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Abstract

The correctness of software is a continuous problem, with many attempts at solving it.
Unit tests, for example, are limited in the sense that only the edge cases a test developer
thought of are tested for. Everything else is left up to chance.

This thesis aimed to provide a different solution by compiling "regular" code in the form
of Clojure definitions to the more mathematical form of B machine specifications. While
a working — if limited — compiler was successfully developed from Clojure to B, the
development of this thesis laid bare that some parts used are not mature enough in
the areas necessary for this project. As such, this thesis aims to lay a foundation by
presenting a proof-of-concept and outlining many areas of extension and improvement
for future work.
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1 Introduction

1.1 Background & Motivation

Clojure is a dynamic, general-purpose programming language from the family of Lisp-
derived languages. It predominantly uses the functional paradigm of programming and
features immutable, persistent data structures [Hic20]. Clojure finds application in many
different areas, from web development to the finance sector [CljSucc]. Especially in the
finance sector, software correctness is critical, as even minor bugs can have major con-
sequences.

The correctness of code is most often checked using testing. Be they unit tests, inte-
gration tests, or end-to-end tests, all of them work by designing a scenario with all pre-
requisites and determining a correct outcome. Typically, a build tool or dedicated testing
application then runs all tests to ensure the actual result matches the expected one. This
approach is only as good as the developer writing the tests, though. An edge case can
only be checked if it is thought of. Thus, software frequently needs patches or hotfixes to
fix bugs that are only found in production environments or at production-scale operations.

A different approach would be proving a program’s correctness. This can be achieved
through various means. One way is to insert assertions and expectations at different
points in a program to check that conditions are fulfilled, or intermediary results are as
expected. For example, Clojure itself provides a similar mechanism named Spec. It is
a library with which you "spec" a definition, providing predicates to be checked. For a
function definition, you can define predicates for each argument, the return value, and
how the return value relates to the arguments. For example, it could ensure that all keys
of an input map are present in the returned map [Mil16].

1 (defn ranged-rand
2 "Returns random int in range start <= rand < end"
3 [start end]
4 (+ start (long (rand (- end start )))))
5
6 (s/fdef ranged-rand
7 :args (s/and (s/cat :start int? :end int?)
8 #(< (:start %) (:end %)))
9 :ret int?

10 :fn (s/and #(>= (:ret %) (-> % :args :start))
11 #(< (:ret %) (-> % :args :end ))))

Listing 1: Example Spec function definition

Listing 1 shows an example from the official Spec Guide [Mil16] of defining a function
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called "ranged-rand" that generates a random integer number between a passed lower
and upper bound (lines 1-4). Spec is used in lines 6-11 to check that the arguments are
integers and that the lower bound is in fact lower than the upper one. The returning value
is checked to be an integer within the given bounds.

Spec also offers testing tools to check if the provided predicates hold true: The function
call (clojure.spec.test.alpha/check ‘ranged-rand) will, by default, generate 1000
random combinations of arguments that fit the argument predicates to run the function
and check all result predicates.

While this approach is very powerful, and especially automating the generation of test
cases takes a lot of effort off the developer’s shoulders, it does not catch all problems. In
the above example, there is a bug when ‘start‘ and ‘end‘ are so far apart that an integer
overflow occurs on subtraction. The randomly generated tests will only sometimes catch
this.

1.2 Goal of this Thesis

The goal of this thesis is to present a different approach and explain its advantages,
disadvantages, and challenges yet to overcome. I compile Clojure function definitions into
the programming and specification language B and then execute mathematical proofs on
the resulting machine specifications.

The B language is used to describe software models using mathematical proofs in order
to prove their reliability, consistency, and absence of bugs. It is used in protocols and
embedded computing and has diverse applications, from the modelling of a system to
the formalisation of specifications [Abr96]. There are tools, such as ProB [LB03] and
Atelier B [ATB], which help with the modelling and assessing the correctness of such
software models.

This thesis presents a tool — from here on out named clj-proof — that compiles Clojure
code into such a B-machine including a representation of Clojure values and B-predicates
for the used standard-library functions and the user-defined functions. The library lisb
demonstrated in the article by Körner and Mager [KM22] is used internally to construct B
syntax trees for the constructed machines and expressions and to interface with the ProB
Java API [Kör+21]. The relation of these components is laid out in Fig. 1.

clj-proof is a proof-of-concept for the compilation of function definitions and proof ex-
pressions. Listing 2 shows an example of how the library can be used. Lines 1-3 show
the generation of a B-machine stored in the variable state containing the user-defined
function add. Lines 4-7 demonstrate how you might evaluate a proof upon this machine; in
this case, to prove that the sum of any two numbers is in fact equal to the result of calling
the user-defined function add. In this proof-of-concept the only supported Clojure data
types are integers and booleans and a select few functions from the Clojure Standard
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Figure 1: Workflow of clj-proof

1 (let [state (compile-functions
2 ’((defn add [a b]
3 (+ a b))))]
4 (.eval state
5 (ir- >b
6 (for-all [a :int b :int]
7 (= (+ a b) (add a b)))))))

Listing 2: Example Usage of clj-proof

Library, that work upon them, are implemented in B.

1.3 Outline

This thesis consists of 5 sections after this introduction. First, I will present the develop-
ment process and explain decisions made and obstacles hit and overcome along the way
in section 2. An overview of the finished product follows in section 3 with descriptions
of each component and their relation to each other. Next, I will evaluate the results of
this thesis in section 4 and show related work in section 5. Finally, section 6 includes a
summary of everything presented.
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2 Development Process

In the following section, I will give a rough overview of the development process of
clj-proof. I will explain different parts of the project and the challenges faced while
working on them.

2.1 Introduction to B Syntax

To understand the examples shown in the following sections, it is necessary to give a
short overview of B and its syntax. B machines are written as lists of definitions and
constraints divided into multiple sections, which each have their own use for parts of the
B specification.

1 MACHINE name
2 CONSTANTS a, b, c, d
3 PROPERTIES
4 a: INTEGER &
5 b = 2 &
6 a = b + 4 &
7 c = %(paramA ,paramB ).
8 (paramA:INTEGER & paramB:INTEGER | paramA + paramB) &
9 d = c(a, b)

10 END

Listing 3: Example structure of a B machine

Listing 3 displays most of the primary features of B used in this project. Further parts
will be explained when needed. Machine definitions expectedly begin with the MACHINE
keyword followed by the machine’s name. In the examples shown here, we mainly work
with constants defined as a comma-separated list of identifiers in the CONSTANTS section.
Lastly, the PROPERTIES section defines an expression upon the previously defined con-
stants that constrains their values. Line 4 defines a to be part of the set of all integers.
Line 5 and 6 define constant values for a and b. In lines 7-8 we define c to be a lambda
expression taking two parameters, which are constrained to both be integers, and return-
ing their sum. Lastly, in line 9, d is defined to be the result of calling the lambda-function
c with a and b as parameters.

When this machine is loaded into a B evaluator like ProB, you can then evaluate expres-
sions upon this machine and find out that it correctly set the values of all the constants,
such that d is equal to 8 in the end.
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2.2 Representing Clojure Values Inside of B

As a language derived from Lisp, Clojure’s source code is relatively easy to analyse and
work with. A common trait all Lisp languages have is being constructed of S-expressions,
which represent code as data [McC+62b] [McC78]. Because of this, most Lisp dialects
have a function called "read", that processes code and produces a data representation
of it using lists, symbols, numbers and other internal data types. Using this homoiconicity
between code and data, analysing, modifying, and producing Lisp code becomes almost
trivial compared to other programming languages.

clj-proof works by reading Clojure source code and compiling it to a B machine. Then,
further Clojure expressions are compiled to B expressions to be evaluated upon the re-
sulting machine.

The first problems came up when trying to represent Clojure values in B. Clojure is first
and foremost a dynamic programming language [Hic20] and as such its values can take
many different shapes. On the other hand, B has its roots in mathematics and features a
strictly static type system, with values always being part of a set (as in mathematical set
theory).

1 MACHINE cljValues1
2 SETS valueTypeSet = {nilType , intType , boolType , errorType}
3 CONSTANTS valueSet
4 PROPERTIES
5 valueSet = struct(type: valueTypeSet ,
6 int: INTEGER ,
7 boolean: BOOL ,
8 error: STRING)
9 END

Listing 4: B-Machine for describing Clojure values as a struct set

The first idea around this issue was to take inspiration from Tagged Union types found in
other programming languages, like enums in Rust [KN22] or std::variant in C++ [CPPV].
While B does not have anything close to C unions, it does have struct sets and records. A
possible construction is shown in Listing 4 that uses a type field to mark what type a value
currently holds. Each possibility has its own field to hold the relevant data, then. While
this approach is very wasteful memory-wise, that is not a priority right now. Checking the
type of a value is as easy as reading the type field and branching on its contents, reading
the relevant data field. valueTypeSet is a B set containing values for the types currently
representable in B:

• nil: The "nothing"-type of Clojure signifying the absense of a value.

• int: Integers
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• bool: Booleans

• error: A string field for noting error messages. This is a precaution to handle type
errors and the like, since B expectedly does not feature an exception or error system
except for logic errors.

This solution also comes with its own problems, namely the impossibility of infinitely sized
types in B. Clojure being a Lisp-derived language makes lists an obvious data type to work
with. But a list-type would have to be able to hold other lists to correctly represent Lisp,
so the data type would necessarily have to be recursive in nature, but this is not possible
using B structs. I decided that this draw-back will be solved another time and continued
with this structure for the time being.

1 MACHINE cljValues2
2 SETS valueTypeSet = {nilType , intType , boolType , errorType}
3 CONSTANTS valueSet , nil , exampleInt , exampleBool
4 PROPERTIES
5 valueSet = struct(type: valueTypeSet ,
6 int: INTEGER ,
7 boolean: BOOL ,
8 error: STRING) &
9 nil = rec(type: nilType ,

10 int: 0,
11 boolean: FALSE ,
12 error: "") &
13 exampleInt = rec(type: intType ,
14 int: 5,
15 boolean: FALSE ,
16 error: "") &
17 exampleBool = rec(type: boolType ,
18 int: 0,
19 boolean: TRUE ,
20 error: "")
21 END

Listing 5: B-Machine for describing Clojure values as a struct set and basic values

Literal values in Clojure are easily converted to record expressions in B as shown in
Listing 5. Lines 5-8 show the definition of the value type as a set of structs with fields for
each variant. Lines 9-12, 13-16, and 17-20 each show the construction of a single value
of the types nil, int, and bool respectively.
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2.3 Compiling Functions and Expressions

The next step was compiling function definitions and function calls. In Clojure, functions
are defined using the special form defn. In its simplest form it takes a name, a vector of
parameters, and the rest of the form is interpreted as the function’s body. This "rest" can
contain multiple forms, the result of the last of which is returned as the function’s result.

1 (defn mul-rec [a b]
2 (if (or (= a 0) (= b 0))
3 0
4 (if (< b 0)
5 (recur (- a) (- b))
6 (+ a (recur a (- b 1))))))

Listing 6: Clojure function definition of recursive multiplication

The definition of the function mul-rec is shown in Listing 6, which defines multiplication of
2 integer numbers by recursive addition. It takes two parameters — a and b — which are
dynamic in Clojure but assumed to be integers. First, the function checks if either a or b
is equal to 0. If so, 0 is returned as we have reached the end of our recursion. If not, we
further check if b is a negative number. In that case, we recursively call the same function
with both arguments negated, using the special form recur. Otherwise, the result is the
sum of a and the recursive call using a and b − 1 as arguments. For example, the call
(mul-rec 2 3) would recursively produce the following intermediary results:

• (mul-rec 2 3)

• (+ 2 (mul-rec 2 2))

• (+ 2 (+ 2 (mul-rec 2 1)))

• (+ 2 (+ 2 (+ 2 (mul-rec 2 0))))

• (+ 2 (+ 2 (+ 2 0)))

• (+ 2 (+ 2 2))

• (+ 2 4)

• 6

To compile this function definition to B, we need to know how to represent Clojure func-
tions in B and also determine how to represent all the Clojure forms used in the function
definition. This includes the boolean and comparison functions or, =, < and the arithmetic



8 2 DEVELOPMENT PROCESS

functions + and -. Further, we need to compile Clojure’s if special form and the recursion
form recur to B.

The most intuitive way to implement functions in B in my opinion, is to use B’s lambda
abstractions. These work by declaring a constant of the function’s name in the CONSTANTS
section of the machine and defining its value as a lambda abstraction in the PROPERTIES
section. This way, functions can call each other and possibly also be used as values in
the future when implementing Clojure’s abundance of higher order functions.

Compiling the boolean functions showed another issue springing from B’s descent from
mathematics. B distinguishes between logical predicates and the real boolean expres-
sions TRUE and FALSE. It is not possible to combine two boolean values x and y using
operators like & or or without first converting them into predicates using a construction
like x=TRUE & y=TRUE. The result of this expression is still a predicate and needs to be
converted back into a boolean value using the built-in conversion function bool. This
makes the resulting B code rather verbose, with having to extract the boolean part of a
value, converting it to a predicate, operating on it, converting the result into a boolean
value, and converting that back into a Clojure value.

The same concept applies to the comparison operators, as these also produce predi-
cates, which then need to be converted into booleans again. By comparison, arithmetic
is very straight forward, because every common Clojure arithmetic function has an equiv-
alent counterpart in B.

The version of B used by lisb — ProB — features an IF-THEN-ELSE construction similar
to the one in Clojure by branching on a predicate. As such, it is again necessary to
convert boolean values into predicates using the above trick. For recur however, there
is no equivalent in B. As such, it is implemented by the compiler keeping track of what
function is currently being compiled and every occurrence of recur getting replaced by a
call to the current function.

At the moment, this form of recursion leads to errors during compilation, when using reg-
ular constants to declare recursive predicates. Instead, the section ABSTRACT_CONSTANTS
needs to be used. As such, the constants denominating user-defined functions are placed
in the ABSTRACT_CONSTANTS section to avoid these errors.

Combining all these parts together leads to the compiled version of mul-rec looking as
in Listing 7. The utility functions makeInt and getInt have been added to shorten the
presented code. These convert a B integer into a Clojure value containing an integer and
extract a B integer from a Clojure value respectively.
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1 MACHINE cljFunc1
2 [...]
3 ABSTRACT_CONSTANTS ‘mul-rec ‘
4 PROPERTIES
5 [...]
6 ‘mul-rec ‘= %(a,b).(a:valueSet & b:valueSet|
7 IF getInt(b) = getInt(makeInt (0)) THEN
8 makeInt (0)
9 ELSE

10 IF getInt(b) < 0 THEN
11 ‘mul-rec ‘( makeInt (- getInt(a)), makeInt (- getInt(b)))
12 ELSE
13 makeInt(getInt(a) +
14 getInt(‘mul-rec ‘(a,
15 makeInt(getInt(b) -
16 getInt(makeInt (1))))))
17 END
18 END)
19 END

Listing 7: Result of compiling mul-rec from Listing 6 to B

2.4 Proving Statements

B features two quantification methods: universal and existential. clj-proof produces
B expressions that universally quantify user-defined expressions to prove assumptions
about user-written code.

1 (for-all [a :int b :int]
2 (= (* a b) (mul-rec a b)))

Listing 8: Defining a universally quantified proof in clj-proof

Since B features native multiplication of integers, you could for example write a proof
that the function mul-rec defined in Listing 6 actually produces the product of any two
given integers. The code to define such a proof is shown in Listing 8. It uses a macro
called for-all, which is part of clj-proof and takes a vector of variable names and
their respective type and an expression to be compiled to B. This macro produces a
B-expression that universally quantifies the defined variables in their respective set and
evaluates the given expression inside this quantification. The result of compiling this
proof expression is shown in Listing 9 and shows the universal quantification of B. It takes
the form: !(vars).(prerequisite => implication). In line 1, all the quantified variable
names are declared. I use the suffix "-underlying" to denote variables for the internal data
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1 !(a,‘a-underlying ‘,b,‘b-underlying ‘).
2 (‘a-underlying ‘:INT & a=makeInt(‘a-underlying ‘) &
3 ‘b-underlying ‘:INT & b=makeInt(‘b-underlying ‘)) =>
4 getInt(a) * getInt(b) = getInt(‘mul-rec ‘(a, b))

Listing 9: Compilation result of Listing 8

type in B. Lines 2-3 show the prerequisite of the proof. In this case, that the underlying
variables are integers and the variables representing clojure values constructed using
them. Finally, line 4 shows the implication part of the proof, i.e. that the multiplication of
the underlying numbers is always equal to the result of calling our mul-rec function.

This expression is then evaluated "on top" of the B-machine produced by clj-proof
using the function definition in Listing 6 and produces the result TRUE. As this result is
an unconditional truth (not dependent on the value of any variable), it is reasonable to
understand this as our function being a proven correct way of implementing multiplication
between two integer numbers.

It is important to note, however, that this proof only uses INT as the B set to define an inte-
ger variable in the proof. This set is described as the "set of implementable integers" in the
ProB Manual [ProBInt] and features only the integers in between two constants MININT
and MAXINT. There is also the set INTEGER which denominates all integer numbers com-
parable to the mathematical set N, but in this case, ProB is unable to prove statements
concerning the full, infinite range of INTEGER at this point and returns an "evaluation warn-
ing" instead. This regrettably makes the proof shown here technically non-complete, but
ProB’s support for proofs on infinite sets will likely be expanded in the future.

2.5 Internals of Compilation

Compilation in clj-proof is done in two steps: first, all of the user’s function definitions
get compiled into one B machine together with definitions for Clojure standard library
functions used. Afterwards, the user’s proof expressions are compiled independently and
executed using the machine generated in the first step.

Since Clojure’s quote special form and macros are used to read function definitions and
expressions, there is no need for any lexing or parsing directly. This is already done by
the Clojure compiler/interpreter/REPL. Inside of the macro the user’s code is available
as a data structure of Clojure lists, vectors, symbols, and other data types, that can be
iterated over using standard Clojure functions.

By iterating over all function definitions and pattern matching the expressions, I recur-
sively build up a B syntax tree that gets passed on to the ProB evaluator to produce a
complete machine state.
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2.6 Limitations of this Representation

The internal representation of Clojure values using B structs presented above is limiting in
the sense that B understandably does not allow structs to be self-referential — meaning
for example, a struct having a field of its own type — as this would lead to types of theo-
retically infinite size without any pointer-like indirection. Generally, most Lisp-derived lan-
guages predominantly use lists, vectors or similar collection types for various purposes,
but representing those in this limited framework proved to be challenging. I attempted
using an extra "environment" struct — akin to how some interpreters store the state of
variables and call stacks during execution [Nys21] — and passing it through each func-
tion call. It stored an association of "list IDs" to B sequences of elements and would
be modified and returned by each function. But this proved very unwieldy in both com-
pilation and evaluation times. So, I ultimately decided to not support using lists in this
proof-of-concecpt version of clj-proof.

Then, later in the development, a different way to represent Clojure values in B presented
itself: Freetypes are a feature of different, similar languages to B like Z and the Rodin
theory plugin. They are also supported by ProB — the implementation of B used internally
by lisb [ProBFree] [KM22].

1 MACHINE cljFreetypes1
2 FREETYPES
3 cljValue = cljNil ,
4 cljInt(INTEGER),
5 cljBool(BOOL),
6 cljError(STRING)
7 END

Listing 10: Example usage of Freetypes in ProB

Freetypes let the user define sum types commonly found in functional languages with
constructors for each variant defined. An example for defining the set cljValue from List-
ing 4 as a Freetype instead can be seen in Listing 10. Most importantly for this project,
Freetypes have the ability to be self-referential in their constructor’s definition. As such, it
is possible to define an additional constructor for CONS-cells like this: cljCons(cljValue * cljValue).
This is the basic structure of which lists and other data structures have been built up since
the earliest versions of Lisp [McC+62a]. Lists can be constructed from CONS-cells by treat-
ing them as nodes of a linked list, with the "current" element stored in the first value slot
and the second slot pointing to the next CONS-cell or storing nil to signify the end of the
list.

Listing 11 shows the complete definition of a machine implementing this Freetype value
set and a corresponding function clj--cons (lines 12-16) that constructs a CONS value.
The implementation of these features in ProB seems to be incomplete, however, since
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1 (b (machine :clj-base
2 (freetypes
3 (freetype :clj--value []
4 (constructor :clj--nil)
5 (constructor :clj--int integer-set)
6 (constructor :clj--bool bool-set)
7 (constructor :clj--cons-cell
8 (cartesian-product :clj--value
9 :clj--value ))))

10 (constants :clj--cons)
11 (properties
12 (= :clj--cons
13 (lambda [:car :cdr]
14 (and (member? :car :clj--value)
15 (member? :cdr :clj--value ))
16 (fn-call :clj--cons-cell :car :cdr ))))))

Listing 11: Definition of clj–value Freetype with cons cell constructor in lisb

1 (let [state-space (state-space!
2 (ir- >ast
3 (b #_[...])))]
4 (-> state-space
5 (. getRoot)
6 (. findTransition "$setup_constants" [])
7 (. getDestination )))

Listing 12: Advancing the state space of the machine until constants can be interacted
with

trying to advance the state as in Listing 12 takes a couple of minutes, after which an
exception is thrown and nothing is returned. Further investigation was not possible within
the constraints of this thesis and will have to be explored in the future, when the feature
has matured more.

3 Final Product

In this section, I will outline the final outcome of this thesis and its dependencies. I will
begin by describing the main functions that make up the bulk of the codebase. Then
follows a presentation of examples for usage of the library showing some test cases.
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1 (b (= :clj--value-set (struct :type :clj--value-type-set
2 :int :clj_base
3 :bool bool-set )))

Listing 13: Example of lisb usage

1 ‘clj--value-set ‘ = struct(type: ‘clj--value-type-set ‘,
2 int: ‘clj_base ‘,
3 bool: BOOL)

Listing 14: Result for Listing 13

3.1 compile-functions

This is the main entrypoint of the library. compile-functions gets passed a list of Clojure
function definitions and returns a B machine that contains these functions as constant
definitions. This is done by compiling each function definition using compile-function,
listing all of the function names in the ABSTRACT_CONSTANTS section of the machine and
including the B-implementations of the functions in the PROPERTIES section together with
all the standard functions implemented.

To construct the B machine this library makes extensive use of the lisb library pre-
sented in the article by Körner and Mager [KM22] which itself makes use of the ProB
Java API [Kör+21]. For example, Listing 13 shows how a set like the one presented in
Listing 4 might be constructed using lisb. This code then produces a syntax tree equiv-
alent to the expression shown in Listing 14, which ProB can evaluate.

3.2 compile-function

1 (assert (and (list? form)
2 (= (first form) ’defn)
3 (vector? (nth form 2)))
4 "Invalid form")

Listing 15: Assertion of Correct defn structure

compile-function works on the function definitions provided by the user and produces
B expression syntax trees that represent a B lambda function. It first asserts that the list
supplied fits the expected structure: the supplied form should be a list that starts with the
symbol "defn" and has a vector (containing the function parameters) as the third element.
This assertion is shown in Listing 15.
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1 (let [parameters (vec (map keyword (nth form 2)))]
2 (blambda parameters
3 (apply band (map #( bmember? %1 :clj--value-set)
4 parameters ))
5 (compile-expr (nth form 3) fn-name )))

Listing 16: Body of compile-function

Listing 16 shows how the function then converts the parameter names supplied into Clo-
jure keywords and constructs the B syntax tree of a lambda expression using the pa-
rameters and the compilation result of the function body. lisb [KM22] is used in lines
2-5 to construct the lambda expression similar to how it would be written in B. Lines 3-4
construct the "condition" part of the lambda that asserts each parameter to be part of the
Clojure value set. Line 5 then calls the function compile-expr to compile the expression
in the function definition’s body to B and insert it as the lambda’s body.

3.3 compile-expr

1 (cond
2 (integer? expr) (bfn-call :clj--make-int expr)
3 (symbol? expr) (keyword expr)
4 (nil? expr) :clj--nil
5 (list? expr) (compile-call expr fn-name ))

Listing 17: Body of compile-expr

As shown in Listing 17, compile-expr checks the type of the supplied expression and
depending on the result produces a different kind of B expression. Integers are compiled
to calls to the "makeInt" function from Listing 7; Symbols are converted to keywords,
since lisb uses keywords as variable names; Nil is converted to its B version and Lists
or function calls are compiled separately since this is a catch-all for all the different control
structures possible in Clojure.

3.4 compile-call

Similar to compile-expr, compile-call uses pattern matching of the first element of the
list to figure out how to proceed. In the case of standard functions like "+", "<", or "or"
it extracts the values from the B record-values, applies the given function, and produces
a record-value of the result. Listing 18 shows the part of compile-expr that compiles
addition. It calls the internal function clj--make-int to wrap the resulting sum in a Clojure
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1 (case (first expr)
2 ; ...
3 + (bfn-call :clj--make-int
4 (apply b+
5 (map #( bfn-call :clj--get-int
6 (compile-expr %1
7 fn-name ))
8 (rest expr ))))
9 ; ...

10 )

Listing 18: Example of compiling addition

value (line 3) and passes all numbers extracted from the arguments using clj--get-int
(lines 5-7) to the B addition operator using the lisb function b+ (line 4). All the other
arithmetic are implemented similarly.

1 (case (first expr)
2 ; ...
3 if (bif (b= true
4 (bfn-call :clj--get-bool
5 (compile-expr (second expr)
6 fn-name )))
7 (compile-expr (nth expr 2) fn-name)
8 (compile-expr (nth expr 3) fn-name ))
9 ; ...

10 )

Listing 19: Example of compiling if/else expressions

Listing 19 shows how Clojure’s if/else expressions get compiled. This displays the dif-
ference between boolean values and predicates in B explained in Section 2.3 as in line
3, the boolean value of the result of compiling the condition needs to be extracted and
explicitly compared to the B constant TRUE to produce a predicate as the first parameter
to the lisb function bif. The consequent and alternative expressions are each compiled
by recursively calling compile-expr again.

Since values are always passed around wrapped in Clojure values in the compiler this
predicate/boolean isometry needs to be accounted for when working with other expres-
sions thath use and/or produce booleans as well. As an example for boolean operations,
Listing 20 shows how a call to the Clojure function not is compiled. It extracts the boolean
value (lines 6-8), compares it to FALSE in this case to produce the opposite value (line
5), converts the resulting predicate back into a boolean value using lisb’s bpred->bool
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1 (case (first expr)
2 ; ...
3 not (bfn-call :clj--make-bool
4 (bpred- >bool
5 (b= false
6 (bfn-call :clj--get-bool
7 (compile-expr (nth expr 1)
8 fn-name )))))
9 ; ...

10 )

Listing 20: Example of compiling the not function

function (line 4) and wraps that in a Clojure value again (line 3). The other boolean oper-
ations like or or and and functions producing booleans like equality and comparison are
compiled similarly.

4 Evaluation

The title of this thesis is very optimistic in nature, as initial prototypes for clj-proof
showed a lot of promise for this project. The production of this thesis hit many roadblocks,
however, both in the development of clj-proof itself (see Section 2 for examples) and in
organisational problems surrounding the thesis. As such, the proof-of-concept presented
here is all that was possible within the constraints of this bachelor’s thesis.

There are some issues with the premise of this thesis that were unforeseeable from the
start, such as ProB’s limitations when working with proofs upon infinite sets, but this thesis
does present many areas for future expansion. Apart from possible extensions to the
ProB engine’s internals, clj-proof itself can be expanded with support for more Clojure
Standard Library functions or data types. Once ProB’s support for Freetypes is more
complete, an additional backend to the compiler using Freetypes as the representation of
Clojure values can be developed. The additional possibilities this would offer have been
outlined in Section 2.6.

A few unit-tests have been developed using Clojure’s clojure.test library. One im-
plements an exercise from the book Reasoning [REA] as a test to prove a convoluted
tautology. The function mul-rec from Section 2.3 is also included as a test (with the lim-
itations stated). The full source code for clj-proof is available under https://github.
com/shining-luna/thesis.

https://github.com/shining-luna/thesis
https://github.com/shining-luna/thesis
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5 Related Work

The matter of proving a program’s correctness discussed in this thesis has been in dis-
cussion as early as the latter half of the 20th century, with papers such as the one by
London from 1970 [Lon70] presenting earlier approaches.

Concerning more contemporary proving methods, there are multiple options like Lean
4 [MU21] and F* [SMR23].

Lean 4 is an interactive theorem prover that is fully extensible and also works as an
efficient functional programming language. It might be another possible compilation target
for clj-proof that is better suited to theorem proving than B, which is has a greater focus
on model checking. Lean’s features as a functional programming language and higher
level type system might make it more suited as a mapping from Clojure’s value structure.

F* is a dependently typed programming language that plays both the role of a general
purpose programming language and a proof assistant and program verification engine.
As such, it might also be a possible compilation target. It explicitly supports proofs by
induction through defining so-called "lemmas" that help the solving engine find a deter-
ministic route to proving a statement. This would enable proofs like the one in Section 2.4
to be solvable without limiting oneself to finite sets.

6 Conclusion

The result of this thesis is clj-proof, a compiler for a small subset of Clojure, that pro-
duces a B machine specification. It additionally compiles single expressions to be evalu-
ated upon the resulting machine.

An overview of the development of clj-proof was given to explain the problems faced
and overcome along the way. Furthermore, I evaluated the result in the context of this
thesis’ premise and noted how it compares to the goal set at the start.

While clj-proof is not a complete alternative to test suites yet, this thesis serves as
a foundation to build upon for future developments concerning ProB and compilation of
"regular" code to proving mechanisms in general. There are many areas of this project
and surrounding technologies that can be expanded in the future and this thesis outlines
some of those points where future work is possible.
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