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Abstract

In this thesis, we design, implement, test, and evaluate FutPBT, a property-
based testing tool for the high-performance and purely functional data-parallel
programming language Futhark, that lets programmers specify general cor-
rectness properties, which are tested against many randomly generated in-
puts.

FutPBT adapts the usual components of property-based testing to Futhark’s
server-based execution model. Properties, generators and shrinkers are ex-
pressed as Futhark entry points, declared as test components with a comment
and attribute design, while the external Haskell runner orchestrates genera-
tion, shrinking, validation, reporting, and error handling through the Futhark
server protocol, and manages server-side values with an explicit freeing dis-
cipline. The runner also supports fallback mechanisms for generation and
shrinking. The implementation integrates with the existing Futhark test
execution model.

The implementation is tested through integration tests and evaluated qualita-
tively as a testing tool, focusing on robustness, usability, and use on realistic
Futhark code. Overall, FutPBT shows that property-based testing can be
successfully implemented for Futhark, by adapting it to the constraints of the
language and the server protocol.
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1 Introduction

In property-based testing users specify general correctness properties, and those
properties are then tested on many generated inputs. Instead of writing individual
test cases by hand, the user describes the behavior that should hold, while the tool
is responsible for testing many randomly generated inputs against the property, and
reporting any, potentially shrunk, counterexamples. Systems such as QuickCheck
have shown this approach to be useful, with properties, generators, and shrinkers
expressed directly in the host language [CHOO; |[Hug16].

Futhark provides a different setting for property-based testing. Futhark is a high-
performance, data-parallel functional programming language designed for pure ar-
ray computations [Hen17]], but is not designed for implementing complete systems
inside the language itself [EHO18a], such as testing frameworks like property-
based testing. Furthermore, Futhark does not provide type classes, general printing
facilities or exception-style error handling. Consequently, orchestration in another
language is required and the classical QuickCheck approach must be adapted to
this setting.

This thesis describes the design, implementation, testing, and evaluation of FutPBT,
a property-based testing extension for Futhark in Haskell. FutPBT allows users to
express correctness properties as Futhark entry points, associate them with gen-
erators and shrinkers, and run them through the existing Futhark test workflow.
The repeated testing loop is implemented in Haskell and communicates with the
Futhark program through the Futhark server protocol. This division keeps the
Futhark-side interface small, while allowing the runner to handle and orchestrate
generation, shrinking, validation, reporting, and error handling outside the tested
program. The central design problem is to adapt the usual components of property-
based testing to this server-based setting, while preserving as much of the Quick-
Check design, usability and feature range as possible within the constraints of
Futhark.

Section 2| introduces the necessary background on Futhark, property-based testing
and QuickCheck. develops the FutPBT protocol step by step, starting
from a simple Boolean property. presents the seven central requirement
goals and how these are achieved. explains how the implementation is
tested against its requirements. evaluates the robustness and usability of
the resulting tool, and [Section 7|discusses possible future work.

FutPBT is part of release 0.26.3 of Futhark [[Hen26b|| and is available at:
https://github.com/diku-dk/Futhark/pull/2405 (Futhark)
https://github.com/Black-Speedy/futhark-pbt/tree/pbt (standalone)


https://github.com/diku-dk/futhark/pull/2405
https://github.com/Black-Speedy/futhark-pbt/tree/pbt

2 Background

This section introduces the background needed for the rest of the thesis. We first
describe Futhark and the constraints it imposes on an external testing tool. We then
introduce property-based testing, focusing on the roles of properties, generators,
and shrinkers. Finally, we show established practice through QuickCheck, which
serves as the main point of comparison for FutPBT.

2.1 Futhark

Futhark is a high-performance, statically typed, purely functional, data-parallel ar-
ray language in the ML family. It is designed for programs that operate on arrays,
where the programmer writes high-level functional code and the compiler gener-
ates efficient parallel code [Henl17|]. In this way, Futhark combines the reasoning
benefits of functional programming with the performance benefits of parallel hard-
ware such as GPGPUs. The compiler is implemented in Haskell [Hen17].

Futhark is not intended to be used for complete applications, but rather for small,
performance-sensitive parts of larger programs, typically by compiling Futhark
code as a library that can be called from another language [EHO18b]. This spe-
cialization is reflected in the language interface: Futhark does not provide gen-
eral input/output facilities or exception-style error handling inside the language.
Futhark programs expose externally callable functions through entry points, which
are declared with the keyword entry [The26c].

2.2 Property-based testing

Property-based testing (PBT) uses randomly generated data to verify general in-
variants, or "properties," of a program [CHOO]. In this sense, it shares DNA
with fuzz testing [MHC19], but is distinguished by focusing on logical proper-
ties and structural data rather than focusing on inducing program execution failure.
Property-based testing can be split into three general sub-parts: a property, a gen-
erator, and a shrinker. These address the questions: (1) What should always hold?
(2) Which inputs do we test? (3) Can we make it easier to understand?

2.2.1 Property

A property is a high-level requirement that must hold for all possible inputs within
a given domain. Common strategies for defining properties include round-tripping
(e.g. reverse(reverse(xs))==xs) or checking metamorphic properties where
the relationship between inputs should be preserved in the output [CHOO; |(Che+18]].
The challenge of PBT lies in "specifying how to test" [Gol+24], shifting the devel-
oper’s burden from writing test cases to defining the formal boundaries of their
system.
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2.2.2 Generator

Properties need input data to test against. The utility of properties is limited by
the quality of its input data. A generator is a distribution or function responsible
for producing random values of a specific type. Effective generators must balance
randomness with coverage, ensuring that "edge cases" (such as empty lists, null
values, or large integers) are tested frequently enough to catch bugs [Lam+19].
Modern frameworks often use a language of combinators to build complex gener-
ators for custom data types from simple primitives [MRH18§|.

2.2.3 Shrinker

When a property fails, the randomly generated input is often large and may contain
“noise” that is irrelevant to the actual bug, making debugging difficult [[CHOO].
Shrinking is the process of simplifying a failing counterexample while preserving
the failure [Vri23|]. The goal is not necessarily to find a globally minimal input, but
to produce a smaller and more understandable counterexample from the previous
one. There are many options for shrinking [[Cla26; [Pik14; |Vri23|], but in this thesis
we will mainly focus on the QuickCheck approach.

2.3 Established practice: QuickCheck

Modern property-based testing is commonly traced to QuickCheck, originally de-
veloped for Haskell by Claessen and Hughes [CHOO]. The same basic idea has
been adapted to many languages and programming environments [MHC19]]. Other
testing tools explore different points in the same design space [RNLOS].

2.3.1 Design of QuickCheck

In QuickCheck, the programmer writes a property as a Haskell expression or func-
tion, and repeatedly tests that property on randomly generated inputs, by passing it
to the function QuickCheck. QuickCheck does not require a separate specification
language, as the specification is written in the same language as the program being
tested [CHOO]. A simple QuickCheck property can be a Boolean expression. For
example, a property about list reversal can state that reversing a list twice gives
back the original list.

prop_RevRev xs = reverse (reverse Xxs) == XS

Figure 1: QuickCheck property example of reverse taken from [CHOO].

Since such a property returns either True or False, QuickCheck can run the prop-
erty and report whether it succeeded. However, QuickCheck does not restrict prop-
erties to plain Booleans. It also has a Property type, which represents richer
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testable statements, such as properties with conditions, labels, generated input, or
other testing annotations. QuickCheck generalizes the notion of a property through
the Testable type class. The purpose of Testable is to describe which Haskell
values can be interpreted as testable properties. In simplified form, a value is
testable if QuickCheck can convert it into a Property:

class Testable prop where
property :: prop -> Property

This abstraction is important because it lets QuickCheck treat both boolean values
and functions as properties. A value of type Bool can be tested directly. A function
type such as Int -> Bool is interpreted as a universally quantified property over
generated integers: QuickCheck generates an Int, applies the function to it, and
checks the resulting Boolean. More generally, if a value of type a can be generated
and prop is testable, a function of type a -> prop is also testable. This is how
QuickCheck supports properties with several arguments, such as Int -> [Int]
-> Bool [CHOO].

The generator side of QuickCheck is represented by the abstract type Gen a, which
denotes a generator for values of type a. Since the Testable instance for functions
requires generated arguments, QuickCheck needs a systematic way to generate
values of different types. This is provided by the Arbitrary type class and its
method arbitrary, which produces a generator for values of the given type:

class Arbitrary a where
arbitrary :: Gen a

A type is an instance of Arbitrary when QuickCheck can generate random values
of that type. QuickCheck provides generators for many basic types, while pro-
grammers can define their own Arbitrary instances for user-defined data types.
This is essential for testing realistic programs, since many properties are not about
primitive values alone, but about structured inputs such as lists, trees, expressions,
or domain-specific data structures.

Generators in QuickCheck are compositional. Simple generators can be combined
into generators for more complex values, and generator combinators can be used
to choose between alternatives, generate lists, restrict values, or build structured
data. The original QuickCheck paper also discusses the importance of size control
[[CHOO]]. QuickCheck provides a size parameter that generators can use to control
the complexity of the values they produce [[CHOO].
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To define custom generators, QuickCheck provides combinators such as elements,
which chooses from a fixed list, and 1istOf, which creates a generator for a list
of values. For instance, if a programmer wants to generate a list containing colors,
they could define the following:

data Color = Red | Blue | Green
deriving (Show, Eq)

-- A generator choosing from a set of alternatives
genColor :: Gen Color
genColor = elements [Red, Blue, Green]

-- A generator for a list of colors
genColorList :: Gen [Color]
genColorList = 1listOf genColor

Figure 2: Example of generator combinators adapted from [|[CHI|.

Some properties quantify not only over values, but also over functions. Claessen
and Hughes show that generated functions can be represented extensionally, by
mapping generated inputs to generated outputs. This makes it possible to test
higher-order properties [CHOO]. A classic example of a higher-order property is
the associativity of function composition. Since functions cannot be compared di-
rectly by ordinary equality, Claessen and Hughes define an extensional equality
operator, written ===, which compares two functions by applying them to a gener-
ated input. QuickCheck must then generate three functions and an input value to
test whether the composition law holds [CHOO].

-- Extensional equality for generated inputs.
(f:::g)x:fx::gx

-- Function composition is associative.
prop_CompAssoc :: (Int -> Int) -> (Int -> Int)
-> (Int -> Int) -> Int -> Bool
prop_CompAssoc f g h =
f.(g.h)y==(.g .h

Figure 3: Higher-order property example from [CHOO].

When this property is passed to QuickCheck, the framework automatically gen-
erates functions for f, g, and h. The property is tested extensionally: rather than
comparing functions directly, QuickCheck compares the outputs produced by the
two sides of the equation on generated inputs.
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The original QuickCheck paper did not introduce shrinking as a central part of the
testing algorithm, although it briefly mentions a function smaller :: a -> [a]
in the context of pretty printing counterexamples [CHOO]. Modern QuickCheck,
however, includes shrinking as a standard part of the workflow [[Cla26]. When
a property fails, QuickCheck does not simply report the first randomly generated
counterexample. Instead, it tries to replace the failing input with smaller candidate
inputs and reruns the property on those candidates. If a smaller candidate still fails,
QuickCheck continues shrinking from that value, to find a simpler counterexample
that still produces the bug.

-- A property that fails if any element is greater than 10
prop_small :: [Int] -> Bool
prop_small xs = all (<= 10) xs

Example Output without shrinking:

*x*% Failed! Falsifiable (after 3 tests):

[15, 2, 9, -34, 100, 5, 22, 11]

Example Output with shrinking:

*x% Failed! Falsifiable (after 3 tests and 5 shrinks):
[11]

Figure 4: Illustrative comparison of a raw counterexample and a shrunk counterex-
ample. The exact output depends on the generator, seed, and QuickCheck version.

As an extension, shrinking in modern QuickCheck is connected to the Arbitrary
type class through the shrink method [[Cla26].

class Arbitrary a where
arbitrary :: Gen a
shrink it a > [a]

The arbitrary method describes how to generate random values of type a, while
shrink describes how to produce simpler candidate values from an existing value.
For example, a shrinker for integers may try values closer to zero, while a shrinker
for lists may try shorter lists or lists whose elements have themselves been shrunk.

The design of shrinking has become an important part of later property-based test-
ing systems, including modern QuickCheck and newer systems, such as falsifly,
which revisits the relationship between generation and shrinking in Haskell [[Vri23};
Cla26} [Pik14].

10



3 Design

This sections presents the user-facing design of FutPBT. The goal is to extend
the existing Futhark testing workflow with property-based testing, keeping the
Futhark-side interface small, while aiming to adapt the behavior, robustness, and
user experience provided by QuickCheck. A user should be able to write the com-
putational parts of a property-based test in Futhark, with the surrounding testing
logic, such as repetition, generation control, shrinking control, and error handling,
managed by an external runner. An overall goal of the design is to keep the inter-
face simple and usable, in line with the central appeal of property-based testing:
making testing easier for the user, summarized in the idea: Do not write tests, gen-
erate them [[Hug16].

The design of the protocol is presented as an iterative, example-driven process,
where each section incorporates a new step of the protocol. We begin with the
simplest protocol: a property is a Futhark entry point that returns a boolean. From
there, we identify the limitations of this design and extend the protocol with (1)
Property inputs and how these should be handled (2) Generation, which defines
how to produce test data while leaving the distribution under user control (3)
Shrinking, where the main design challenge is to simplify counterexamples while
keeping the Futhark-side protocol simple. When a design component reaches its
final form, we state it explicitly as a definition.

3.1 Defining properties

To start off, we want the ability to state properties of functions as outlined in

tion 2.2.1] for example reverse as the involution:

reverse (reverse xs) == XS

Section [2.3] described how QuickCheck treats several Haskell values as properties
through the Testable type class. We want properties to be expressed purely in
Futhark, with the same separation of concerns as QuickCheck, where properties
check if a value violates the property. We begin with the simplest possible inter-
face: Properties as functions returning a boolean.

reverse_involution : bool =
let xs = [1i32, 2i32, 3i32]
in and (map2 (==) (reverse (reverse xs)) Xxs)

This, however, would be equivalent of a unit-test, where the input must be written
explicitly. This is also not how properties are defined in QuickCheck. Furthermore,
if xs is a random value, we cannot see the value if the property fails, as there is no
10 in Futhark. Being able to store the value outside of Futhark allows for inspecting
it.

11
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We now define a property as a unary Futhark entry point from some type testType
to a Boolean.

Definition 3.1 (Property). A property is a Futhark entry point of type
testType -> bool.

For example, the property that reverse is an involution can be written as follows:

entry reverse_involution (xs: []1i32) : bool =
and (map2 (==) (reverse (reverse Xxs)) XS)

The property now takes an input to validate with. We call such an input value a
candidate.

Definition 3.2 (Candidate). A candidate is a value x : testType.

Given a property and a candidate, evaluate the property on that candidate. We call
this single evaluation a fest.

Definition 3.3 (Test). A test is the evaluation of a property on a candidate. If the
property returns true, the test is interpreted as a success. If the property returns
false, the test is interpreted as a failure.

A failing test shows that a concrete candidate does not hold for a property. We call
such a candidate a counterexample.

Definition 3.4 (Counterexample). A counterexample is a candidate for which eval-
uating the property by performing a test returns false.

With these definitions, we can devise a system called the runner. For the example
of reverse_involution, the runner generates many random candidates of type
[1i32, passes each candidate to the property entry point, and checks whether the
result is true or false. If the property returns false for some candidate, that
candidate is a counterexample. Before reporting the counterexample, the runner
may try to simplify the counterexample through shrinking, and then report it to the
user. However, using this simple definition of property has some limitations.

This is the first departure from the approach described in QuickCheck
can make the notion of a property implicit through Testable; FutPBT must in-
stead make it explicit as an entry-point protocol. Our definition of a property is
more restrictive than properties in QuickCheck. First, a property must be an entry
point, such that the runner can call it, which means that it cannot be higher-order
[The26al]. Furthermore, in QuickCheck, properties are not restricted to one fixed
surface type such as a -> Bool as explained in QuickCheck sup-
ports properties with different numbers of arguments, as well as richer constructs
such as conditional properties and classification combinators [[CHOO].

12
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Futhark does not have type classes [EHO18b|. This means that our property inter-
face does not directly support QuickCheck-style properties with varying numbers
of arguments, higher-order properties, or monitoring facilities in the same way as
classify [[CH]. The benefit is that the interface is simple and easy to check: the
Futhark side only has to answer whether a candidate satisfies the property. More
involved testing machinery, such as candidate generation, reporting, and classi-
fication, can then be placed outside the Futhark language boundary. Futhark is
statically typed [EHO18b], so types must be defined before compilation. This does
not by itself distinguish FutPBT from QuickCheck, since Haskell is also statically
typed.

At this point, we have defined the shape of a property and the basic vocabulary used
by the runner: candidates, tests, and counterexamples. However, the runner still
has no way to evaluate which entry points in a Futhark program should be treated
as a property. A Futhark file may contain many entry points, and only some of
them are intended to be part of the property-based test suite. The next question to
be addressed is how the user’s intent should be represented.

3.1.1 Declaring properties

Since a property is an entry point of type testType -> bool, one possible design
is to let the runner classify every entry point with an arity of one and a boolean
output as a declared property.

This design has the advantage of being simple and does not require additional
syntax from the programmer. It also resembles part of the QuickCheck experi-
ence: a function returning a boolean can be interpreted as a testable property, and
QuickCheck’s Testable class generalizes this idea to functions of several argu-
ments whose final result is testable. As we do not have type classes in Futhark, the
closest simple approximation is to use the server-visible type of an entry point: if
it has type testType -> bool, then the runner may try to test it.

This solution, however, is too broad. A Futhark program may contain entry points
of type testType -> bool that are not intended as properties. For example,
an entry point may expose a normal predicate, a helper used for debugging, or a
boolean-valued computation that is meant to be called directly. The type tells us
that the function can be evaluated as a test, but it does not tell us that the program-
mer intended it to be part of the property-based test suite. Treating all such entry
points as properties would therefore risk running tests that the user did not ask for.
For further discussion of this see [Hen26c¢].

A solution would be to pass the property names on the command line. This would

make discovery explicit, since the runner would only test entry points named by
the user. However, this moves the test specification out of the Futhark program.

13
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One of the goals of the design is that a test file should describe the tests it contains,
rather than requiring the essential test declaration to live in an external invocation.
We hence reject this solution.

An alternative design option is to use a naming convention.

entry prop_reverse_involution (xs: []i32) : bool =
and (map2 (==) (reverse (reverse Xs)) Xs)

In this design, the runner treats entry points whose names begin with prop_ as
properties. This follows a common convention from QuickCheck examples, where
properties are often named with a prop_ prefix, such as prop_reverse_involution.
This avoids treating all boolean-valued functions as tests, because the user must at
least name the property as a property.

The naming convention is more precise than using the type alone, but it still has
its issues. It makes evaluation depend on spelling rather than on an explicit dec-
laration. If the user renames an entry point and forgets the prefix, the entry point
silently stops being treated as a property. Conversely, any entry point whose name
begins with prop_ will be interpreted as a property, even if the prefix was used only
as an informal name. This convention communicates intent, but only indirectly.

A solution is to place the property declaration in a comment block. For example:

-- property: prop_RevRev

entry prop_RevRev (xs:[]i32) : bool = ...

This has the advantage that the test declaration is kept in the same comment-based
testing format already used by Futhark, following the principle of least astonish-
ment. It also makes it easy to choose which properties are part of a particular test
block.

A drawback is that comments are separate from the entry points they describe. A
comment can name a property that no longer exists, or it can fail to mention an
entry point that is otherwise intended as part of the property-based test suite. The
runner must therefore perform additional validation to detect mismatches between
the comment-level declaration and the actual visible entry points.

A solution is to attach the declaration directly to the property entry point by adding
it as an attribute:

#[prop]
entry prop_reverse_involution (xs: []i32) : bool =
and (map2 (==) (reverse (reverse Xs)) Xs)

14
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This makes the identification local to the property. The property entry point at-
tribute declares that it is a property. Unlike the naming convention, this does not
require the property to be named in any particular way. Unlike a comment-only
solution, the declaration is attached directly to the entry point.

However, an attribute-only solution does not match the structure of Futhark test.
Futhark tests are selected through test blocks, and it is useful for property-based
tests to participate in the same mechanism. We will explain this in more detail in

We will use another option: a hybrid design.

-- property: prop_reverse_involution

#[prop]
entry prop_reverse_involution (xs: []i32) : bool =
and (map2 (==) (reverse (reverse Xs)) Xs)

In this hybrid design, the attribute indicates that a property is testable, while the
comment block is the source of information about whether the property is included
in a particular test specification. The runner must check that all property test blocks
refer to an attributed property, and that all property attributes are connected to a
corresponding test block. At last, we can define a property test:

Definition 3.5 (Property test). A property test is a property selected by property:
in a test block and annotated with a #[ prop] attribute.

3.1.2 Invariants of properties

The definition of property also introduces another problem. A property over arrays
of type []1i32 may only be valid for sorted arrays, non-empty arrays, or arrays sat-
isfying some relation to another value. These are not expressible in Futhark’s type
system. But our system allows for property to take all candidates of testType.
Therefore, a runner that generates candidates only from the Futhark type may pro-
duce well-typed values that are invalid for the property. So while the runner can,
as a default, generate candidates, we need another solution. We could demand that
our user implements, for example, sorting in their property, but this would dilute
the responsibility of the property, and also stray from how generation is handled in
QuickCheck. This motivates the next extension of the protocol: a way to control
how candidates are generated.

3.2 Defining generators

We now move from festing candidates to generating them. Since a property con-
sumes values of type testType, the most direct interface is to define a generation
entry point to produce values of exactly that type. In other words, the generator is
responsible for producing candidates.

15



W

3 DESIGN

Definition 3.6 (Generator). A generator is a Futhark entry point of type 164 ->
u64 -> testType.

For example, the following generator produces an array of 132:

entry gen_i32_array (size: i64) (seed: u64) : []i32 =
let n = i64.max 0 size
let seed_i32 = i32.u64 seed
in tabulate n (\i ->
let x = seed_i32 + i32.i64 i
in (x * 1103515245132 + 12345i32) % i32.i64 (size + 1))

This definition allows the user to implement the generator in such a way that the
runner can control and vary the generated candidates. By implementing a gen-
erator that utilizes the size variable, the runner can influence the magnitude or
structural size of generated candidates, such as the range of integers or the length
of arrays. By implementing a generator that utilizes the seed variable, generation
will depend on a source of randomness, enabling repeated tests to explore differ-
ent candidates. With this, generation remains under user control, since candidate
generation can depend on semantic restrictions that are not expressible in Futhark’s
type system.

The purpose of our definition of a generator is not to infer the best possible test dis-
tribution automatically. Instead, the protocol gives the user a simple way to write
executable generation logic in Futhark. This also means that questions of coverage
and distribution are primarily the user’s responsibility: the runner provides size and
seed parameters, but the generation implementation determines how these param-
eters are used.

Our definition for a generator and candidate generation is a more explicit than the
QuickCheck generation described in QuickCheck also supports gen-
eration through combinators such as forAll, but these are still expressed inside
QuickCheck’s generation abstraction [CHOO].

Futhark does not have an Arbitrary-style type class mechanism for attaching gen-
erators to types. The auto-generator handles primitive types and their composites
generically, but users can override it when they need semantically meaningful test
data, e.g. sorted arrays or constrained integers, that the generic generator cannot
infer from the type alone. So the generator is a named entry point that the run-
ner can call directly through the Futhark server. This keeps the boundary between
Futhark and the runner explicit: the Futhark program can define how candidates
are generated, and the runner supplies the size and seed values.
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3.2.1 Declaring generators

Once generators are represented as entry points, the next question to address is
how the runner should evaluate which generator belongs to a given property. One
solution is to place the association in a test comment. For example, a property-
based test could be declared in a comment block that names both the property and
the generator.

-- property: prop_RevRev
-- generator: gen_i32_array

entry prop_RevRev = ...

Or:

-- property: prop_RevRev { generator=gen_i32_array }

entry prop_RevRev = ...

This has the advantage that the test declaration is kept in the same comment-based
testing format already used by Futhark. This makes it easy to choose which prop-
erties are part of a particular test block.

A drawback of this design, however, is that it would introduce a new syntax for
specifying the generator. Futhark test already has its own syntax for declaring
entry points, inputs, and expected outputs. Extending that syntax with nested prop-
erty configuration would make the test comment responsible not only for selecting
tests, but also for describing how each property should be executed. This makes
the comment block more expressive, but also more complicated.

There is also a locality problem. The association between the property and the gen-
erator would be written away from the property entry point itself. If the property
is renamed, moved, or reused in another test block, the comment-level declaration
may become inconsistent with the actual entry points in the program.

As a consequence, the runner would have to validate that the named property and
generator both exist, and that the generator has the correct type for the property.
These checks are necessary in any case, but a comment-only design makes the as-
sociation more fragile when the protocol information is separated from the code it
configures.
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Another solution is to attach the association directly to the property entry point by
adding it to the attribute:

entry gen_i32_array (size: i64) (seed: u64) : []i32 =

#[prop(gen(gen_i32_array))]
entry prop_reverse_involution (xs: []i32) : bool =
and (map2 (==) (reverse (reverse Xs)) Xs)

This makes the association local to the property. The property entry point declares
not only that it is a property, but also which generator should be used to produce
its candidates. Unlike a comment solution, the declaration is attached directly to
the entry point it configures, and adding sub-attributes to entry points is already
implemented in Futhark. A declared property with an associated generator now
looks like this:

-- property: prop_reverse_involution
entry gen_reverse_involution (size: i64) (seed: u64) : []i32 =
#[prop(gen(gen_reverse_involution))]

entry prop_reverse_involution (xs: []i32) : bool =
and (map2 (==) (reverse (reverse Xs)) Xs)

In this hybrid design, the attribute is the source of information about how the prop-
erty should be executed, while the comment block is the source of information
about whether the property is included in a particular test specification. Naturally,
we would need to check if all comments have a connected attribute, and that all
prop-attributes have a connected test block.

We can now extend our notion of a runner. It now also calls a generator if spec-
ified. It must connect two levels of information. The comment block determines
which property tests are part of the test file, while the attribute attached to the prop-
erty determines how that property test is executed. In particular, the runner must
check that every property named in a comment block refers to an entry point with
a corresponding #[prop(. . .)] attribute, and that every generator named by such
an attribute exists and has the correct type.

The runner can now validate the complete test before execution. The property must
be an entry point of type testType -> bool. The generator must be an entry point
of type 164 -> u64 -> testType, where testType is the input type of the prop-
erty. If these requirements are not met, the test is rejected before any candidates
are generated. This gives the user an explicit interface while keeping errors close
to the declarations that caused them.
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We also extend the attribute with an optional user-defined size:

-- property: prop_reverse_involution
entry gen_reverse_involution (size: i64) (seed: u64) : []i32 =
#[prop(gen(gen_reverse_involution), size(1000))]

entry prop_reverse_involution (xs: []i32) : bool =
and (map2 (==) (reverse (reverse Xs)) Xs)

entry shrink_reverse_involution (xs: []i32) (random: u64) : []i32 =

#[prop(gen(gen_reverse_involution), shrink(shrink_reverse_involution))]
entry prop_reverse_involution (xs: []i32) : bool =
and (map2 (==) (reverse (reverse Xs)) Xs)

To allow the user to define what size the generator should take.

3.2.2 Generator conclusion

We now have a protocol for producing candidates and associating those candidates
with a property. A generator is a server-callable Futhark entry point that takes a
size and a seed and returns a candidate of testType. The association between
a property and its generator is declared by an attribute, while the decision to in-
clude the property in a run is declared in a test block with property:. The runner
repeatedly generates candidates and evaluates the properties, until it finds a coun-
terexample or the configured test bound is reached. If a property holds, it reports
that the property passed.

We could stop here and report the found counterexample to the user. However,
a generated candidate may be large or difficult to understand when printed. For
example, a counterexample of array type may contain many elements, even though
only a small part of it is relevant to the failure. This leads to the next part of the
design: simplifying counterexamples.

3.3 Defining shrinking

We now introduce the notion of a shrinker, as presented in The
purpose of shrinking in FutPBT is not to guarantee a global minimal counterexam-
ple. In general, there is no single notion of minimality: for integers, smaller may
mean closer to zero; for arrays, it may mean shorter; for records, it may depend on
which fields are relevant to the property. Instead, our goal is to provide a protocol
in which the user can define how counterexamples should be simplified, while the
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runner guarantees a regular execution strategy. For example, it is the user’s respon-
sibility to implement shrinking that returns smaller candidates. Shrinking can be
implemented arbitrarily bad, but as long as the runner semantics are not violated,
this responsibility lies with the user. The main question with shrinking is how pos-
sible simplifications of a counterexample should be exposed to the runner. We need
to define what shrinking should do.

3.3.1 Integrated shrinking: Auto-shrinking through the generator

One way to design shrinking, is to use the generator. If a generator already de-
scribes how values are constructed relative to a size parameter, it becomes possible
to search for smaller counterexamples by rerunning the generator with smaller size
values and a new seed drawn from the initial one. This gives a form of shrinking
through the generator space rather than through a separate shrink function.

The attraction of this approach is that it reuses information already present in the
generator. A user who has invested effort in writing a generator that produces
candidates of increasing structural complexity as size grows has, in effect, already
provided a notion of approximation to smaller candidates. Furthermore, if the
property has some invariant, such as only being defined for sorted lists, the gen-
erator should already generate candidates that follow this. If the generator does
not use size, automatic shrinking will end when size reaches zero. We will leave
automatic shrinking as a default.

However, this style of shrinking only explores smaller candidates that remain
reachable through the generator at smaller sizes, and depends heavily on how well
the generator correlates size with simplicity. Furthermore, this design would not
shrink actual found counterexamples, but present new ones after re-running the
generator. This design works, but would not strictly be shrinking as described in
Nonetheless, it is attractive because it offers a useful fallback strat-
egy when the user has not provided a dedicated shrinker. It improves usability
while remaining compatible with the runner-driven architecture. We now extend
the protocol with optional dedicated shrinking.

3.3.2 Designing a dedicated shrinker

described QuickCheck shrinking as a function shrink :: a -> [a],
which returns a list of smaller candidates. A natural starting point is as such a list-
based shrinking design. An example of an entry point to shrink counterexamples
of type 132 could be:

entry shrink_simple (x: i32) : []i32 =
if x == @ then
]
else
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[0, x / 2]

The function shrink_simple is called again and again, each time shrinking the can-
didate incrementally.

In QuickCheck a single step of shrinking can be understood as returning a col-
lection of immediately smaller candidates, calculated from a counterexample that
falsifies the property. A candidate that falsifies the property is selected and then
shrinking continues from this new counterexample. This has the advantage of mak-
ing shrinking conceptually simple: the shrinking entry point proposes several pos-
sible next steps, and the runner selects one from among them.

Drawing inspiration from QuickCheck, we defined our first iteration of a shrinking
entry point of type testType -> [JtestType.

3.3.2.1 return_val and return_len solution

To support list-based shrinking, the first design introduced two entry points to be
written in Futhark, along with the property, generator and a shrinking entry point:
return_val and return_len. return_val was an entry point function that given a
list and an integer denoting index would return the value at that index of the list.
return_len took a list and returned the length. At the time of implementing there
was no way to get dimensions of lists through the Futhark Server protocol, but
this changed during the project, making return_len obsolete. Using return_val
worked for simple shrinking of non-composite types. But because Futhark changes
arrays of composite to composite of arrays this complicated composite-types. Fur-
thermore, we wanted a simpler protocol and interface, and forcing the user to im-
plement an indexing function was not ideal. As a result, the indexing logic was
moved to the runner.

3.3.2.2 Array slicing solution

To move the indexing to the runner, helper functions were introduced to support
this. They existed to extract a candidate at a given outer index from the returned
array of counterexamples and make it as a standalone server-side value that could
be passed to the property. This however quickly introduced significant complexity,
especially in slicing arrays and the server representation of tuples and records.
As such this solution did still not support composite types, shrinking arrays along
dimensions in an easy manner, and the solution was not trivial.

3.3.2.3 List-shrinking design limitations

The list-based shrinking design proved to have limitations in the setting of Futhark.
In QuickCheck, shrinking is expressed as a function that returns a list of smaller
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candidates, and Haskell’s laziness allows the testing loop to consume this list in-
crementally [Cla26]]. In contrast Futhark provides a different execution model. A
shrinker returning []testType would return a concrete Futhark array of candi-
dates, which the external runner would then have to traverse.

Furthermore, in QuickCheck, the shrink representation and the testing loop are in
the same host language. In Futhark each proposed candidate would have to be
extracted, materialized, and passed back to the property before the runner could
decide whether to accept it. The problem is not only that data must cross the
boundary, but also that the runner would have to manage each candidate explicitly.

The array representation also creates a more fundamental restriction. Futhark ar-
rays are regular, meaning that all inner arrays in an array of arrays must have the
same size [The26c]. Thus, if testType itself is an array, a return-value of type
[JtestType cannot conveniently represent a collection of candidates where dif-
ferent array candidates have different lengths. This is precisely the kind of varia-
tion that shrinking often needs, for example, when trying both to remove elements
from an array and to shrink the values of individual elements. List-based shrinking
would be awkward both operationally, due to the server boundary, and semanti-
cally, because Futhark’s regular arrays do not match the irregular structure of a
shrink tree.

3.3.3 A new shrinker design

Prompted by the above, we instead adopt a design in which a shrinker returns a
single candidate per call. As such, the shrinking entry point is of type testType
-> testType. An example of this would be:

entry shrink_simple (x: i32) : i32 =
x / 2

The protocol favors repeated external orchestration over internal list production.
Compared with the earlier list-based design, this reduces the need for indexing and
materialization, keeps the protocol closer to the existing server execution model,
and makes it easier to integrate shrinking into the same life cycle as generation,
property evaluation, and reporting. While this loses the classical structure of the
QuickCheck shrinking style, it is better suited to the operational constraints of an
external runner for Futhark. However, this approach presents us with the ques-
tion of when to stop shrinking. In QuickCheck, this happens when a list without a
counterexample is returned. But only returning one candidate means it will often
not be a counterexample, even though there may exist a smaller counterexample.
The Futhark shrinking entry point does not track information indicating how many
times it has been called, or what steps it has already performed. As such we extend
the shrinking entry point with a status and a tactic.
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3.3.3.1 Shrinking tactic and status

The tactic-based shrinking is inspired in part by the tactic-oriented shrinking style
used in Theft for C [Vok14]. In this design, the shrinking entry point takes the
current counterexample together with an u64 tactic value and returns both a candi-
date and a status code. The shrinking entry point is of type testType -> u64 ->
(testType, i8). It could for example look like this:

entry shrink_simple_tactic (x: i32) (tactic: u64) : (i32, i8) =
if tactic == @ then
-- Then try halving the value.
(x / 2, i8.bool (x / 2 == x))
else if tactic == 1 then
-- Then try moving one step toward zero.
if x >0
then (x-1, i8.bool (x-1 == x))
else (x + 1, i8.bool (x+1 == x))
else
-- No more tactics.
(x, 2)

The motivation is to let the user be explicit about control flow: whether the run-
ner should return to the first tactic, advance to the next tactic, or stop shrinking
completely. This shrinking design is expressive and gives the user direct control
over when a tactic is exhausted, allowing it to communicate if a single iteration of
shrinking did not change the counterexample and when shrinking should terminate.
We also considered simplifying the status to a boolean and have the runner inspect
whether the returned value had actually changed in order to distinguish between

"continue shrinking", "advance", or "stop", which in practice pushed more implicit
logic back into the runner, but we decided against it.

The status/tactic approach made the bridge between Futhark and the runner more
complicated than necessary. The user would have to understand the meaning of
status, the meaning of tactic, and both of these would be points where the user
might make a mistake. Since one of the goals of our design is to keep the protocol
as simple as possible, we again return to designing shrinking.

3.3.4 Multiple shrinkers

We considered splitting different shrinking strategies out as more entry points,
which would then be specified either in the attribute or somewhere else, but de-
cided against it. The orchestration would be unnecessarily complex, and there
would be more potential points of error for the user.

3.3.5 Final shrinker definition

We now define the final shrinker interface, taking the form
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Definition 3.7 (Shrinker). A shrinker is an entry point of type testType -> u64
-> testType.

That is, the shrinker receives the current counterexample together with an auxiliary
random value, and returns a single candidate value of the same type as the coun-
terexample. It could, for example, take this form, where an auxiliary random value
can be used to decide how to shrink, as per the tactic approach:

entry shrink_i32_array (xs: []i32) (random: u64) : []i32 =
let n = length xs
in if n == @ then
XS
else if random % 2u64 == Qu64 then
-= Try shrinking the structure by removing the last element.
take (n - 1) xs
else
-- Try shrinking the values by moving every element toward zero.
map (\x -> x / 2i32) xs

With this definition of a shrinker we now define a shrink step and a shrinking
session:

Definition 3.8 (Shrink step). Given a shrinker, a counterexample and a random
seed, compute a new candidate. Perform a test with the computed candidate. Ac-
cept it as the new counterexample if the test fails, otherwise, reject it.

Definition 3.9 (Shrinking session). A shrinking session is a sequence of Shrink
steps performed after a counterexample has been found. Beginning with an ini-
tial counterexample, repeatedly apply Shrink steps, with a random seed computed
deterministically from the initial random seed. A shrinking session stops when a
pre-defined amount of Tests in a row are successes.

In this protocol, the shrinker only proposes a single candidate. The shrinker can-
not communicate to the runner that a candidate is actually smaller, and it does not
decide when the shrinking session should stop. Those decisions remain with the
runner. The runner evaluates the proposed counterexample with the property; if the
counterexample still fails the fest, it becomes the new current counterexample, and
if it succeeds, it is discarded.

The auxiliary u64 input gives the runner a simple way to vary shrinking across
repeated calls. Without this input, a deterministic shrinker of type testType ->
testType would return the same candidate every time it was called with the same
counterexample, and if the new candidate is in fact not a counterexample, the
shrinker would not be able to explore other options. The auxiliary value there-
fore acts as a runner-controlled variation parameter. It may be interpreted by the
shrinker as a tactic, a random value, or an index into a family of shrinking attempts.
The protocol does not prescribe this interpretation.
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Compared with the earlier status-based design, this interface deliberately removes
control-flow information from the shrinker. The shrinker does not return a status
code, boolean continuation flag, or a list of alternatives. This makes the interface
less expressive, but it simplifies the interaction with the runner and there are fewer
potential points of error for the user. The user only has to implement a function
that proposes a counterexample of the correct type. They do not have to learn a
separate status protocol, decide when the runner should restart or stop, or ensure
that status codes remain consistent with the returned counterexample.

Keeping orchestration outside Futhark fits the overall design of the protocol, where
the Futhark-side components remain entry points and the testing logic is han-
dled by the runner. The resulting design is less declarative and deterministic than
QuickCheck’s list-based shrinking, since the shrinker does not expose an explicit
collection of all immediate smaller candidates. It is, however, adapted to a setting
with an outside runner. It avoids materializing whole collections of counterexam-
ples, avoids indexing into arrays of values, and works naturally through repeated
calls to Futhark entry points.

At this point, we have a complete protocol for our runner to execute. It can discover
properties, generate candidates, test candidates, print candidates, and optionally
attempt to shrink counterexamples. We can now define the final protocol and exe-
cution through the runner.

3.4 Final protocol

The final protocol consists of the prerequisites for participating and the mechanism
for protocol execution.

3.4.1 Prerequisites for participating

To participate in this protocol a property, and any associated generator and shrinker,
must satisfy the static requirements given in the definitions above. In addition, ex-
ecution is parameterized by a test bound, a size parameter, and a seed parameter.
The test bound determines the maximum number of candidates generated by a gen-
erator to test with a property. The size parameter is supplied to the generator to
control generation, and the seed parameter determines the initial random seed used
by the generator and the shrinker.

3.4.2 Protocol execution

Once a well-formed property test has been provided, execution begins by the run-
ner either automatically generating a candidate or by invoking the associated gen-
erator to construct a candidate. The candidate is then supplied to the associated
property, defined as a fest. If the test succeeds, a new candidate is generated and
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the process repeats until either a failure is found or the configured test bound is
reached. If the test bound is reached without a failure, the property is reported as
having passed.

If a test fails, the failing candidate becomes the initial counterexample. If no
shrinker is provided, the runner performs automatic shrinking. If a shrinker is
provided, the runner initiates a shrinking session in order to search for a smaller
failing counterexample. Once execution has finished, the final counterexample is
reported.

The overall protocol execution is shown in[Figure 5| The figure shows the control
flow of executing a single property test and runner / user-side boundary.

3.5 Design conclusion

This section has presented the design of FutPBT as a protocol between Futhark
entry points and an external runner. The central design decision is to keep the
Futhark-side interface small. The final protocol is by necessity different from
QuickCheck. In QuickCheck, type classes such as Testable and Arbitrary al-
low the library to interpret many Haskell values as properties and to select genera-
tion behavior from the tested type. Futhark does not provide the same abstraction
mechanisms, and FutPBT interacts with compiled Futhark programs through en-
try points. FutPBT can infer simple default generation from some Futhark types,
but it cannot infer domain-specific generation or shrinking in the same way that
QuickCheck can use type-class instances. These components have to be made ex-
plicit when the defaults are not sufficient. Test comments select which properties
to run, while attributes on the property entry point describe the optional associated
generator, shrinker and size override.

The design reflects the operational constraints of Futhark and the Futhark server
protocol. In particular, the shrinker does not return a list of possible smaller candi-
dates, as in QuickCheck. Instead, it returns a single candidate per call. This avoids
materializing collections, avoids complicated indexing into server-side arrays, and
gives the runner control of when to continue or stop shrinking. The cost is that
shrinking becomes less declarative, but the benefit is a simpler and more robust
server-mediated protocol.

The result is a design in which Futhark remains responsible for pure computations,
while the external runner is responsible for the orchestration of those computa-
tions. The next chapter describes how this design is implemented and integrated
into the existing Futhark testing infrastructure.
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Figure 5: Control-flow diagram for executing a property-based test and runner /
user barrier. Solid arrows show control-flow transitions between execution states.
Please, note that true* indicates shrinking does not end if a single candidate that is
not a counterexample is returned, but may employ specific stopping strategies, such
as if a preconfigured number of candidates upholding the property are returned in
a row.

27



4 Implementation

Our implementation is shaped by the protocol developed in and by the
decision to integrate property-based testing into the existing Futhark test infras-
tructure [[The26b]|. This section first describes the execution model of Futhark test:
how each source file is treated as a test unit, how the compiled Futhark program is
run as a server process, and how the Haskell runner described in com-
municates with that process through the server APL. It then states the seven most
important implementation requirements and explains how the implementation in-
tegrates property tests into Futhark test, manages server-side variables, handles
failures, validates protocol components, preserves counterexamples, and provides
automatic fallback components.

The central runner logic is implemented in Futhark.Test.Property, while the
surrounding integration extends the existing Futhark test machinery for parsing
test blocks, discovering property specifications, and reporting results.

4.1 Execution model

The Futhark test command is a test runner for Futhark programs. Its execution
model is file-oriented: each Futhark source file is parsed as a test specification,
compiled or interpreted according to the selected test mode, and tested indepen-
dently of the other files in the test run. The test runner may schedule several files
concurrently, but each file is still treated as a separate test program with its own
specification, and its own pass/fail result. The Futhark test command is imple-
mented in Haskell, and is responsible for parsing test specifications, compiling the
source file, starting the compiled program, and collecting test results. In compiled
server mode, the Futhark program being tested runs as a separate server process.
The runner communicates with the server process through the Futhark server pro-
tocol.

The Futhark server protocol is an interface for interacting with a compiled Futhark
server program as a long-running process maintaining a Futhark context. Instead of
executing the program once with a fixed input and then terminating, the compiled
executable is started in server mode. An external process can send commands, such
as storing or freeing values, to this server over standard input and receive responses
over standard output [The26d|. In Futhark test, this external process is the test run-
ner, while the server process is the compiled Futhark program being tested. This
gives the test runner a degree of isolation: if the compiled Futhark program fails,
crashes, or is aborted, the runner process may still continue and report the failure.
However, this isolation also has a limitation. Values that exist only as server vari-
ables are owned by the server process. If the server becomes unavailable, those
values can no longer be inspected or recovered through the protocol.
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The server protocol also exposes entry points of the compiled Futhark program
[The26d||. The runner can for example query which entry points exist, inspect their
input and output types, provide input values, call entry points, retrieve results, store
and load values to and from files, and free server-side variables. A typical interac-
tion is not a single function call, but a sequence of protocol commands.

A complete interaction through the Haskell server API, corresponding to a se-
quence of server protocol commands, can have the following form. Given an entry
point in a Futhark file like this:

entry inc (x: i32) : i32 =
x + 1

Interaction through the server protocol could look like this:

-- Put the input value into the server.

nyn

FSV.putValue srv "x" val

-- Call the entry point. This creates the server variable "y".
cmdCall srv "inc” "y" ["x"]

-- Store the result in Futhark's binary data format.
cmdStore srv "output.bin” ["y"]

-- Free the server variables that are no longer needed.
cmdFree srv ["x", "y"]

-- Restore the stored value into a new server variable.
cmdRestore srv "output.bin” [("z", "i32")]

-- Free the last variable
cmdFree srv ["z"]

Here, x, y, and z are server variable names. The first operation creates x inside
the server. The call to inc uses x as input and creates y as output. The cmdStore
command writes y to output.bin. The cmdFree frees x and y. The cmdRestore
command reads that binary file back into the server, creating a new server variable
z of type 132. Then z is freed.

This example illustrates the central idea of the server protocol. Values inside the
running Futhark program are referred to by server variable names such as x and y.
The external runner does not directly manipulate or inspect the internal represen-
tation of these values. Instead, it instructs the server to create, use, store, restore,
and free them.

The runner can inspect values whose structures are exposed through the protocol:
querying kinds, fields, element types, and shapes, and retrieving primitive values
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directly into Haskell. However, it cannot decompose opaque types, since these
have no protocol-visible structure.

Futhark test includes parsing of *-- ==’ comments. For a file containing input-
output tests, the runner first reads the embedded test specification and constructs
a ProgramTest. This specification describes which entry points should be tested,
which input datasets should be supplied to them, and which outputs or failures are
expected [The26b]. For example, a unit test can be written as follows:

-- entry: foo
-- input {1132}
-- output {2i32}

The test runner then dispatches the file according to the selected mode. In compiled
mode it compiles the file once and reuses the resulting executable to run all tests
for that file. The compiled Futhark server is reused for the tests belonging to the
same source file.

4.2 Requirements of the implementation

Given the design presented in and the execution model, we define the
overall implementation requirements as follows.

1. Property tests must run as part of Futhark test, rather than through a separate
command or configuration format. Tests must be visible to the test manager
before compilation, to be counted in the same progress reporting as unit-
tests.

2. The runner described in must use the Futhark server protocol to
call user-written protocol components, while keeping orchestration, valida-
tion and failure handling separate. As a consequence, the implementation
must manage server-resources explicitly. Temporary variables must be freed
when they are no longer needed, while variables such as those containing the
current candidate or counterexample must remain available for the duration
of the execution, as later phases may need them.

3. The implementation must distinguish between recoverable failures and crit-
ical errors. For example, if a generator, property, or shrinker triggers a
Futhark runtime error, the runner must report the failure as part of the corre-
sponding property test, rather than terminating the entire runner.

4. Protocol entry points must be validated before the main test loop begins. This
allows type errors in properties, generators, and shrinkers to be reported
before executing fests. This means that validation failures must not occur
after initial validation.
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5. Once a counterexample has been found, later failures such as in shrinking
must not be able to hide it. The runner must preserve enough information to
report, store or reconstruct the counterexample even if a later phase fails.

6. The runner must handle non-terminating user code. Since a Futhark entry
point may fail to return, the implementation must report which property-
testing phase was active when execution timed out.

7. The runner must handle protocol-level non-termination, where the shrinking
session does not terminate by either storing or reporting enough information
to reconstruct the counterexample.

4.3 Integrating property-based tests into Futhark test

The implementation extends the existing Futhark test execution model in two
places, following requirement one and two. First, the test specification parser is
extended so that a test block may name one or more properties to run, using the

existing comment *-- ==’ introduced in[Section 3.1.1] These property declarations
are represented alongside the input-output tests in the internal test specification:

-- property: prop_reverse_involution

Second, the test suite is expanded to include property-based testing immediately
following the standard input-output tests. By using the same server process and
compiled executable, these tests skip the need for a separate compilation step or
independent command, functioning instead as an extension of the file’s primary
test cycle.

This integration preserves the file-oriented structure of Futhark test. A source file
may contain input-output tests, property-based tests, or both. The file is still com-
piled once and the resulting server is reused for all tests belonging to that file. The
property-based tests are then accumulated with the other test results for the file.

A property-based test is counted as one test run. If the property succeeds for the
configured number of generated candidates, it contributes a passing result. If a
counterexample is found, it contributes a failing result and reports additional infor-
mation, including the property name, the size and seed used for generation, and the
final counterexample. These failures are reported through the same overall mecha-
nism as test failures, so a file containing a failing property test is treated as a failing
test program.

The use of explicit property declarations in test blocks allows for Futhark test to

count the number of test runs a file contains before executing it, in order to display
progress correctly. If properties were discovered only from compiled entry-point
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metadata, then the number of property tests would not be known until after compi-
lation. This also supports the final choice from test blocks serve to
register which properties are being tested, whereas attributes specify the behavior
for those properties.

4.4 Server resource management

The Futhark server protocol provides the runner with a convenient way to interact
with compiled Futhark code, but it also introduces a boundary layer. When the
runner creates a variable in the server, that variable remains there until it is explic-
itly freed. This creates the need for central resource-management expressed in the
second requirement listed in the runner must free variables when they
are no longer needed, but it must not free variables while they are still part of the
current active protocol call. If variables are not freed, the server accumulates state.
If a variable name is reused before its previous binding has been freed, the server
instance rejects the operation because the variable already exists.

Our implementation addresses the need for explicit server resource management by
assigning each server-side variable a role and a lifetime. A variable is either tempo-
rary and must be freed after the operation that created it has finished, or owned and
must remain live across several calls. The main owned variable stores the current
candidate before a failure has been found and the current best counterexample after
a failure has been found. This variable must remain live while the runner evaluates
the property and performs shrinking.

The runner uses a fixed set of server variable names for recurring protocol roles,
as variables are not allocated freely during execution. Instead, each phase reuses
known names after first freeing any previous binding of that name, if needed. The
main names are shown in The separate prefixes make the variable roles
visible in the implementation and reduce the risk of temporary values from one
phase accidentally overwriting variables that must remain live in another phase.
The important invariant is that every server variable name has a well-defined role
and lifetime.

The implementation uses a number of call patterns to preserve this discipline. We
encode these patterns as higher-order Haskell functions that automate the neces-
sary cleanup. See for a state chart diagram showcasing variable lifetimes.

Furthermore, for automatic generation and pretty printing of composite candidates,
the runner may create several intermediate field variables. These variables are not
part of the logical test state, and they must not survive beyond the construction that
introduced them.
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Variable name Role Lifetime

candidate Current candidate or current Owned test-state
counterexample. variable

size Size argument for a user-defined ~ Temporary
generator.

seed Seed argument for a user-defined = Temporary
generator.

property_ok Boolean result of the main Temporary
property call.

shrink_candidate Temporary candidate proposed Temporary

by the user-defined shrinker.

shrink_ok Boolean result of a property call Temporary
during user-defined shrinking.

auto_shrink_candidate Temporary candidate proposed Temporary
by the auto-shrinker.

auto_shrink_ok Boolean result of a property call ~ Temporary
during automatic shrinking.

gen_vars Temporary variable used to Temporary
construct a candidate.

pretty_vars Temporary variables used to Temporary
pretty-print a candidate.

Table 1: Main Server variable names and naming schemes used by the runner.
Variables with the shrink_ prefix are used by the shrinking loop, and variables
with auto_shrink_ are variables used by the auto-shrinker.

The resulting invariant is that every server-side variable created by the runner is
either a scoped temporary variable or an owned part of the current test state. Tem-
porary variables are freed after use, while owned variables are preserved until they
are explicitly replaced or until the test finishes.

The execution model and resource handling discipline described above gives the
runner a useful interface to the compiled Futhark program: entry points can be
called repeatedly, intermediate values can be kept inside the server, and values can
be stored to files when they must survive beyond the current server state. How-
ever, this means that failures may occur across a process boundary. A Futhark
entry point may fail at runtime, the server may time out or become unavailable,
or the runner may violate its own assumptions about server variables. The imple-
mentation therefore distinguishes between failures that can be reported as part of a
property test and errors that invalidate the current execution state.

33



4 IMPLEMENTATION

" . ) e ; a
Generating Candidate Evaluating Property
User Generator: o candidate
seed > property_ok
size
Automatic Generator: |¢-Property_|
gen_vars Passed
. _J I\ : _J
Property
Failed
. N s N
Shrink Step Counterexample Found
candidate candidate
User-shrinker variables:
shrink_random _Plr:oplegy_>
shrink_candidate aie L )
shrink_ok §
. . Reporting
Auto-shrinker variables:
auto_shrink_candidate Propert candidate
auto_shrink_ok P agse dy pretty_vars
size
seed
- J I\ J

Figure 6: State chart diagram for the property-based testing runner. Each state
shows the server variables that are live in that state. The variable candidate de-
notes both candidates and counterexamples if the property fails.

4.5 Recoverable failures and critical errors

Because the runner executes user-defined Futhark entry points through a separate
server process, failures do not all have the same severity. To handle errors grace-
fully, where possible, the implementation distinguishes between recoverable fail-
ures and critical errors, in accordance with the third requirement listed in
A recoverable failure is a problem that can be attributed to a particular
property test or one of its associated entry points, while the server remains usable.
Such a failure can be reported as part of the test result. Examples include naming
a property that does not exist, specifying a generator with the wrong type, using a
shrinker whose input type does not match the property input type, or triggering a
Futhark runtime error, such as division by zero.
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A critical error is a failure after which the runner can no longer rely on the current
server state. Such an error can often be associated with a specific command or
entry point. The problem is that the data stored inside the server may no longer be
accessible. For example, if the runner sends a command to the server and the server
crashes, any candidate or counterexample that existed only as a server variable may
be lost. Critical errors are therefore handled more conservatively than recoverable
failures, because continuing the current test file may no longer be possible.

We make this distinction because the runner is responsible for producing useful di-
agnostics. Recoverable failures should mention the relevant property, entry point,
expected type, actual type, or runtime error, but still count as a failing zest. Crit-
ical errors should report as much externally recorded context as possible, such as
the active property, the command or phase being executed, and the size, seed, or
shrinker auxiliary value, where available, and should halt execution. The purpose is
not only to explain which operation failed, but also to compensate for the fact that
server-side values are no longer available, once the server has become unavailable.

4.5.1 Type validation

A category of recoverable errors can be type-mismatches with the protocol, the
fourth requirement listed in is that all protocol entry point types must
be validated before generating candidates. This means that if the types are checked
before the runner proceeds, these errors will not show up in later execution. The
property must therefore satisfy the protocol types established earlier. If the prop-
erty has type

testType -> bool,

then an associated generator must have type
i64 -> u64 -> testType.
and if a shrinker is provided, it must have type
testType -> u64 -> testType.

Validation also includes checking that all referenced entry points exist. The prop-
erty configuration is local to the property entry point, because the runner reads the
#[prop(...)] attribute attached to that entry point. This makes the association
between property, generator and shrinker explicit, but it also means that misspelled
attribute names are detected only by the runner’s validation logic. The implemen-
tation handles each check independently. A malformed property test, for example,
one with a type mismatch, is reported as a failure of that specific test case rather
than as an immediate failure of the entire test runner.
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4.6 Counterexample preservation

The fifth requirement listed in is that once a counterexample has been
found, later parts of the execution should not cause it to be lost, as a counterexam-
ple represents a found bug.

Under the assumption that the server remains available, the runner preserves coun-
terexamples by maintaining a simple invariant: after a counterexample has been
found, the current counterexample variable always contains a value that has been
checked to falsify the property. This invariant is especially important during shrink-
ing. The shrinker is allowed to propose new candidates, but the runner does not
trust these proposals blindly and performs a fest before accepting it.

This means that a poorly written shrinker cannot make the test result incorrect. It
may fail to make progress, return candidates that are not smaller, return values that
no longer fail, or crash. In those cases, the final report may be less useful because
the counterexample is larger than necessary or not shrunk at all. However, the run-
ner should still report a value that is known to violate the property. Thus, shrinking
is treated as an optional improvement to reporting, not as part of the logical de-
cision of whether the property failed. Just as a shrinker cannot change the result
of a fest, recoverable failures also maintains the result of the fest, by reporting the
counterexample in the error message, if possible.

The implementation must also handle the critical error of non-termination. An
example of non-termination is an entry point that does not terminate. From the
runner’s perspective, this is similar to a server crash: the current server call never
produces a response, and server-side variables are no longer accessible. The sixth
requirement listed in is therefore that the runner must handle non-
terminating user code. A generator may loop forever while constructing a candi-
date, a property may loop forever while testing, and the same issue may occur in a
shrinker.

Another very different example of non-termination is protocol-level non-termination.
This problem is different from an entry point not terminating, as the runner can still
communicate with the server. The testing loop has a fixed upper bound: the run-
ner generates at most the configured number of candidates, and each candidate
is tested once by calling the property. Thus, if no counterexample is found, the
loop terminates when the test bound is reached. The shrinking session is different.
Once a counterexample has been found, the runner repeatedly calls the shrinker
to propose a new candidate, and then calls the property again to check whether
that candidate is a counterexample. Unlike the main testing loop, this process is
not naturally bounded. A poorly written shrinker may keep proposing accepted
counterexamples, including the same counterexample or counterexamples that are
larger. This means that protocol-level non-termination is mainly a shrinking-loop
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problem. Our implementation must handle this in accordance with the seventh re-

quirement listed in

The Futhark server protocol provides a way to handle these two kinds of non-
termination: values with known Futhark types can be written to disk with cmdStore
and later reconstructed with cmdRestore [The26d]. This gives the runner an es-
cape hatch when a value must survive outside the current server process. However,
to do this, the values must be serialized and de-serialized, which for large values
can be slow. We discuss two solutions for handling non-termination of these two
kinds in by storing values to disk and restoring them later. But for
now, we present a simple solution.

One defense against non-termination critical errors is a timeout. If execution of a
test file does not finish within the configured time limit, the runner aborts the cur-
rent test-file execution and reports a timeout rather than waiting indefinitely. Dur-
ing execution, the runner tracks which property is active, which protocol compo-
nent is being evaluated, and the relevant parameters such as size, seed, or shrinker
auxiliary value, where applicable. If a timeout occurs, this information can still be
reported by the runner, even though the server cannot provide additional informa-
tion. This provides the user the information necessary to reproduce the error.

Reproducibility is therefore a form of counterexample preservation. The runner
constructs a deterministic random-number generator from the configured initial
seed and draws the concrete seeds and auxiliary random values used during gener-
ation and shrinking from this generator. Rerunning with the same initial seed and
the same implementation reproduces the same random sequence. This is weaker
than storing the concrete value, as it depends on replaying the same execution path,
but it is faster than writing every candidate to disk. The implementation combines
both approaches: it keeps values in the server during normal execution, reports the
information needed to reproduce the run where possible, and stores concrete values
when a failure report requires a value to survive beyond the current server state.

4.7 Automatic candidate generation

A requirement not stated as a general requirement is that the runner should support
a limited form of automatic candidate generation. This is used when a property
does not specify an explicit generator. In this case, the runner queries the Futhark
server for the input type of the property and attempts to construct a candidate of
that type directly. The generated candidate is inserted into the running server as the
current candidate and can be passed to the property in the same way as a candidate
produced by a user-defined Futhark generator. This feature is the closest FutPBT
comes to the automatic generation described in where QuickCheck
uses the Arbitrary instance of a property argument type to select a generator.
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This mechanism reduces boilerplate for simple properties. A user can write a prop-
erty over primitive values, arrays of primitives, or simple composites of automat-
ically generatable types, without also writing a generator entry point. The auto-
matic generation does not include domain-specific invariants, such as sortedness,
non-empty arrays or valid indices. For such inputs, the user still has to provide an
explicit generator, or handle it inside of a property as a pre-processing step. The
purpose of Haskell-side generation is to provide a useful default.

4.8 Conclusion of implementation

The implementation integrates property-based testing into the existing Futhark test
workflow. Futhark source files remain the unit of testing, and property tests are reg-
istered through the same test-file mechanism as input-output tests. The runner uses
the Futhark server protocol to interact with the compiled program, so that proper-
ties, generators and shrinkers can be called as Futhark entry points.

Values live inside the Futhark server and are accessed through named server vari-
ables. The runner has to manage these variables explicitly: temporary values are
freed after use, while the current candidate or counterexample remains live across
later phases. This resource discipline is what allows the implementation to run
many tests without repeatedly moving values between Futhark and Haskell.

Robustness is handled by separating recoverable failures from critical errors. Mal-
formed property tests, missing entry points, type mismatches, and Futhark run-
time errors are reported as failures of the relevant property test, where possible.
Non-termination and server-level failures are handled more conservatively, with
progress information used to explain where execution was interrupted.

The resulting implementation follows the protocol from the user writes

the test components in Futhark, while the runner handles orchestration, validation,
repeated execution, reporting, and preservation of counterexamples.
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The implementation has been tested through integration tests. Each test is a Futhark
source file executed through the modified Futhark test workflow. The testing
method is to compare the produced output with an expected output. This means
that the tests check the behavior visible to a user of the tool: whether tests pass
or fail, counterexamples are reported, validation errors are shown and failures are

attributed to the correct property test. The results are given in

5.1 Feature coverage

The tests cover primitive numeric values, arrays, records, tuples, and nested com-
posite values across the main features of FutPBT, including both successful and
failing property tests. The feature tests also include edge cases and failure-oriented
examples. These tests are intended to exercise the runner on inputs and declarations
that are likely to expose protocol errors.

5.2 Implementation requirements

We also test the implementation requirements described in Each of the
following subsections presents a requirement listed in and describes
how it is tested, what behavior is expected, and which limitations remain.

5.2.1 Integration with Futhark test

This is tested with Futhark files that contain input-output tests, property tests, and
combinations of both. The expected behavior is that all tests are discovered from
the same file, run through the same Futhark test command, and summarized in the
same pass/fail output.

The tests also check the hybrid comment-and-attribute design, with property tests
comments and #[prop(...)] attributes. The test suite includes cases where one
side is missing: a property test comment without a corresponding attribute, and
an attribute-backed property without a corresponding test comment. The expected
behavior is that the runner reports a clear diagnostic rather than silently ignoring
the mismatch.

This also tests the requirement that declared property tests can be counted before
execution. Since the selected properties are listed in test comments, the test runner
can include them in the total number of tests to be reported, even though the full
attribute information is only available after compilation and server startup.
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5.2.2 Server resource management

This is tested indirectly by running property tests that perform many iterations and
create many server-side variables for generated candidates, size and seed argu-
ments, boolean results and shrink attempts. The expected behavior is that repeated
execution does not fail because of stale variable bindings or name collisions. In
particular, the runner should be able to reuse fixed variable names across many
generated candidates by freeing previous bindings before creating new ones. The
shrinking tests also exercise ownership transfer: a proposed shrink result should
remain temporary unless it still falsifies the property, in which case it is renamed
into the current-counterexample role. This also tests that output variable names can
be reused safely, because the runner frees old bindings before creating new ones.

5.2.3 Recoverable failures and critical errors

These tests check that the resulting report identifies the active property, the failing
entry point, and the relevant execution context. The test suite includes entry points
that deliberately trigger Futhark runtime errors. The expected behavior is that such
failures increase the failed-test count and produce diagnostic messages, while still
allowing later property tests to run when the server remains usable.

5.2.4 Type validation

This is tested with protocol entry points that violate the expected protocol types.
The validation tests include incorrect number of inputs, wrong argument types,
wrong result types, and mismatches between the property input type and the types
used by any associated generators or shrinkers. The expected behavior is that the
runner reports a validation failure for the specific malformed property test, rather
than beginning execution and failing later during generation, shrinking, or printing.

The implementation requirement that property tests should be handled indepen-
dently was tested by placing several property declarations in the same file. Some
are well-formed, while others are malformed. The expected behavior is that each
extracted property specification is validated and reported as its own test result.

5.2.5 Counterexample preservation

This tests that concrete counterexamples are stored when a failure report requires
the value to survive outside the server. In particular, tests with failing shrinkers
check that the runner can still report or store a counterexample and report the error.

Reproducibility is tested by checking that failure reports after a timeout contains
the contextual information needed to rerun a failing case, where possible. The tests
check that reports include the active property, size, and relevant shrinker auxiliary
value, where available.
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5.2.6 Automatic candidate generation

This is tested with properties over primitive values, arrays of primitive values,
records, tuples, and simple nested composites. The expected behavior is that the
runner queries the server for the property input type, constructs a value of that type
on the Haskell side, inserts it into the server, and passes it to the property.

5.3 Results

The tests support that the implementation satisfies the main requirements from
Property tests are discovered and run through the modified Furhark test
workflow, contribute to the same pass/fail result as input-output tests, and support
the hybrid design where test comments select properties and attributes describe
how they should be run. Missing property test comments or missing attributes are
reported as diagnostics rather than being silently ignored.

The tests also support the server-side execution discipline. Repeated runs, shrink-
ing, and automatic generation do not fail due to stale server variables or name col-
lisions, which gives confidence that temporary variables are freed and that owned
variables such as the current candidate or counterexample remain live when needed.

Failure-oriented tests show that malformed or failing property tests are generally
reported as recoverable failures. Missing entry points, type mismatches, wrong
arities, and runtime errors in user-provided generators, properties and shrinkers
produce diagnostics for the relevant test rather than silently succeeding. Time-
out tests show that non-terminating entry points are interrupted and reported with
phase information when available.

The resource-management tests do not prove that every possible exceptional path
frees every temporary variable. They do, however, exercise the main execution
paths: generation, property evaluation, shrinking, automatic generation, and runner-
side printing. The absence of server variable reuse errors in these tests gives confi-
dence that the implemented variable discipline is sufficient for the tested protocol
paths.

The tests support the counterexample-preservation requirement. Failing properties
report counterexamples, shrink candidates are only accepted after re-running the
property, and failures in the optional shrinker do not hide an already discovered
counterexample. Automatic generation and shrinking are also exercised for primi-
tive values, arrays of primitives, records, tuples, and simple nested composites.

Overall, the tests do not constitute a full empirical evaluation of bug-finding ability,

performance, or usability. They do, however, validate the implementation against
its stated requirements. Within that scope, the results are positive.
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This chapter aims to evaluate FutPBT qualitatively. The goal is not to measure
how many bugs the tool finds, nor to show that property-based testing is useful in
general. Instead, we evaluate FutPBT as a testing tool for Futhark. We choose
two aspects for this. First, the tool must be robust: it must handle malformed test
files, failing entry points, non-termination, and optional components that them-
selves contain errors. Second, the tool must be useful: it should make it practical
to write property-based tests for Futhark programs. The evaluation therefore con-
siders robustness as a testing tool, usability of the interface with comparison to
QuickCheck, and use on a sample of realistic Futhark code.

6.1 Robustness as a testing tool

Evaluating a testing tool is different from evaluating an ordinary program. FutPBT
is expected to execute code that may be erroneous, incomplete, non-terminating,
or badly specified. This means that robustness is part of the tool’s usability. In this
context, robustness means that FutPBT should fail gracefully when encountered
with such code. It is not enough for the runner to handle successful properties. It
must also provide useful diagnostics when the test file itself is the source of the
failure.

This is also how Futhark test already treats input-output tests. A test file is not
assumed to contain only well-behaved code. Compilation failures, unexpected
runtime failures, wrong outputs, missing expected failures, and timeouts are all re-
ported as test results. FutPBT extends this situation by adding more user-provided
components that may fail: not only the function being tested, but also generators
and shrinkers.

The server protocol gives the runner a degree of separation from the Futhark pro-
gram under test. The compiled Futhark program runs as a separate server process,
while the runner remains a Haskell process that controls the test execution. If a
Futhark entry point reports a runtime error, the runner can often continue and re-
port the error as part of the relevant test. If the server fails and becomes unavailable,
the runner may still be able to report which property-testing phase was active, even
though the server-side values themselves may no longer be accessible. Future work
for increasing robustness is outlined in[Section 7.2 The test suite gives some con-
fidence in the robustness of the tool.

The implementation also addresses the robustness by distinguishing recoverable
failures from critical errors. Recoverable failures, such as missing entry points,
type mismatches, or runtime errors in user-provided entry points, are reported as
failures of the relevant property test, where possible. Critical errors, such as time-
outs or loss of communication with the server, are handled more conservatively
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since the current server state may no longer be usable. This distinction is also
important for usability: mistakes in the test file should produce actionable diag-
nostics, while failures that invalidate the server state should not be disguised as
ordinary test failures.

The implementation is also robust in its counterexample preservation. Once a coun-
terexample has been found, FutPBT treats the property test as failed independently
of whether later optional phases succeed. A user-defined shrinker may fail or pro-
pose candidates that are not counterexamples. In this case, the implementation
preserves the already discovered counterexample and reports it with whatever di-
agnostic information is still available. Shrinking is therefore robustly isolated from
the logical result of the test: it may improve the quality of the report, but it can-
not turn a failed property into a successful one or hide that a counterexample was
found.

6.2 Usability of the interface

The main advantage strengthening the usability of FutPBT is that the interface is
explicit and simple. In QuickCheck, the user works inside a rich Haskell library.
FutPBT has a smaller protocol. This makes the basic model easy to explain and
learn.

The default mechanisms make it possible to start writing property tests with rel-
atively little supporting code. If no explicit generator is provided, the runner can
automatically generate candidates. If no explicit shrinker is provided, the runner
can attempt automatic shrinking. These defaults are limited, but they reduce the
amount of code required for simple properties. Thus, FutPBT requires less library-
specific knowledge than QuickCheck.

The cost of this explicit interface appears when the user needs more control. Quick-
Check can often infer generation behavior through the Arbitrary type class, and
users can build on a mature library of generators and shrinkers. As mentioned
previously, FutPBT cannot rely on the same mechanisms. Many useful proper-
ties require domain-specific inputs, such as sorted arrays, non-empty arrays, valid
indices, or related values that satisfy some invariant. In those cases, automatic
generation is not enough, and the user must write a custom Futhark generator.
Furthermore, automatic generation is limited for arrays with more than one di-
mension. The runner does not recover all source-level size relationships through
the server protocol. The auto generator currently generates simple regular shapes,
such as square arrays. This is useful as a default, but it is not always representative
of the input space. Users who need related dimensions or domain-specific shape
constraints must provide an explicit generator. Currently, the runner cannot infer
sizes of arrays from their type e.g. [5]i32 becomes []i32 in type validation of entry
points. This makes sophisticated test data generation more cumbersome than in
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QuickCheck. However, the protocol does offer a solution if domain-specific gen-
eration is needed, in the form of the generator.

Shrinking is another usability difference. QuickCheck shrinkers return a lazy col-
lection of smaller candidates, which the testing library can explore incrementally.
When a list without any values violating the property is found, shrinking stops.
FutPBT instead uses a shrinker that proposes one candidate per call. This is less
expressive, but it fits the server-based execution model better, because values live
inside the Futhark server and moving many candidates across the boundary would
be expensive. The drawback is that the runner has little information about whether
progress has actually been made. It checks that every proposed candidate still fal-
sifies the property before accepting it, but it does not evaluate whether the proposed
candidate is smaller or even different.

The current stopping condition for user-defined shrinking is a compromise rather
than an ideal solution. The runner stops after a configurable number of consecutive
shrink steps that no longer falsify the property. This prevents the shrinker from
continuing indefinitely once it appears to have stopped finding useful candidates.
However, it can also stop too early if a useful counterexample would have appeared
later. Conversely, it does not prevent non-progress when the shrinker keeps pro-
ducing accepted counterexamples that are not actually smaller. A richer or different
design might give the runner better control. Such a design would have to be bal-
anced against its complexity and usability.

Counterexample reporting is also less visible in the user interface than in Quick-
Check. QuickCheck generally requires tested values to be printable, for example
through Show, in order to display counterexamples. FutPBT instead lets the runner
print values whose structure is exposed through the server protocol, so simple tests
do not require the user to define an additional printing mechanism to inspect failing
values.

FutPBT also lacks several convenience features found in QuickCheck. It does
not yet have a mature library of generators and shrinkers, it does not provide
QuickCheck-style classification, coverage, or labelling combinators, and it does
not support rich property combinators in the same style as QuickCheck. These
limitations do not prevent the core property-based testing loop, but they mean that
FutPBT is currently less expressive and less convenient for advanced use.

Overall, FutPBT is usable for simple properties because the core model is small
and the runner provides defaults for generation and shrinking. The interface be-
comes less convenient when the test requires domain-specific generation or custom
shrinking, but still allows users to implement their own generators and shrinkers, if
necessary. Compared with QuickCheck, FutPBT trades library-level convenience
for an explicit protocol that fits Futhark’s server-based execution model.
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6.3 Use on realistic Futhark code

Ideally, FutPBT would have been evaluated on a larger collection of existing Futh-
ark programs. Due to time constraints, this was not possible. Most of the tests
described in are smaller programs designed to exercise specific parts of
the protocol. This limits the strength of the evaluation: the test suite gives confi-
dence that the implementation behaves as intended on representative examples, but
it does not show how well the tool works across a broad range of existing Futhark
code. Usability problems might also not be clear yet, as FutPBT is a new tool, and
so far has not been used extensively.

The implementation has nevertheless had some practical use. In a Futhark blog
post on counting trailing zeros [Hen26a], the in-progress property-based testing
work was used to test a divide-and-conquer function over arrays. The exam-
ple defines a generator for arrays of 132 values, attaches it to a property with
#[prop(gen(...))], and declares the property in a test block so it can be run
with Futhark test. The property checks that the computed number of trailing zeros
is within bounds, that the corresponding suffix contains only zeros, and that the
preceding element, when present, is nonzero.

This example shows that the interface can express a meaningful correctness condi-
tion for Futhark functions and existing Futhark programs. It also reveals a usability
issue: FutPBT currently does not provide a log or summary of tested candidates.
A user can see whether a property test passed or failed, but not whether the gen-
erator explored useful inputs or repeatedly produced similar values. This suggests
that candidate statistics or optional candidate logging would be useful future ex-
tensions.

FutPBT was also used on an experimental hashmap implementatio Examples

of tested properties can be seen in The examples indicate how the
tool can be applied to existing Futhark code. The generated candidates have the

following type:

type~ candidate = ?[n][m].{
keys: [n]i64,
vals: [n]i32,
queries: [m]i64,

}

A candidate consists of key-value pairs to insert into a map, together with query
keys used to test membership and lookup behavior. The generator constructs
unique inserted keys, assigns each key a deterministic value, and creates a query
array whose first half contains inserted keys and whose second half contains keys
that should be absent from the map. This makes the expected behaviour simple to

1https://github.com/diku—dk/futhark—hashmap—experiments
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6 EVALUATION

state: inserted keys should be members, looking up an inserted key should return
the corresponding value, absent keys should not be members, and looking up an
absent key should return #none.

The properties were implemented for several map implementations: the two-level
hashmap, the u32-based two-level hashmap, the linear hashmap, and the Eytzinger
layout map. In addition to the basic membership and lookup properties, the test
file checks operations such as not_member, from_array_rep, from_array_hist,
from_array_rep_nodup, and adjust. For example, one property checks that
not_member agrees with negating member, while another checks that adjust up-
dates existing keys without inserting absent keys. The test file also contains a
deliberately false property, used only to inspect the generated candidates and con-
firm what kind of values the generator produced.

The properties did not reveal any unexpected counterexamples. The deliberately
false property failed as expected, which was useful for inspecting the generated
candidates. The main result of this case study is not that the hashmap implemen-
tation was fully validated. The generator is deliberately simple, and the properties
cover only part of the map interface. Rather, the case study shows that FutPBT can
be applied with relatively little effort to an existing Futhark program, and that its
interface can express meaningful semantic properties about a realistic data struc-
ture.

The overall evaluation is still limited. More use on existing Futhark programs
would likely reveal further problems, especially with the default mechanisms. Au-
tomatic generation is useful as a starting point, but it cannot infer domain-specific
invariants, and its usefulness for realistic programs is uncertain. Automatic shrink-
ing may not find good counterexamples. The main mitigation is that the protocol
gives the user control. When the defaults are insufficient, the user can write an
explicit generator, provide a custom shrinker, adjust the number of shrinking at-
tempts, or omit shrinking. FutPBT is currently best considered a working founda-
tion, but not yet a mature testing ecosystem comparable to QuickCheck.
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7 Future work

The implementation was designed to keep the Futhark-side protocol small while
placing orchestration in the runner. This also makes the implementation relatively
easy to extend: new runner behavior can often be added without changing the
shape of properties, generators, or shrinkers. Several of the limitations identified
in can therefore be addressed as extensions to the runner rather than as
fundamental changes to the protocol. Only the future work proposed in

and would actually require changing the protocol.

7.1 Shrinker library

A library of reusable shrinkers, or automatic shrinking that is not tied to the gen-
erator, as described in could provide default shrinking for primitive
integers, arrays, tuples, records, and common array patterns, such as reducing array
length or shrinking individual elements. This would reduce boilerplate and make
it easier to write useful property tests.

Implementing this in the Haskell runner is difficult as shrinking is less purely type-
directed than generation. The runner would have to inspect an existing counterex-
ample, construct smaller related candidates, and rebuild values inside the server.
This is manageable for primitive values, but becomes complicated for arrays and
composites. As outlined in[Section 3.3] it is not always clear what “smaller” means:
shrinking an integer, an array, and a record require different strategies, and domain-
specific invariants may have to be preserved.

A Futhark-side library would give users direct access to the structure of their values
and could provide reusable shrinking combinators. However, as Futhark does not
have type classes or generic programming in the same sense as Haskell, the library
could not automatically select a shrinker from the type alone. Users would still
have to compose the relevant shrinkers explicitly, and the library would have to fit
FutPBT’s protocol of returning one proposed candidate per shrinker call.

A practical design could combine both approaches: simple runner-side defaults
for basic types, and a Futhark library of reusable building blocks for user-defined
shrinkers.

7.2 Defensive runner

As discussed in the current implementation keeps candidates and
counterexamples in the Futhark server during normal execution. The runner there-
fore stores concrete values only when they must survive outside the server, for
example when a failure report needs to preserve a candidate or counterexample.
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A possible future extension is a more defensive execution mode. In such a mode,
the runner could store every accepted counterexample immediately using the ser-
ver’s value-store mechanism. This would make the latest known counterexample
available outside the server, even if a later shrinker, property, or server call fails
critically. Since the Haskell runner is separate from the Futhark server process,
it may still be able to report the last stored counterexample even when the server
state itself can no longer be inspected. The defensive mode could also attempt to
continue investigation from the last candidate or counterexample stored.

The main drawback is performance. Storing values to disk can be expensive, espe-
cially during shrinking, where many accepted counterexamples may be produced
in sequence. A defensive mode should therefore be optional rather than part of the
normal execution strategy. The normal mode favors efficiency by keeping inter-
mediate values in the server and relying on phase information, seeds, sizes, and
auxiliary shrinker values for reproducibility when concrete storage is unnecessary.
The defensive mode would instead trade performance for stronger preservation
guarantees.

The same idea could also be used to guard against protocol-level non-termination
in user-defined shrinking. As described in the problem is not that a
single Futhark entry point fails to return, but that the runner may keep accepting
counterexamples forever. A defensive variant could activate after a time limit or
a number of shrink steps. Once active, the runner could store or hash accepted
counterexamples and compare them with previously seen counterexamples. If the
same counterexample is encountered again, the runner could stop shrinking and
report the current counterexamples as the final counterexample together with the
information that the shrinking session seems to have encountered a loop.

This would handle shrinkers that cycle or repeatedly return the same accepted
counterexample. It would not prove that shrinking makes progress in general. A
shrinker may still produce candidates that are larger according to the user’s in-
tended notion of simplicity while still being counterexamples. A defensive runner
mode should therefore be understood as a robustness extension, not as a complete
solution to all non-progressing shrinkers.

7.3 Candidate statistics

Another extension would be to generate test-data statistics. QuickCheck allows
users to classify generated inputs or collect information about the distribution of
test data. This is useful because a property may pass many tests when tested on
trivial candidates. QuickCheck supports this through combinators such as classi-
fication and collection, which let the user label test cases and inspect the resulting
distribution. FutPBT currently reports whether a property passed or failed, but not
what kinds of candidates were tested. Adding statistics would make it easier to
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detect poor generators, for example generators that rarely produce empty arrays,
large arrays, negative numbers, or other relevant edge cases.

One possible implementation would be runner-side inspection. The optional vari-
ant of the runner from |Section 7.2 which stores or retrieves every generated can-
didate, could be used to compute generic statistics such as array sizes or scalar
ranges. It would make the common case slower because every candidate would
have to be moved out of the server, but could be optional.

Another possibility would be to add an optional classifier entry point. Such an en-
try point would map a candidate to a label or bucket, and the runner would collect
a histogram of these labels during testing. This would be closer to QuickCheck’s
classification mechanism, while still fitting FutPBT’s entry-point based design. It
would also let the user define domain-specific statistics, such as whether an array
is empty, sorted, contains duplicates, or satisfies some precondition. This would
require a small extension of the protocol, but would avoid forcing the Haskell run-
ner to understand the structure and meaning of every testType.

Future work could also investigate richer counterexample explanations. Tools such
as Extrapolate show that counterexamples from property-based testing can be gen-
eralized to describe a broader class of failing inputs [BR17].

7.4 Stateful property-based testing

The current protocol tests pure Futhark entry points by generating individual can-
didates. This fits functions where a single input can be evaluated independently.
Even the stateful hashmap example discussed in|Section 6.3|is treated this way: the
generated candidate contains key-value pairs and queries, and the property checks
the result of applying a fixed collection of operations to that input. The candidates
are single generated values, not an interactive sequence of commands.

Stateful property-based testing would instead generate sequences of commands.
These commands would describe operations on some stateful object, such as in-
serting into, deleting from, or querying a data structure. The test would then check
whether the implementation behaves like a reference model over the same sequence
of commands. Such a protocol would require more components than the current
one. First, the runner would need a command generator, corresponding to some-
thing like Gen.action, which generates valid operations rather than ordinary input
values. Second, the test would need an initializer for the reference state, or ora-
cle. Third, it would need an initializer for the Futhark implementation being tested.
The runner would then repeatedly apply each generated command to both states:
once to the reference model and once to the Futhark implementation. After each
command, or after the whole sequence, the runner would compare the observable
results.
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The main complication is deciding where the state should live. One possibility is
that the Haskell runner stores the reference model and drives the Futhark imple-
mentation through repeated server calls, applying one command at a time. This
would make the runner responsible for sequencing, state management, and com-
parison. Another possibility is to encode more of the command execution inside
Futhark, but this would require representing commands, states, and observations
as Futhark values. Either way, the protocol becomes substantially larger than the
one used for pure property tests.

Shrinking would also become more difficult. Instead of shrinking a single coun-
terexample, the runner would need to shrink a failing command sequence. This
could mean removing commands, simplifying individual commands, or shrinking
the initial state. As with ordinary shrinking, the runner would have to re-run the
sequence after each proposed candidate to check that it still exposes the failure.
The current shrinker interface is not designed for this kind of structured, sequence-
level shrinking. Stateful property-based testing is therefore best understood as a
separate extension of FutPBT, rather than a small addition to the existing protocol.

7.5 Conditional properties

QuickCheck supports conditional properties through an implication operator, where
a generated input is only tested when it satisfies a precondition [[CHOO]. This is use-
ful when a property only makes sense for part of the input domain. For example, a
property about inserting into an ordered list may require the input list to already be
ordered. Inputs that do not satisfy the condition are discarded, and the tool contin-
ues searching for valid inputs.

This design is useful, but it also introduces a generation problem. If the precondi-
tion is rare, random generation may spend most of its time producing candidates
that are discarded before the property is tested. In such cases, the test may give
weak evidence, not because the property was tested and passed, but because the
runner failed to find enough relevant inputs. QuickCheck reports this situation
when it exhausts too many generated inputs without finding enough valid test cases
[[CHOO].

For FutPBT, one possible design would be to add an optional condition entry point.
Such an entry point could have type testType -> bool. The runner would first
generate a candidate, then call the condition entry point, and only call the property
if the condition returned true. This would keep the condition inside Futhark, while
leaving the discard logic in the Haskell runner.

The design raises a usability question: in many cases, a specialized generator is
better than a condition, because it can generate valid candidates directly instead
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of relying on rejection. However, conditional properties could make automatic
generation useful even when the property only applies to inputs satisfying certain
invariants. Conditional properties are therefore a natural extension, but not a prior-

ity.

7.6 Shrinker protocol design

A possible improvement would be to replace the current stopping rule for shrinkers
with a time budget, for example shrinking for a fixed number of seconds before re-
porting the best counterexample found so far. This could be implemented in the
runner without changing the protocol.

A larger change would be to redesign the shrinker interface itself. For example,
a shrinker could return both a proposed candidate and a status value, which we
already addressed in This would however be a change to the protocol.

7.7 Coverage-guided generation

Coverage-guided property-based testing extends the original property-based test-
ing model by using execution feedback to guide input generation. Lampropoulos
et al. introduce this idea in FuzzChick, where property-based testing is combined
with coverage-guided fuzzing [LHP19]. Instead of only generating fresh random
inputs, the tool records inputs that reach new parts of the program and mutates
them to produce further candidates. This can make testing more effective when
interesting behavior is hidden behind narrow input conditions.

For FutPBT, coverage guidance would require a substantially different execution
model. The runner would need access to coverage information from the Futhark
program or generated backend code, and this information would need to be con-
nected back to candidate generation. The generator protocol would also need to
change. A generator that only receives a size and seed cannot react to previous
coverage results. A coverage-guided design would instead need a feedback loop
where the runner records interesting candidates and uses them to influence later
generation.

Futhark programs often contain data-dependent control flow, and randomly gen-
erated arrays may fail to exercise important paths. Coverage-guided generation
could therefore complement user-defined generators by helping the runner explore
more of the program behavior. The main challenge is that FutPBT currently treats
the Futhark program as a server process with entry points, not as a program that
exposes coverage information. Adding coverage guidance would require support
from the compiler, the server protocol, or the generated backend code.
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8 Conclusion

This thesis has investigated how property-based testing can be added to Futhark.
The result is FutPBT, a property-based testing tool that allows users to write prop-
erties and optional generators and shrinkers as Futhark entry points, while an ex-
ternal Haskell runner handles orchestration and printing. FutPBT is integrated into
the existing Futhark test workflow and utilizes the Futhark server protocol to exe-
cute the user-written components.

The main design is a small protocol adapted to Futhark’s execution model. A
property is a Futhark entry point from a test type to bool. A generator produces
candidates from a size and seed. A shrinker proposes smaller candidates. FutPBT
connects these components to Futhark test through test blocks and attributes. The
implementation also validates protocol entry points before execution, manages
server-side variables explicitly, distinguishes recoverable failures from critical er-
rors, records phase information for critical errors, and preserves counterexamples
throughout execution. These mechanisms are important because FutPBT is a test-
ing tool, and must therefore be robust even when user-provided test components
are malformed, failing, or non-terminating. Our tests support that the implementa-
tion satisfies the main requirements.

The qualitative evaluation suggests that FutPBT is practical for simple and mod-
erately structured Futhark properties. The core interface is explicit and relatively
easy to understand, and the runner provides defaults through automatic generation,
automatic shrinking, and reporting. However, the evaluation also identifies some
limitations. Domain-specific inputs still require explicit Futhark generators. The
current shrinking protocol is simple, but gives the runner little information about
whether progress is being made.

The main conclusion is that property-based testing can be successfully integrated
into Futhark, but the approach cannot simply be copied from QuickCheck. Futh-
ark’s server-based execution model, explicit entry points, regular arrays, and lim-
ited internal control over printing and errors require a different division of respon-
sibility. FutPBT keeps Futhark responsible for pure computations, while the exter-
nal runner handles orchestration, validation, shrinking, reporting, and robustness
around those computations. This gives a workable tool for property-based testing
in Futhark, and points to future work: better shrinker support, candidate statistics,
defensive execution modes, and broader evaluation on real Futhark programs.
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A Hashmap property examples

This appendix shows a representative subset of the property tests used for the ex-
perimental hashmap implementation discussed in[Section 6.3] The full test file con-
tains the same kinds of properties for several map implementations, including two-
level hashmaps, u32-based two-level hashmaps, linear hashmaps, and Eytzinger-
layout maps. The examples below show the generated candidate type, the candidate
generator, and selected properties for the two-level hashmap implementation.

import "lib/github.com/diku-dk/containers/hashmap”
import "lib/github.com/diku-dk/containers/key”
import "lib/github.com/diku-dk/containers/opt”

module two_level_hashmap = mk_hashmap i64key
type~ two_level 't = ?[n].two_level_hashmap.map [n] t

type~ candidate = ?[n][m].{
keys: [n]i64,
vals: [nl]i32,
queries: [m]i64,

}

entry gen_candidate (size: i64) (seed: i32) : candidate =
let n = if size <= @ then 1 else size
let m=2x*n

let base = i64.i32 seed
let stride = 2 * (i64.i32 (i32.abs seed % 17) + 1) + 1

-- Unique inserted keys with seed-dependent spacing.
let keys =
tabulate n (\i -> base + stride * i)

let vals =
tabulate n (\i ->
seed + 132.i64 (3 x i + 1))

-- First half are present keys.
-- Second half are absent keys between generated key positions.
let queries =
tabulate m (\i ->
if i < n then
base + stride * i
else
base + stride x (i - n) + 1)

in {keys = keys, vals = vals, queries = queries}

Listing 1: Candidate type and generator for hashmap properties.
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The generator creates unique inserted keys, assigns each key a deterministic value,
and constructs query keys where the first half are present in the map and the second
half are absent. This makes it possible to state both positive and negative lookup

)

properties.

let all [n] (xs: [n]bool) : bool =
reduce (&&) true xs

let absent_queries [n][m]
(c: {keys: [n]i64, vals: [n]i32, queries: [m]i64}) =
drop n c.queries

let is_none_i32 (x: opt i32) : bool =
match x
case #some _ -> false

case #none -> true

let opt_i32_eq_val (x: opt i32) (v: i32) : bool =
match x
case #some x' -> x' == v
case #none -> false

Listing 2: Shared helper functions for hashmap properties.

-- property: prop_two_level_inserted_keys_are_members

#[prop(gen(gen_candidate))]
entry prop_two_level_inserted_keys_are_members (c: candidate) : bool =
let hm : two_level i32 =
two_level_hashmap.from_array_nodup () (zip c.keys c.vals)

in c.keys
|> map (\k -> two_level_hashmap.member () k hm)
|> all

Listing 3: Inserted keys are members of the constructed hashmap.

57



A HASHMAP PROPERTY EXAMPLES

-- property: prop_two_level_lookup_inserted_keys

#[prop(gen(gen_candidate)) ]
entry prop_two_level_lookup_inserted_keys (c: candidate) : bool =
let hm : two_level i32 =
two_level _hashmap.from_array_nodup () (zip c.keys c.vals)

let results =
map (\k -> two_level_hashmap.lookup () k hm) c.keys

in map2 opt_i32_eq_val results c.vals
|> all

Listing 4: Looking up inserted keys returns their inserted values.

-- property: prop_two_level_absent_keys_are_not_members

#[prop(gen(gen_candidate)) ]
entry prop_two_level_absent_keys_are_not_members (c: candidate)
let hm : two_level i32 =
two_level_hashmap.from_array_nodup () (zip c.keys c.vals)

: bool =

let absent = absent_queries ¢

in absent
|> map (\g -> !(two_level_hashmap.member () g hm))
|> all

Listing 5: Absent query keys are not members of the hashmap.

-- property: prop_two_level_lookup_absent_keys

#[prop(gen(gen_candidate)) ]
entry prop_two_level_lookup_absent_keys (c: candidate) :

let hm : two_level i32 =
two_level _hashmap.from_array_nodup () (zip c.keys c.vals)

bool =

let absent = absent_queries c¢

in absent
|> map (\g -> is_none_i32 (two_level_hashmap.lookup () q hm))
|> all

Listing 6: Looking up absent query keys returns #none.

58




A HASHMAP PROPERTY EXAMPLES

-- property: prop_two_level_not_member_agrees_with_member

#[prop(gen(gen_candidate)) ]
entry prop_two_level_not_member_agrees_with_member (c: candidate) : bool =
let hm : two_level i32 =
two_level _hashmap.from_array_nodup () (zip c.keys c.vals)

in c.queries
|> map (\q ->
two_level _hashmap.not_member () g hm
== ! (two_level_hashmap.member () g hm))
|> all

Listing 7: The not_member operation agrees with negating member.

-- property: prop_two_level_adjust_updates_inserted_keys

#[prop(gen(gen_candidate)) ]
entry prop_two_level_adjust_updates_inserted_keys (c: candidate) : bool =
let hm : two_level i32 =
two_level_hashmap.from_array_nodup () (zip c.keys c.vals)

let increments =
map (\_ -> 1i32) c.vals

let hm_adjusted : two_level i32 =
two_level_hashmap.adjust (+) 0i32 hm (zip c.keys increments)

let results =
map (\k -> two_level_hashmap.lookup () k hm_adjusted) c.keys

let expected =
map (+1i32) c.vals

in map2 opt_i32_eq_val results expected
|> all

Listing 8: The adjust operation updates existing keys without changing the key
set.
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