exercising some important

system behaviors.

This gulf of evaluation presents an opportunity to rethink user interfaces for testing. HCI has made

strides in helping developers make sense of large amounts of structured program data, whether by re-

vealing patterns that manifest in many programs [47; 46; 178; 70] or comparing the behavior of program

variants [168; 162; 182]. As developers adopt PBT, it is critical to tackle the related problem of helping

programmers understand a summary of hundreds or thousands of executions of a single test.

To address this problem, we propose Tyche10, an interface that supports sensemaking and exploration

for distributions of test inputs. Tyche’s design was inspired by a review of PBT usability and refined

through iterative design with the help of expert PBT users; this refinement identified design principles

that clarify the information needs of PBT users. Tyche provides users with an ensemble of visualizations,

and, while each individual visualization is well-understood by UI researchers, the specific combination of

visualizations is novel and fine-tuned to the PBT setting. Tyche’s visualizations provide high-level insight

about the distribution of test inputs as well as various aspects of test efficiency (see Figure 1). Tyche also

supports visualization and rapid drill-down into user-defined attributes of input data, taking advantage of

existing hooks in PBT libraries.

To understand whether Tyche actually changes how developers understand their tests, we conducted
10Named after the Greek goddess of randomness.
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a 40-participant, self-guided, online study. In this study, participants were asked to view test distributions

and rank them according to their power to identify program defects. Compared to using a standard PBT

tool, using Tyche led to better judgments about the bug-finding power of test distributions.

To encourage broad adoption of Tyche, we further define OpenPBTStats, a standard format for re-

porting results of PBT. When a PBT framework generates data in this format, its results can be viewed in

Tyche and perhaps other interfaces supporting the same standard in the future. We integrated OpenPBT-

Stats into the main branch of Hypothesis [113], the most widely-used PBT framework, showing the way

forward for other frameworks.

After discussing background (§5.2) and related work (§5.3), we offer the following contributions:

• We articulate design considerations for Tyche, motivated by a formative study with experienced

PBT users. (§5.4)

• We detail the design of Tyche, an interface that helps developers evaluate the quality of their test-

ing with an ensemble of visualizations fine-tuned to PBT with lightweight affordances to support

exploration. (§5.5)

• We define the OpenPBTStats format for collecting and reporting PBT data to help standardize test-

ing evaluation across different PBT frameworks. (§5.6)

• We evaluate Tyche in an online study, demonstrating that Tyche guides developers to significantly

better assessments of test suite effectiveness. (§5.7)

We conclude with directions for future work (§5.8), including other automated testing disciplines that can

benefit from Tyche and related interfaces.

5.2 BACKGROUND

We begin by describing property-based testing and reviewing what is known about its usability and con-

texts of use.
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5.2.1 Property-Based Testing

In traditional unit testing, developers think up examples that demonstrate the ways a function is supposed

to behave, writing one test for each envisioned behavior. For example, this unit test checks that inserting

a key "k" and value 0 into a red–black tree [173] and then looking up "k" results in the value 0:

def test_insert_example():
t = Empty()
assert lookup(insert("k", 0, t), "k") == 0

If one wanted to test more thoroughly, they could painstakingly write dozens of tests like this for many

example trees, keys, and values. Property-based testing offers an alternative, succinct way to express many

tests at once:

@given(trees(), integers(), integers())
def test_insert_lookup(t, k, v):

assume(is_red_black_tree(t))
assert lookup(insert(k, v, t), k) == v

This test is written in Hypothesis [113], a popular PBT library in Python. It randomly generates triples

of trees, keys, and values, and for each triple, checks a parameterized property that resembles a unit-test

assertion. This single test specification represents a massive collection of concrete individual tests, and

using it can lead to more thorough testing (compared to a unit test suite), since the random generator may

produce examples the user might not have thought of.

5.2.2 PBT Process and Pitfalls

At its core, the practice of PBT involves three distinct steps: defining executable properties, constructing

random input generators,11 and reviewing the result of checking these properties against a large number

of sampled inputs; challenges can arise at any of these stages. There is significant work on each of the first

two stages [99; 103; 102; 58, etc.]. We are focused here on the third stage: helping developers review the

results of testing, in part to support the (often iterative) process of refining and improving the generators
11Some approaches to PBT use exhaustive enumeration [151] or guided search [104] instead of hand-written input generators;

these change the story slightly, but ultimately results should always be reviewed to ensure that testing was successful.
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constructed in the second step. For instance, in the example above, a developer might accidentally write a

trees() generator that only produces the Empty() tree, in which case their property will be checked only

against a single test input (over and over). Or, if the generator’s strategy is not quite so broken but still too

naïve, it might fail to produce very many trees that actually pass the assume(is_red_black_tree(t))

guard.

In cases like these, developers need to remember that, although all their tests are succeeding, this does

not necessarily mean their code is correct [105]: they may need to improve their generators to start seeing

failing tests. Unfortunately, with conventional PBT tools, developers may feel they don’t have easy access

to this knowledge [59]. While the programming languages community is continually developing better

techniques for generating well-distributed inputs [55; 159; 103; 124, etc.], developers still need to be able

to check that the generators they are using are actually fit for the job.

5.3 RELATEDWORK

In this section we situate our work on Tyche within the larger area of programming tools research.

5.3.1 Current Affordances

What support do PBT frameworks provide today for developers to inspect test input distributions? We

surveyed the state of practice in the most popular PBT frameworks (by GitHub stars) across six different

languages: Python [113], TypeScript / JavaScript [34], Rust [41], Scala [129], Java [77], and Haskell [20].

These frameworks provide users with the following kinds of information. (A detailed comparison of frame-

work features can be found in the Appendix of the full paper.)

Raw Examples All of these frameworks could print generated inputs to the terminal. Some (3/6) pro-

vided a flag or option to do so; the others did not provide this feature natively, although users might simply

print examples to the terminal themselves.

Number of Tests Run vs. Discarded Many frameworks (4/6) report how many examples were run vs.

discarded (because they did not pass a quality filter), sometimes (2/6) hidden behind a command line flag.
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Event / Label Aggregation Many frameworks (4/6) could report aggregates of user-defined features of

the data distribution—e.g., lengths of generated lists. Information about such features typically appeared

in a simple textual list or table, as in this example from QuickCheck [160]:
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7% length of input is 7
6% length of input is 3
5% length of input is 4
...

I.e., among the generated lists for some test run, 7% were 7 elements long, 6% were 3 elements long, etc.

Time One framework reported how long the test run took.

Warnings One framework provided warnings about test distributions, in particular warning users when

their generators produced a very high proportion of discarded examples.

The affordances for evaluation available in existing frameworks are situationally useful, but inconsis-

tently implemented and incomplete. In §5.5 and §5.6 we discuss how Tyche improves on the state of the

art.

5.3.2 Interactive Tools for Testing

Some of the earliest research on improved interfaces for testing focused on spreadsheets. Rothermel et al.

[148] proposed a model of testing called “what you see is what you test” (WYSIWYT), wherein users

“test” their spreadsheet by checking values that they see and marking them as correct. This approach

has appeared in many domains of programming, including visual dataflow [91] and screen transition

languages [13]. Complementary to WYSIWYT are features that encourage programmers’ curiosity [174],

for instance by detecting and calling attention to likely anomalies [174; 122].

Many of the testing tools developed by the HCI community have sought to accelerate manual testing

with rich, explorable traces of program behavior [15; 131; 32; 117; 118]. These tools instrument a program,

record its behavior during execution, and then provide visualizations and augmentations to source code

to help programmers pinpoint what is going wrong in their code. Tools can also help programmers create

automated tests from user demonstrations. For instance, Sikuli Test [18] lets application developers create

automated tests of interfaces by demonstrating a usage flowwith the interface and then entering assertions

of what interface elements should or should not be on the screen at the end of the flow.

Recent research has explored new ways to bring users into the loop of randomized testing. One re-

search system, NaNoFuzz [28], shows programmers examples of program outputs and helps them to notice
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problematic results like NaN or crash failures. NaNoFuzz is superficially the closest comparison available

for Tyche, but the two serve different, complementary purposes. NanoFuzz’s strengths reside in calling at-

tention to failures; Tyche’s strengths reside in exposing patterns in input distributions. One could imagine

a user leveraging both in concert during the testing process.

5.3.3 Making Sense of Program Executions

In a broad sense, Tyche’s aim is to help developers reason about the behavior of a program across many

executions. This problem has been explored by the HCI community. Tools have been developed to re-

veal the behavior of a program over many synthesized examples [181], and of an expression over many

loops [90; 107; 154; 73]. The problem of understanding input distributions has been of interest in the area of

AI interpretability, where tools have been built to support inspection of input distributions and correspond-

ing outputs (e.g., [74; 75]). Tyche’s aim is to tailor data views and exploration mechanisms to tightly fit

the concerns and context of randomized testing with professional-grade software and potentially-complex

inputs (e.g., logs, trees).

Prior work has sought to help programmers make sense of similarities and differences across sets

of programs. Some of these tools cluster programs on the basis of aspects, semantics, or structure [46;

70; 178; 47]. Others highlight differences in the source and/or behavior of program variants [150; 168;

162; 182]. Tyche itself does some lightweight clustering of test cases (in this case, input examples), and

affordances for program differencing could be brought to Tyche to help programmers pinpoint where

some instantiations of a property fail and others succeed.

5.3.4 Formal Methods in the Editor

Property-based testing can be seen as a kind of lightweight formal method [175], in that it allows program-

mers to specify precisely the behavior of their program and then verify that the specification is satisfied.

Tyche joins a family of research projects that bring formal methods into the interactive editing experience,

whether to support repetitive edits [116; 128], code search [126], program synthesis [181; 143; 169; 33], or

bidirectional editing of programs and outputs [72].
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5.4 FORMATIVE RESEARCH

Our design forTyche is informed by formative research into the user experience of PBT. Below, we describe

our methods for formative research (§5.4.1), followed by a crystallization of user needs (§5.4.2) and a set

of design considerations for Tyche (§5.4.3).

5.4.1 Methods

To better understand what developers need in understanding their PBT distributions, we collected two

kinds of data.

Review of related work

We reviewed user needs relating to evaluating testing effectiveness as discussed at length in Goldstein

et al. [59]’s recent paper on the human factors of PBT.

Iterative design feedback

As we developed Tyche, we continually sought and integrated feedback on its design from experienced

users of PBT. We recruited 5 such users through X (formerly Twitter) and our personal networks. We refer

to them as P1–P5.

For each of these users, we conducted a 1-hour observation and interview session. Each session was

split into two parts. In the first part, participants showed us PBT tests they had written, described those

tests, and answered questions about how they evaluate (or could evaluate) whether those tests are effective.

In the second part, participants installed our then-current prototype and used it to explore the effectiveness

of their own tests.12 Study sessions were staggered throughout the design process. We altered the design

to incorporate feedback after each session.

Initial prototype All Tyche prototypes were developed as VSCode [120] extensions. All prototypes

focused on providing visual summaries of PBT data in a web view pane in the editor. The initial Tyche

prototype was informed by observations from Goldstein et al. [59]’s study and the authors’ experiences us-
12P5 showed us older code that they no longer had the test runner for, so they only saw Tyche running on our examples.
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ing and building PBT tools. The initial prototype was published at UIST 2023 as a demo [54]; the prototype

summarized the following aspects of test data:

• “Number of Unique Inputs”: New PBT users are sometimes surprised that their test harness pro-

duces duplicate data. Knowing how many unique inputs were tested is therefore one important

signal of the test harness’ efficiency.

• “Proportion of Valid Inputs”: As discussed in §5.2.2, PBT test harnesses sometimes discard data

that does not satisfy necessary preconditions. Developers need to know how much of the data is

discarded and how much is kept.

• “Size Distribution”: Testers need to keep track of the size of their inputs. It is commonly believed

in the PBT community that software can be tested well by exhaustive sets of small inputs (i.e., the

small scope hypothesis [2]), and alternatively, that large tests have a combinatorial advantage [79] in

finding more bugs.13 Whichever viewpoint a tester subscribes to, it is important to know the sizes

of inputs.

Analysis Interviews were automatically transcribed by video conferencing software14, and analyzed via

thematic analysis [10].

5.4.2 Testing Goals and Strategies

The first result of our formative research was a clarification of PBT users’ goals and strategies when they

were attempting to determine the effectiveness of their tests. One might imagine that testing effectiveness

could be measured by the proportion of bugs found, but this is a fantastical measure: if we had it, we

would know what all the bugs are and wouldn’t need to do any testing! As we found in our study sessions,

developers pay attention to proxy metrics to gain confidence in their test suite. Ideally, PBT tools will

surface these metrics. Here, we discuss the various metrics that developers paid attention to and how they

measured them.
13The truth seems to be that each of these viewpoints is correct in some situations; a recent study [153] has a nice discussion.
14P3’s interview audio was lost due to technical difficulties, so we instead analyzed the notes we took during their interview.
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Test Input Distribution

Participants reported checking that their distributions covered potential edge cases like 𝑥 = 0, 𝑥 = −1, or

𝑥 = Integer.MAX_VALUE (P2), which are widely understood as bug-triggering values. They also checked

that their distributions covered regions in the input space like 𝑥 = 0, 𝑥 < 0, and 𝑥 > 0 (P2, P4, P5); this

kind of coverage is similar to notions of “combinatorial coverage” discussed in the literature [100; 56].

Multiple participants (P1, P3, P4) wanted to know that their test data was realistic. Their justification

was that the most important bugs are the ones that users were likely to hit. Another participant (P5)

wanted their test data to be uniformly distributed across a space of values. They thought that this would

make it easier for them to estimate the probability that there was still a bug in the program. Whether to

test with realistic or uniform distributions is a topic of debate in the literature, with some tools favoring

uniformity [22; 124] and others realism [155]. In either case, developers should be able to see the shape of

the distribution.

Participants used a combination of strategies to review these proxy metrics of test quality. Some (P1,

P3, P5) read through the list of examples. Others (P2, P5) described using evaluation tools already present

in their PBT framework of choice; one participant used events in Hypothesis and another used labels

in QuickCheck, both to understand coverage of attributes of interest (e.g., how often does a particular

variant of an enumerated type appear). As we show in §5.2, while some PBT frameworks provide views

of distributions of user-defined input features, they are difficult to interpret at a glance and can easily get

drowned out among other terminal messages.

Coverage of the System Under Test

Three participants (P2, P4, P5) mentioned coverage of the system under test (e.g., line coverage, branch

coverage, etc.) was an important proxy metric. Two participants (P2, P4) reported actually measuring

code coverage via code instrumentation, although P2 did point out the potential failings of code coverage

(calling it “necessary but not sufficient”). This view is supported by the literature, which suggests that

coverage alone does not guarantee testing success [97].

124



Test Performance

Finally, two participants (P1, P2) discussed timing performance as an important proxy for testing effec-

tiveness. They argued that they have a limited time in which to run tests (e.g., because the tests run every

time a new commit is pushed or even every time a file is saved), so faster tests (more examples per sec-

ond) will exercise the system better. They measured performance with the help of tools built into the PBT

framework.

Besides these metrics, participants also expressed being more confident in their tests when they under-

stood them (P3), when the test had failed previously (P3), and when a sufficiently large (for some definition

of large) number of examples had been executed (P1, P4).

5.4.3 Design Considerations

Our formative research further clarified what is required of usable tools for understanding PBT effective-

ness. We call these requirements our five design considerations for the Tyche interface. They are:

Visual Feedback Our goal to provide better visual feedback from testing arose from Goldstein et al.

[59]’s study and was validated by participants. Most participants (P1, P2, P3, P5) appreciated the interface’s

visual charts, stating that the visual charts are “a lot easier to digest than” the built-in statistics printed

by Hypothesis (P2). The previous section (§5.4.2) clarifies the specific proxy metrics that developers were

interested in visualizing.

Workflow Integration Our initial prototype was built to have tight editor integration. It could be

installed into VSCode in one step, and updated live as code changed. But, while some participants validated

this choice (P1 and P2), another said they were “not always a big fan of extensions” because they use a non-

VSCode IDE at work (P4). For that participant, an editor extension actually discourages use. We therefore

refocused on workflow integration instead of editor integration, and re-architected our design so that it

could plug into other editing workflows.

Customizability Participants found that the default set of visualizations was a good start (P1, P2, P3,

P5), but they also suggested a slew of other visualizations that they thought might improve their testing

evaluation. Many of these visualizations (e.g., code coverage (P1, P3, P5) and timing (P1)—see §5.5.2) were
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integrated into Tyche. What we could not do was add views that summarized the interesting attributes of

each person’s data: every testing domain was different. Thus, tools should be customizable so developers

can acquire visual feedback for the information that is important in their testing domain.

Details on Demand Almost all participants (P1, P2, P3, P4) expressed a desire to dig deeper into the

visualizations they were presented. This means that Tyche should provide ways for developers to look

deeper into the details of the data that is being displayed by the visual interfaces.

Standardization Participants used PBT in multiple programming languages, including Python (P1, P2,

P3, P4), Java (P4), andHaskell (P5). We posit that to improve the testing experience for all of these languages

and their PBT frameworks without significant duplicated effort, Tyche needs to standardize the way it

communicates with PBT frameworks. Since PBT frameworks largely implement the same test loop, despite

superficial implementation differences, this standardization seems technically feasible.

5.5 SYSTEM

In this section, we describe the design of Tyche, bringing together the principles we identified in §5.4.3. We

describe the interaction model that we imagine for Tyche (§5.5.1), Tyche’s visual displays that answer PBT

users’ questions (§5.5.2), and integrations with PBT frameworks that support easy use and configuration

of displays (§5.5.3).
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5.5.1 Interaction Model

Run Tests
to Generate

Data File
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Add Events

Figure 5.1: The Tyche interaction loop.

We envision user interactions with Tyche to follow roughly the steps outlined in Figure 5.1.

(1) At the start of the loop, the developer runs their tests, and the test framework (e.g., Hypothesis)

collects relevant data into a OpenPBTStats log (we discuss the details of this format in §5.6).

(2) Once the data has been logged, the user sees Tyche render an interface with variety of visualizations

(see §5.5.2).

(3) The user interacts with the interface. This may be as simple as seeing a visualization and immedi-

ately noticing that something is wrong, but they may also explore the views to seek details about

surprising results or generate hypotheses about what might need to change in their test suite. If the

user is happy with the quality of the test suite at this point, they may finish their testing session.

(4) Finally, the user can customize their Tyche visualizations or make changes to their test (e.g., random
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generation strategies or Hypothesis parameters) before going back around the loop.

5.5.2 Visual Feedback

TheTyche interface presents the userwith a novel ensemble of visualizations that are fine-tuned to the PBT

setting and enriched with lightweight affordances to support exploration. We describe these visualizations

in the context of the kinds of questions they answer for developers.

How many meaningful tests were run?

Perhaps the most important thing for a developer to know about a test run is how many meaningful

examples were tested. Tyche communicates this information through the “Sample Breakdown” chart:

The chart communicates a high-level understanding of how many test inputs were sampled versus how

many were run (because they were found to be “valid”). Ideally, the entire chart would be taken up by

the dark green “Unique / Passed” bar. If the “Invalid” bars are a large portion of the chart’s height or the

“Duplicate” bars are a large portion of the width, the developer can see that it might be worth investing

time in a generation strategy that is better calibrated for the property at hand. (If any tests had failed, there

would be two more horizontal bars with the label “Failed.”)

The use of a mosaic chart [64] here allows Tyche to communicate information about validity and

uniqueness in a single chart. We chose this chart after feedback from study participants suggested that

seeing validity and uniqueness metrics separately made it hard to tell when and how they overlapped.
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How are test inputs distributed?

After checking the high-level breakdown of test inputs, the next questions in the user’s mind will likely

be about the distribution of inputs used to test their property. Since test inputs are structured objects (e.g.,

trees, event logs, etc.), it is difficult to observe their distribution directly: what would it even mean to plot a

distribution of trees? Instead, the developer can visualize features of the distribution by plotting numerical

or categorical data extracted from their test inputs.

For example, the following chart shows a distribution of sizes projected from a distribution of red–

black trees:

Charts like these give developers windows into their distributions that are much easier to interpret than

either the raw examples or the statistics reported by frameworks like Hypothesis: the chart above, for ex-

ample, shows that the distribution skews quite small (actually, most trees are size 0!), which is a significant

problem for test success (see in §5.4).

Distributions for categorical features (e.g., whether the value at the root of a red-black tree is positive

or not) are displayed in a different format:

Categorical feature charts can be especially useful for helping developers understand whether there are

portions of the broader input space that their tests are currently missing. In this case, the developer may
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want to check on why so few roots are positive—in fact, it is because an empty tree does not have a positive

root, and the distribution is full of empty trees!

Our formative research suggested that just these two kinds of charts covered the kinds of projections

that developers cared about. In fact, participants seemed concerned that adding more kinds of feature

charts could be distracting; they felt they may waste time trying to find data to plot for the sake of using

the charts, rather than plotting the few signals that would actually help with their understanding. In §5.6.3

we describe how developers can design their own visualizations outside of Tyche if needed.

How did the tests execute overall?

The previous visualizations show information about test inputs, but developers may also have higher-level

questions about what happened during testing. For example, early users, including formative research

participants, asked for ways to visualize code coverage for their properties. Tyche provides the following

coverage chart:

This Tyche chart shows the total code coverage achieved over the course of the test run. Note that

this example is from a very small codebase, so there were really only a few disjoint paths to cover. Big

jumps (around the 1st and 75th inputs) indicate inputs that meaningfully improved code coverage, whereas

plateaus indicate periods where no new code was reached. As discussed in §5.4, code coverage is an in-

complete way to measure testing success, but knowing that the first 70+ test inputs all covered the same

lines suggests that the generation strategy may spend too long exploring a particular type of input.

Tyche also provides charts with timing feedback, again answering a high-level question about execu-

tion that was requested by formative research participants:
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The chart above shows that a majority of inputs execute quite quickly (less than 0.002 seconds) but that

some twice or three times that. For the most expensive tests, the red area, signifying the time it takes to

generate trees, is the largest. While users did request this chart, we are not clear how useful it is in practice.

In our evaluation study (§5.7.1), participants did not generally find it helpful. However, the timing data

can be used to corroborate and expand on information from other charts. For example, notice how the

timing breakdown above actually mirrors the size chart from the previous section. The combination of

these charts suggests that larger trees take much longer to generate, which suggests as trade-off that a

developer should be aware of.

What test inputs were actually generated?

Althoughmuch of the point of Tyche is to avoid programmers needing to sift through individual test input

examples, Tyche does make those examples available, in line with the design consideration of “details on

demand:”

Each example in the view shows a textual representation of the generated sample that can be expanded to

see metadata like execution duration and code coverage for the individual example. Examples are grouped,

so that identical examples are only shown once; this manifests in the “3x” and “2x” annotations shown in
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the above screenshot. This grouping aligns better with the design principle of “visual feedback,” and it cuts

down on clutter.

The main way a user reaches the example view is by clicking on one of the selectable bars of the sample

breakdown or feature distribution charts. The user can dig into the data to answer questions about why a

chart looks a certain way (e.g., if they want to explore why so few of the red–black tree’s root nodes are

positive). Secondarily, the example view can be used to search for particular examples to make sure they

appear in the sample (e.g., important corner cases that indicate thorough testing).

5.5.3 Reactivity and Customizability

The visualizations provided by Tyche are reactive and customizable, allowing them to integrate neatly

into the developer’s workflow as dictated by our design considerations.

Reactivity

Reactivity has been incorporated into an astonishing variety of programming tools (see the review by Rein

et al. [146]). It is a common feature of many modern developer tools—two modern examples are Create

React App [38], which reloads a web app on each source change and pytest-watch [87], one of many

testing harnesses that live-reruns tests upon code changes. When run as a VSCode extension, Tyche

automatically refreshes the view when the user’s tests re-run. When used in conjunction with a test suite

watcher (e.g., pytest-watch, which reruns Hypothesis tests when the test file is saved) this yields an end-

to-end experience with “level 3 liveness” on Tanimoto’s hierarchy of levels of liveness [163].

Customizability

Specifically, in step (4) of the Tyche loop, the user can tweak their testing code in ways that change the

visualizations that are shown the next time around the loop.15

Assumptions As discussed in §5.2 with the red–black tree example, developers make assumptions about

on what inputs are valid for their property. Concretely, this happens via the Hypothesis assume function;
15While Tyche works with many PBT frameworks, we describe these customizations in detail for Python’s Hypothesis specif-

ically. Other frameworks may choose to implement user customization in other ways that are more idiomatic for their users.
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for example:

def test_insert_lookup(t, k, v):
assume(is_red_black_tree(t))
assert lookup(insert(k, v, t), k) == v

The assume function filters out any tree that does not satisfy the provided Boolean check—in this case,

that the generated tree is a valid red–black tree. In the sample breakdown, inputs that break assumptions

are shown as “Invalid.”

Events Hypothesis also has a feature called “events” to label property executions interesting. For exam-

ple, the programmer might write:

if some_condition:
event("hit_condition")

and then Hypothesis would output “hit_condition: 42%.” To support richer visual displays of features,
we extended the Hypothesis API (with the support of the Hypothesis developers) to allow events to include
“payloads” that correspond to the numerical and categorical features in the feature charts above. Adding
an event to the above property gives:

def test_insert_lookup(t, k, v):
event("size", payload=size(t))
assume(is_red_black_tree(t))
assert lookup(insert(k, v, t), k) == v

These user events correspond to feature charts: the one shown here generates the size chart shown in

the previous section.

By reusing Hypothesis’s existing idioms for assumptions and events, Tyche hooks into existing devel-

oper workflows and makes them more powerful. The same pattern also applies to other PBT frameworks.

5.6 IMPLEMENTATION

In this section, we outline the implementation of the Tyche interface. We begin with the mechanics of

the system itself (§5.6.1), but the most interesting part is the standardized OpenPBTStats format that PBT

frameworks use to send data to Tyche (§5.6.2). In §5.6.3 we explain how the Tyche architecture makes it

easy to extend the ecosystem of related tools.
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5.6.1 UI Implementation

At the implementation level, Tyche is a web-based interface that is easy to integrate into existing PBT

frameworks.

React Application

Tyche is a React [167] web application that consumes raw data about the results of one or more PBT runs

and produces interactive visualizations to help users make sense of the underlying data. The primary way

to use Tyche is in the context of an extension for VSCode that shows the interface alongside the tests that

it pertains to, but it is also available as a standalone webpage to support workflow integration for non-

VSCode users. (When running as an extension, Tyche is still fundamentally a web application: VSCode

can render web applications in an editor pane.)

The mosaic chart described in §5.5.2 is implemented with custom HTML and CSS, but all other charts

and visualizations are generated with Vega-Lite [152]. Vega-Lite has good default layout algorithms for

the types of data we care about.

Framework Integration

As discussed in §5.5.1, we worked with the Hypothesis developers to make a few small changes to enable

Tyche; other PBT tools require similar changes. The Hypothesis developers added callback to capture data

on each test run, and it was easy to use this callback to produce data for Tyche. This data is dumped in

the OpenPBTStats format, which we discuss in §5.6.2.

In Hypothesis specifically, we also adapted the event function to have a richer API, described in §5.5.3.

5.6.2 OpenPBTStats Data Format

Tyche uses an open standard that PBT frameworks can use to integrate with it and related tools.
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{
line_type: "example",
run_start: number,
property: string,
status: "passed" | "failed" | "discarded",
representation: string,
features: {[key: string]: number | string}
coverage: ...,
timing: ...,
...

}

Figure 5.2: The OpenPBTStats line format.

OpenPBTStats is based on JSON Lines [171]: each line in the file is a JSON object that corresponds

to one example. An example is the smallest unit of data that a test might emit; each represents a single

test case. The JSON schema in Figure 5.2 defines the format of a single example line. Each example has a

run_start timestamp, used to group examples from the same run of a property and disambiguate between

multiple runs of data that are stored in the same file. The property field names the property being tested

(extracted from language internals) and the status field says whether this example "passed", meaning

the property passed, or "failed" indicating that the example is a counterexample to the property, or "

discarded"meaning that the value did not pass assumptions. The representation is a human-readable

string describing the example (e.g., as produced by a class’s __repr__ in Python). Finally, the features

reflect the data collected for user-defined events.

The full format includes a few extra fields, including some human-readable details (e.g., to explain why

a particular value was discarded), optional fields naming the particular generator that was used to produce

a value, and a free-form metadata field for any additional information that might be useful in the example

view. A guide to using the format can be found online.16

16See [68]. Some field names been changed to clarify the explanations in the paper.
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5.6.3 Expanding the Ecosystem

The clean divide between Tyche andOpenPBTStatsmeans that PBT frameworks require only the modest

work of implementing OpenPBTStats to get access to the visualizations implemented by Tyche, and

conversely that front ends other than Tychewill work with any PBT tool that implementsOpenPBTStats.

Supporting New Frameworks

Supporting a new PBT framework is as simple as extending it with some lightweight logging infrastructure.

Framework developers can start small: supporting just five fields—type, run_start, property, status,

and representation—is enough to enable a substantial portion of Tyche’s features. After that, adding

features will enable user control of visualizations; coverage and timing may be harder to implement

in some programming languages, but worthwhile to support the full breadth of Tyche charts.

So far, support for OpenPBTStats exists in Hypothesis, Haskell QuickCheck, and OCaml’s base-

quickcheck. Our minimal Haskell QuickCheck implementation is an external library comprising about

100 lines of code and took an afternoon to write.

Adding New Analyses

BasingOpenPBTStats on JSON Lines and making each line a mostly-flat record means that processing the

data is very simple. This simplifies the Tyche codebase, but it also makes it easy to process the data with

other tools. For example, getting started visualizing OpenPBTStats data in a Jupyter notebook requires

two lines of code

import pandas as pd
pd.read_json(<file>, lines=True)

This means that if a developer starts out using Tyche but finds that they need a visualization that cannot

be generated by adding an assumption or event, they can simply load the data into a notebook and start

building their own analyses.

In the open-source community, we also expect that developers may find entirely new use-cases for

OpenPBTStats data that are not tied to Tyche. For example,OpenPBTStats data could be used for report-
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ing testing performance to other developers or managers (this use-case that was mentioned by participants

during our formative exploration).

5.7 EVALUATION

In this section, we evaluate Tyche. §5.7.1 presents an online self-guided study to assess Tyche’s impact

on users’ judgments about the quality of test suites. §5.7.2 describes the concrete impact that Tyche has

already had through identifying bugs in the Hypothesis testing framework itself.

5.7.1 Online Study

We chose this study to validate what we saw as the most critical question about the design: whether the

kinds of visual feedback offered by Tyche led to improved understanding of test suites. We regarded this

question as most critical because we had relatively less confidence in the effectiveness of visual feedback

for helping find bugs than in other aspects of the Tyche design—indeed, it is a tall order for any kind of

feedback to provide an effective proxy for the bug-finding power of tests. (By contrast, we felt our choices

around customizability, workflow integration, details on demand, and standardization were already on

solid ground—these choices were more conservative, and had previously received positive feedback from

developers and PBT tool builders.)

Accordingly, we designed a study to address the following research questions:

RQ1 Does Tyche help developers to predict the bug-finding power of a given test suite?

RQ2 Which aspects of Tyche best support sensemaking about test results?

To go beyond qualitative feedback alone, we designed the study to support statistical inference about

whether we had improved judgments about test distributions. This led us a self-guided, online usability

study that centered on focused usage of Tyche’s visual displays. The study allowed us to collect sufficiently

many responses from diverse and sufficiently-qualified programmers to support the analysis we wanted.
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Study Population

We recruited study participants both from social media users on X (formerly Twitter) and Mastodon and

from graduate and undergraduate students in the University of Pennsylvania’s Computer and Information

Science department, aiming to recruit a diverse set of programmers ranging from relative beginners with

no PBT experience to experts who may have some exposure.

In all, we recruited 44 participants; 4 responses were discarded because they did not correctly answer

our screening questions, leaving 40 valid responses. All but one of these reported that they were at least

proficient with Python, with 12 self-reporting as advanced and 9 as expert. Half reported being beginners

at PBT, 13 proficient, 6 advanced, and 0 experts. Almost all participants reported being inexperienced

with the Python Hypothesis framework; only 7 reporting being proficient. To summarize, the average

participant had experience with Python but not PBT, and if they did know about PBT it was often not via

Hypothesis.

When reporting education level, 4 participants had a high school diploma, 15 an undergraduate degree,

and 20 a graduate degree. The majority of participants (24) described themselves as students; 7 were

engineers; 3 were professors; 6 had other occupations; 28 participants self-identified as male, 5 as female,

2 as another gender, and 5 did not specify.

We discuss the limitations of this sample in §5.7.1.

Study Procedure

We hypothesized that Tyche would improve a developer’s ability to determine how well a property-based

test exercises the code under test—and therefore, how likely it is to find bugs. At its core, our study

consisted of four “tasks,” each presenting the participant with a PBT property plus three sets of sampled

inputs for testing that property, drawn from three different distributions. The goal of each task was to rank

the distributions, in order of their bug-finding power, with the help of either Tyche or a control interface

that mimicked the existing user experience of Hypothesis. Concretely, the control interface consisted

of Hypothesis’s “statistics” output and a list of pretty-printed test input examples; the statistics output

included Hypothesis’s warnings (e.g., when < 10% of the sample inputs were valid). Both interfaces were
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styled the same way and embedded in HTML iframes, so participants could interact with them as they

would if the display were visible in their editor; Tychewas re-labeled “Charts” and the control was labeled

“Examples,” to reduce demand characteristics.

The distributions that participants had to rank were chosen carefully: one distribution was the best

we could come up with; one was a realistic generator that a developer might write, but with some flaw or

inefficiency; and one was a low-quality starter generator that a developer might obtain from an automated

tool. To establish a ground truth, we benchmarked each trio of input distributions using a state-of-the-art

tool called Etna [153]. Etna greatly simplifies the process ofmutation testing as a technique for determining

the bug-finding power of a particular generation strategy: the programmer specifies a collection of syn-

thetic bugs to be injected into a particular bug-free program, and Etna does the work of measuring how

quickly (on average) a generator is able to trigger a particular bug with a particular property. Prior work

has shown that test quality as measured by mutation testing is well correlated with the power of tests to

expose real faults [89]. These ground truth measurements agreed with the original intent of the genera-

tors, with the best ones finding the most bugs, followed by the flawed ones, followed by the intentionally

bad ones.

The study as experienced by the user is summarized in Figure 5.3. We started by providing participants

some general instruction on PBT, since we did not require that participants had worked with it before.

After some screening questions to ensure that participants had understood the instruction, we presented

the main study tasks. In each, the participants ranked three test distributions based on how likely they

thought theywere to find bugs. Each of the four taskswas focused on a distinct property and data structure:

• Red–Black Tree The property described in §5.2.1 about the insert function for a red–black tree

implementation.

• Topological Sort Aproperty checking that a topological sorting functionworks properly on directed

acyclic graphs.

• Python Interpreter A property checking that a simple Python interpreter behaves the same as the

real Python interpreter on straight-line programs.

• Name Server A property checking that a realistic name server [172] behaves the same as a simpler
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model implementation.

These tasks were designed to be representative common PBT scenarios: red–black trees are a standard

case study in the literature [151; 153], topological sort has been called an ideal pedagogical example for

PBT [127], programming language implementations are a common PBT application domain [134], and

name servers capture some challenges with using PBT on systems with significant internal state [80].

To counterbalance potential biases due to the order that different tasks or conditions were encountered,

we randomized the participants’ experience in three ways: (1) two tasks were randomly assigned Tyche,

while the other two received the control interface, (2) tasks were shown to users in a random order, and

(3) the three distributions for each task were shown in a random order.

Four participants took over an hour to complete the study; we suspect this is because they started,

got up for a while, and then returned to the study. Of the rest, participants took 32 minutes on average

(𝜎 = 12) to complete the study; only one took less than 15 minutes. Participants took about 3 minutes on

average (𝜎 = 2.5) to complete each task.

Charts Charts Charts

Dist. 2 Dist. 1 Dist. 3

Examples Examples

Dist. 2 Dist. 1 Dist. 3

Examples

x4

Background & Instructions

Sense Check Questions

Evaluation Tasks

Closing Questions

Figure 5.3: The procedure of the self-guided, online usability study.
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Results

To answer RQ1, whether Tyche helps developers to predict test suite bug-finding power, we analyzed

how well participants’ rankings of the three distributions for each task agreed with the true rankings as

determined by mutation testing. Given a participant’s ranking, for example 𝐷2 > 𝐷1 > 𝐷3, we compared

it to the true ranking (say, 𝐷1 > 𝐷2 > 𝐷3) by counting the number of correct pairwise comparisons—here,

for example, the participant correctly deduced that 𝐷1 > 𝐷3 and 𝐷2 > 𝐷3, but they incorrectly concluded

that 𝐷2 > 𝐷1, so this counted as one incorrect comparison.17
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Figure 5.4: Distribution of errors made for each task, where each incorrect relative ranking between two
test suites counts as one error. When using Tyche, significantly fewer errors were made for Red Black
Trees, Topological Sort, and Name Server. = Tyche, = Control.

Figure 5.4 shows the breakdown of incorrect comparisons made with and without Tyche, separated

out by task. To assess whether Tyche impacts correctness, we performed a one-tailed Mann-Whitney U

test [119] for each task, with the null hypothesis that Tyche does not lead to fewer incorrect comparisons.

The results appear in Table 5.1.

Table 5.1: Values for Mann-Whitney U test measuring Tyche’s impact on incorrect comparisons. All sam-
ple sizes were between 18 and 22, totaling 40, depending on the random variation in the way conditions
were assigned; 𝑟 is common language effect size,𝑚 is the median number of incorrect comparisons.

𝑈 𝑝 𝑟 𝑚Tyche 𝑚Examples
Red–Black Trees 65 < 0.01 0.84 0 1
Topological Sort 127 0.01 0.68 0 1
Python Interp. 182 0.26 - 0 0
Name Server 91 < 0.01 0.77 0 1

17This metric is isomorphic to Spearman’s 𝜌 [156] in this simple case. Making 0 incorrect comparisons equates to 𝜌 = 1,
making 1 is 𝜌 = 0.5, 2 is 𝜌 = −0.5, and 3 is 𝜌 = −1. We found counting incorrect comparisons to be the most intuitive way of
conceptualizing the data.
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For three of the four tasks (all but Python Interpreter), participants made significantly fewer incorrect

comparisons when using Tyche, with strong common-language effect sizes, meaning that participants

were better at assessing testing effectiveness with Tyche than without. Furthermore, a majority of partic-

ipants got a completely correct ranking for all 4 of the tasks with Tyche, while this was only the case for

1 of the tasks without it. (For Python Interpreter, participants overwhelmingly found the correct answer

with both conditions—in other words, the task was simply too easy—but precisely why it was too easy is

interesting; see §5.7.1.) Despite this difference in accuracy, participants took around the same time with

both treatments; the mean time to complete a task with Tyche was 183 seconds (𝜎 = 125), verses 203

seconds (𝜎 = 165) for the control. These results support answering RQ1 with “yes.”

To answer RQ2 we used a post-study survey, asking participants for feedback on which of Tyche’s

visualizations they found useful. The vast majority of participants (37/40) stated that Tyche’s “bar charts”

were helpful. (Unfortunately, we phrased this question poorly: we intended for it to refer only to feature

charts, but participants may have interpreted it to include the mosaic chart as well.) Additionally, 20/40

participants found the code coverage visualization useful, 17/40 found thewarnings useful, and 14/40 found

the listed examples useful. Only 4/40 found the timing breakdown useful; we may need to rethink that

chart’s design, although it may also simply be that the tasks chosen for the study did not require timing

data to complete. These results suggest that the customizable parts of the interface—the feature and/or

mosaic charts—were the most useful, followed by some of the more general affordances.

To get a sense of participants’ overall impression of Tyche, we also asked “Which view [Tyche or the

control] made the difference between test suites clearer?” with five options on a Likert scale. All but one

participant said Tyche made the differences clearer, with 35/40 saying Tyche was “much clearer.”

Discussion

Overall, the online study was an encouraging evaluation of Tyche’s impact on developer understanding.

In addition to the core observations above, we also made a couple of other smaller observations.
17This corresponds to the probability that randomly sampled Tyche participant will make fewer errors than a control partici-

pant, computed as 𝑟 = 𝑈1
𝑛1∗𝑛2

.
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Confidence Alongside each ranking, we asked developers how confident they were in it, on a scale from

1 to 5 (“Not at all” = 1, “A little confident” = 2, “Moderately confident” = 3, “Very confident” = 4, “Certain”

= 5). We found that reported confidence was significantly higher with Tyche than without on two tasks

(Red–Black Tree and Topological Sort), as computed via a similar one-sided Mann-Whitney U test to the

one before (𝑝 < 0.01 and 𝑝 = 0.03 respectively), with no significant difference for the other tasks. However,

these results have no clear interpretation. When we computed Spearman’s 𝜌 [156] between the confidence

scores and incorrect comparison counts, we found no significant relationship; in other words, participants’

confidence was not, broadly, a good predictor of their success.

Non-significant Result for “Python Interpreter” Task As mentioned above, the Python Interpreter

task seems to have been too easy; participants made very few mistakes across the board. We propose that

this is, at least in part, because the existing statistics output available in Hypothesis was already good

enough. For the worst of the three distributions, Hypothesis clearly displayed a warning that “< 10% of

examples satisfied assumptions,” an obvious sign of something wrong. Conversely, for the best distribution

of the three, Hypothesis showed a wide variety of values for the variable_uses event, which was only

ever 0 for the other two distributions. Critically, the list displayed was visually longer, so it was easy to

see the variety at a glance. (We show an example of what the user saw in the Appendix of the full paper.)

This result shows that Hypothesis’s existing tools can be quite helpful in some cases: in particular, they

seem to be useful when the distributions have big discrepancies that make a visual difference (e.g., adding

significant volume) in the statistics output.

Limitations

We are aware of two significant limitations of the online study: sampling bias and ecological validity.

The sample we obtained was appropriate from the perspective of prior experience and general level of

education, but it under-represents important groups regarding both gender and occupation. For gender,

prior work has shown that user interfaces often demonstrate a bias for cognitive strategies that correlate

with gender [16; 161], so a more gender-diverse sample would have been more informative for the study.

For occupation, we reached a significant portion of students and proportionally fewer working developers.

Many of those students are in computer science programs and therefore will likely be developers someday,
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but software developers are ultimately the population we would like to impact, so we would like to have

more direct confirmation that Tyche works for them.

The other significant limitation is ecological validity. Because this study was not run in situ, aspects

of the experimental design may have impacted the results. For example, study participants did not write

the events and assumptions for the property themselves; if they had been unable to do so in practice, the

outcomes may have been very different. Additionally, participants saw snippets of code, but they were not

intimately familiar with, nor could they inspect, the code under test. In a real testing scenario, a developer’s

understanding of their testing success would depend in part on their understanding of the code under test

itself. We did control for other ecological issues: for example, we used live instances of Tyche in an iframe

to maintain the interactivity of the visual displays, and we developed tasks that span a range of testing

scenarios. We discuss plans to evaluate Tyche in situ in §5.8.1

5.7.2 Impact on the Testing Ecosystem

Since Tyche is an open-source project that is beginning to engage with the PBT community, we can also

evaluate its design by looking at its impact on practice. The biggest sign of this so far is that Tyche has led

to 5 concrete bug-fixes and enhancements in the Hypothesis codebase itself. As of this writing, Hypothesis

developers have found and fixed three bugs—one causing test input sizes to be artificially limited, another

that badly skewed test input distributions, and a third that impacted performance of stateful generation

strategies—and two long-standing issues pertaining to user experience: a nine-year-old issue about sur-

facing important feedback about the assume function and a seven-year-old issue asking to clarify terminal

error messages. All five of these issues are threats to developers’ evaluation of their tests; the problems

were found and fixed after study participants and other Tyche users noticed deficiencies in their test suites

that turned out to be library issues.

The ongoing development of Tyche has the support of theHypothesis developers, and it has also begun

to take root in other parts of the open-source testing ecosystem. One of the authors was contacted by the

developers of PyCharm, an IDE focused on Python specifically, to ask about the OpenPBTStats format.

They realized that the coverage information therein would provide them a shortcut for code coverage

highlighting features that integrate cleanly with Hypothesis and other testing frameworks.
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5.8 CONCLUSIONS AND FUTUREWORK

Tyche rethinks the PBT process as more interactive and empowering to developers. Rather than hide

the results of running properties, which may lead to confusion and false confidence, the OpenPBTStats

protocol and interfaces like Tyche give developers rich insight into their testing process. Tyche provides

visual feedback, integrates with developer workflows, provides hooks for customization, shows details on

demand, and works with other tools in the ecosystem to provide a standardized way to evaluate testing

success. Our evaluation shows that Tyche helps developers to tell the difference between good and bad

test suites; its demonstrated real-world impact on the Hypothesis framework backs up those conclusions.

Moving forward, we see a number of directions where further research would be valuable.

5.8.1 Evaluation in Long-Term Deployments

Our formative research and online evaluation study have provided evidence that Tyche is usable, but there

is more to explore. For one thing, we would like to get in-situ empirical validation for the second half of the

loop in Figure 5.1. As Tyche is deployed over longer periods of time in real-world software development

settings, we are excited to assess its usability and continued impact.

5.8.2 Improving Data Presentation for Tyche

As the Tyche project evolves, we plan to add new visualizations and workflows to support developer

exploration and understanding.

Code Coverage Visualization The visualization we provide for displaying code coverage over time

was not considered particularly important by study participants: it may be useful to explore alternative

designs.

One path forward is in-situ line-coverage highlighting, like that provided by Tarantula [88]. Indeed,

it would be easy to implement Tarantula’s algorithm, which highlights lines based on the proportion of

passed versus failed tests that hit that line, in Tyche (supported by OpenPBTStats). In cases where no

failing examples are found, each line could simply be highlighted with a brightness proportional to the
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number of times it was covered.18

Line highlighting is useful for asking questions about particular parts of the codebase, but developers

may also have questions about how code is exercised for different parts of the input space. To address these

questions, we plan to experiment with visualizations that cluster test inputs based on the coverage that

they have in common. This would let developers answer questions like “which inputs could be considered

redundant in terms of coverage?” and “which inputs cover parts of the space that are rarely reached?”

Mutation Testing In cases where developers implement mutation testing for their system under test,

we propose incorporating that information into Tyche for better interaction support. Recall that in §5.7.1,

we used mutation testing, via the Etna tool, as a ground truth for test suite quality; mutation testing checks

that a test suite can find synthetic bugs or “mutants” that are added to the test suite. Etna is powerful, but

its output is not interactive: there is no way to explore the charts it generates, nor can you connect the

mutation testing results with the other visualizations that Tyche provides. Thus, we hope to add optional

visualizations to Tyche, inspired by Etna, that tell developers how well their tests catch mutants.

Longitudinal Comparisons of Testing Effectiveness Informal conversations with potential indus-

trial users of Tyche suggest that developers want ways to compare visualizations of the same system at

different points in time—either short term, to inspect the results of changes—or longer term, to understand

how testing effectiveness has evolved over time. These comparisons would make it clear if changes over

time have improved test quality, or if there have been significant regressions.

Interestingly, the design of the online evaluation study accidentally foreshadowed a design that may

be effective: allowing two instances of Tyche, connected to different instances of the system under test,

to run side-by-side so the user can compare them. Since developers were able to successfully compare

two distributions side-by-side with Tyche in the study, we expect they will also be able to if presented the

same thing in practice. This is simple to implement and provides good value for little conceptual overhead

on developers.
18Unit-test frameworks could also report simpleOpenPBTStats output with one line per example-based test, enabling per-test

coverage visualization for almost any test suite.
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5.8.3 Improving Control in Tyche

Tyche is currently designed to support existing developer workflows and provide insights into test suite

shortcomings. But participants in the formative research (P1, P4) did speculate about some ways that

Tyche could help developers to adjust their random generation strategies after they notice something is

wrong.

Direct Manipulation of Distributions When a developer notices, with the help of Tyche, that their

test input distribution is sub-par, they may immediately know what distribution they would prefer to see.

In this case, we would like developers to be able to change the distribution via direct manipulation—i.e.,

clicking and dragging the bars of the distribution to the places they should be, automatically updating the

input generation strategy accordingly. One potential way to achieve this would be to borrow techniques

from the probabilistic programming community, and in particular languages like Dice [78]. Probabilistic

programming languages and random data generators are actually quite closely related, and the potential

overlap is under-explored. Alternatively, reflective generators [58] can tune a PBT generator to mimic a

provided set of examples. If a developer thinks a particular bar of a chart should be larger, a reflective

generator may be able to tune a generator to expand on the examples represented in that bar.

Manipulating Strategy Parameters in Tyche Occasionally direct manipulation as discussed above

will be computationally impossible to implement; in those cases Tyche could still provide tools to help

developers easily manipulate the parameters of different generation strategies. For example, if a generation

strategy takes a max_value as an input, Tyche could render a slider that lets the developer change that

value and monitor the way the visualizations change, resembling interactions already appearing in HCI

programming tools (e.g., [65; 92]). Of course, running hundreds of tests on every slider update may be

slow; to speed it up, we propose incorporating ideas from the literature of self-adjusting computation [1],

which has tools for efficiently re-running computations in response to small changes of their inputs.

5.8.4 Tyche for Education

So far we have designed Tyche to help experienced software developers gain a better understanding of

their testing effectiveness, but it could just as easily help beginners to understand what is going on “under
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the hood” when they are learning PBT for the first time. This is especially important because prior work

has argued that teaching PBT can be a stepping stone to teaching formal methods more broadly [99; 127].

To reap these benefits, we plan to make Tyche available as a learning aid when teaching PBT to under-

graduate students in a large university course. We will track students’ use of the tool and collect feedback

about how Tyche affects students’ perception of testing effectiveness. Ultimately we hope that having

tools like Tyche around from the beginning of one’s PBT journey will give developers better-calibrated

instincts with which to gauge their testing effectiveness.

5.8.5 Tyche Beyond PBT

The ideas behind Tyche may also have applications beyond the specific domain of PBT. Other automated

testing techniques—for example fuzz testing (“fuzzing”)—could also benefit from enhanced understandabil-

ity. Fuzzing is closely related to PBT, and the fuzzing community has some interesting visual approaches

to communicating testing success. One of the most popular fuzzing tools, AFL++ [39], includes a sophisti-

cated textual user-interface giving feedback on code coverage and other fuzzing statistics over the course

of (sometimes lengthy) “fuzzing campaigns.” But current fuzzers suffer from the same usability limitations

as current PBT frameworks, hiding information that could help developers evaluate testing effectiveness.

We would like to explore adapting Tyche and expanding OpenPBTStats to work with fuzzers and other

automated testing tools, bringing the benefits of our design methodology to an even broader audience.
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CHAPTER 6
Property-Based Testing Into the Future

I believe that in the coming years, the need for accessible, high-assurance software validation will only

increase. Software development will continue to accelerate (e.g., with the rise of technologies like gener-

ative AI), but, if trends continue [86], that speed will be at the expense of correctness. Eventually we may

hit a tipping point, where we are no longer willing to accept low quality software that bleeds money and

puts users at risk, but nor are we willing to return to writing every line of code by hand. In this new world,

powerful approaches to testing will be more important than ever.

With this in mind, I envision a number of directions for future work that, I will explore with the

help of many collaborators. These directions target the different parts of the PBT process—specification,

generation, and evaluation—and then come together into a unified framework for usable property-based

testing.19

6.1 SPECIFICATION

As discussed in Chapter 2, PBT is easiest to apply in “high-leverage” scenarios where specifications are

easily accessible. Indeed, this is how I would recommend that developers get started with incorporating

PBT into their engineering process. But as one’s expertise with PBT grows and their need for assurance

increases, it is natural to look for other opportunities to bring PBT’s power to bear. The PBT commu-

nity needs to support a broader range of specifications and make specification tools more accessible to

developers.

When trying to write properties, one important barrier that developers face is unclear software bound-

aries: PBT is hard to apply to programs with poorly encapsulated global state or with leaky or overly com-

plex abstraction boundaries. A potential way around this limitation is to change where the specifications

are applied; rather than write a property that aligns with function or module boundaries, the user could

instead write properties about the way the program’s internal behavior evolves over time. For example,
19Some of the ideas and explanations in this chapter come from a funded NSF Medium proposal with the same name as this

dissertation. I contributed to the proposal in roughly equal collaboration with Andrew Head and Benjamin C. Pierce; the sections
I borrowed verbatim were my ideas.
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properties could be written about event logs that track the program’s execution. Properties could be written

declaratively in temporal logic, following O’Connor and Wickström [130], or (since linear logics can be

difficult to understand [61]), the properties could explicitly describe a program that produces an abstract

log, which can then be checked against the actual log.

Another problem developers face when writing properties is simply the problem of deciding on their

program’s specification. Tools like GhostWriter [67] and QuickSpec [21] can be helpful for this purpose,

suggesting properties to users based on the shape and behavior of their code, but neither of these tools is

general enough to apply reliably in real programming workflows. One might be tempted to use generative

AI to help solve this problem. Indeed, tools like Copilot [45], an in-editor AI that suggests code comple-

tions, and the GPT line of tools (e.g., [132]) are surprisingly good at writing code. However, using a large

language model to generate properties directly could be disastrous: test suites are part of an application’s

trusted computing base and, as such, must be carefully and thoughtfully chosen. LLMs are prone to halluci-

nation [86], so using them to automatically write an application’s tests may result in nonsense properties

that miss critical bugs. Ultimately, I would like to see the community develop hybrid approaches: a user

could use AI to help them to identify complex areas of their code base, brainstorm natural language correct-

ness conditions, etc.; and then classical tools could assist programmers in actually expressing their ideas

as code. Keeping the user as an active participant in the specification process is critical—designing a spec-

ification may help with bug-finding on its own [99]—but giving users help around ideation and execution

will help to drive adoption.

6.2 GENERATION

Parallel to work on specifications, PBT research needs to keep pushing the boundaries on tools for random

data generation. While choice gradient sampling from Chapter 3 is a good starting point for novices, and

while the reflective generator language from Chapter 4 is a power tool that can be leveraged by experts,

there are still limited options for developers in the middle. As I see it, the biggest challenge in property-

based testing right now is: helping users create generators that satisfy realistic preconditions and that

produce high quality inputs fast enough to catch bugs within unit-testing time budgets.

In the next few years, I am interested in helping developers obtain better generators via program
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synthesis. This problem is difficult because, as discussed elsewhere in this document, ideal generators

must be both sound—producing only inputs satisfying a property’s precondition—and complete—producing

all inputs satisfying the precondition. I have two key observations that I think will make it possible to

synthesize sound and complete generators for realistic preconditions:

1. Generators do not need to be built from scratch. They can be assembled from a library of sub-

generators that do some of the heavy lifting.

2. Synthesis does not need to be perfect. If a system can automatically check that a generator is sound

and complete, it can use imperfect synthesis techniques and simply take any correct generator that

the synthesizer can find.

These observations simplify the synthesis problem to something that should be tractable for modern syn-

thesis techniques. At the time of writing, it is unclear what synthesis approach will work best for this task.

A classical approach to synthesis, e.g., type-directed synthesis in the style of Synquid [142], would pro-

vide nice guarantees and a solid formal foundation, whereas AI approaches like neuro-symbolic synthesis

might be more powerful but less predictable. Finding the right combination of these ideas will be key.

Unfortunately, even a sound and complete generator might not be optimal: the distribution of values

produced by the generator is also key. Generator tuning is the topic of a wide range of existing work,

discussed in depth in Chapters 3 and 4, but existing approaches either introduce overhead during gen-

eration or only work for a narrow subset of generators. Moving forward, I see two promising paths.

First, interactive approaches to tuning could significantly improve PBT performance without requiring

better automation. Extending tools like Tyche to give developers concrete feedback on how to change

their generators’ distributions would potentially go a long way. Second, approaches using probabilistic

programming languages, which can perform inference ahead of time to match desired distributions, are

currently under-explored in the PBT space.

When addressing all of these problems, I believe the future of PBT is interactive. Problems like con-

strained generation and automatic tuning are hard—not just technically but computationally—and it will

not always be possible to fully automate these processes. But that does not mean users need to do every-

thing themselves. By carefully leveraging interaction, I believe we can produce interfaces that are both

powerful and usable.
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6.3 EVALUATION

With specification and generation handled, evaluation is the last critical step of the process. I hope to

continue the work on Tyche from Chapter 5, exploring new and better ways to clarify test suite quality

for developers. In this realm, the open problems lie in finding better evaluation metrics to measure and

better ways to communicate those metrics.

Many of the under-explored evaluation metrics have to do with “coverage,” although not always code

coverage. Informal conversations with software developers indicate that black-box coverage metrics like

combinatorial coverage [56; 100] need more exploration: developers want to understand how well they

cover the possibility space of program behaviors without necessarily instrumenting their whole codebase.

Of course, code coverage is also a useful metric (even if it does not necessarily predict bug-finding on its

own [83]), and understanding it at a glance is not always straightforward. Better birds-eye visualizations

of code coverage, built into interfaces like Tyche, are also an important frontier for PBT evaluation.

It is also critical that PBT evaluation be understandable by parties beyond the original test author.

Indeed, in domains with strict acceptance requirements for software, it is often necessary to persuade

auditors of the value of a property-based test. Tools like Tyche can help here too, providing data that can

be compiled into reports and other documents that clarify the impact of a property as part of a test suite.

6.4 USABILITY

New tools for specification, generation, and evaluation should not be developed independently. A uni-

fied environment for PBT technologies would encourage adoption and provide a platform for user-driven

research. I envision an integrated development environment (IDE) that helps throughout the PBT process.

Concretely, I propose extending the basic platform provided by Tyche to incorporate a variety of

interactive tools that the community develops for PBT. This can include the above ideas—specification

aids, generator automation, and evaluation metrics—in addition to other advances that benefit from living

in and among user code. This unified platform will give would-be users an easy way to discover tools as

they are developed, opening channels for feedback and impact. And as user research on PBT progresses,

a unified set of tools can serve as a controlled environment in which to study interface design.
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