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Abstract

Manually grading programming assignments is a labour-intensive task. The numerous
repetitive errors in these assignments require human graders to spend considerable time
and effort on redundant tasks. Clustering equivalent assignments is an effective solution
to this problem. We explored the use of Scala program equivalence proofs with the
Stainless formal verifier for clustering Scala programming assignments in the Elements
of Programming Languages course. To overcome Stainless’s limitations in supporting
standard Scala and its inability to verify complex exercises, we proposed an automated
transformation method for the original programming assignments and implemented
a Stainless-based clustering framework. In the 2023 EPL programming assignment
submissions, which included 27 exercises, our prototype successfully transformed an
average of 96% of submissions per exercise into a Scala subset accepted by Stainless.
Additionally, it effectively reduced the number of unknown equivalence checks in 6

exercises through optimization strategies and got sound clustering results in all exercises.
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Chapter 1
Introduction

Manually grading and providing feedback on programming assignments is a labour-
intensive task. Students often make similar errors in their assignments, and manually
checking each one demands considerable time and effort from human graders on
repetitive tasks. Additionally, manually reading code is also prone to errors.

Testing is the most common solution to this issue [1]. However, many test cases are
required to ensure program coverage and produce accurate results [2], which may also
incur additional manual costs. Another approach is to cluster programming assignments
based on program equivalence or similarity. This allows human graders to provide a
unified score and feedback for the entire cluster. Previous research has achieved this
functionality in various programming languages using a range of approaches, including
program analysis, symbolic execution, model checking, and theorem proving [3]-[9].

The primary goal of this project is to achieve clustering of Scala programming
assignments 1 and 2 in the Elements of Programming Languages (EPL) course' based
on equivalence checking provided by Stainless formal verifier [8]. Stainless provides
semantic-based program equivalence checking, offering results with formal guarantees.
Although it has been previously used for clustering Scala programming assignments
[9], there has been no specific research focusing on assignments like EPL programming
tasks, which directly utilize standard Scala and contain relatively complex exercises. To
achieve this, we translated the original standard Scala assignments and applied specific
optimizations to reduce the difficulty of verification with Stainless through automated
transformations. In the 2023 EPL programming assignment submissions containing
27 exercises, our method enabled an average of 96% of submissions per exercise to be

successfully converted into a Scala version accepted by Stainless. In 6 of the exercises,

"https://www.inf.ed.ac.uk/teaching/courses/epl



Chapter 1. Introduction 2

the application of optimization strategies successfully reduced the number of unknown
equivalence-checking results during the clustering process. And the final clustering
results are all sound.

The main contributions of this dissertation are:

* Stainless Support for EPL assignments: We enabled Stainless to accept and pro-
cess EPL programming assignments by transformation, which will be discussed
in Chapter 3. This includes translating standard Scala to Stainless Scala and a
targeted extraction method that extracts specific exercises to prevent interference

from others.

* Performance Optimization: In Chapter 4, we proposed several strategies to
optimize performance for some exercises, thereby reducing the difficulty of

equivalence checking in Stainless and minimizing the occurrence of timeouts.

* Clustering: We extended the existing clustering algorithm in Stainless to support
the clustering of student submissions with the same semantics in Chapter 5,

enhancing its practicality in real educational settings.

* Implementation and Evaluation: We implemented our approach based on Stainless
and evaluated it on real EPL programming assignment submissions in 2023. The
evaluation results on the real dataset demonstrate the effectiveness of our approach.

These will be discussed in Chapter 6 and Chapter 7.



Chapter 2
Background

This chapter first introduces the working principles and capabilities of the Stainless
verifier for Scala program equivalence checking in Section 2.1. In Section 2.2, we
describe the content and format of the EPL course programming assignments that need

to be clustered, along with the issues that need to be addressed.

2.1 Stainless Formal Verifier

Stainless is a Scala formal verification tool. It can statically verify whether a Scala
program terminates and whether it meets program specifications, which can be either
automatically generated or provided by the developer. It relies on the higher-order
functional language solver Inox [10]. Stainless will translate the Scala Abstract Syntax
Tree (AST) into the AST of a pure functional verification language supported by Inox.
The latter ultimately embeds the verification language into quantifier-free Satisfiability
Modulo Theories (SMT) expressions and uses SMT solvers like Z3 [11] and CVCS5 [12]
for solving. The design of Stainless is similar to a combination of a bounded model
checker and a k-inductive prover [13], which can provide proof when the specifications
hold and generate corresponding counterexamples when they do not.

Stainless supports equivalence checking between Scala programs [8]. By providing
two Scala functions with the same signature, it can automatically construct the corre-
sponding postconditions to verify whether their outputs are equivalent for all inputs. If
they are not equivalent, it outputs a set of parameters as counterexamples. For programs
with recursive calls, Stainless uses functional induction to prove their equivalence.
Stainless’s equivalence checking also includes some more advanced features. When

Stainless cannot prove that two programs are equivalent and no counterexample is found,
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it can search for function calls with matching parameters and attempt to first prove
the equivalence of these two auxiliary functions. If they are found to be equivalent,
Stainless will replace the call to one auxiliary function with the other, thereby reducing
the complexity of the original proof. Additionally, it includes a clustering feature that
can classify a set of candidates as correct, incorrect, or unknown according to the

reference models.

2.2 Program Assignments in EPL course

The exercises included in EPL Programming Assignments 1 and 2 and their descriptions
are shown in Table 2.1 and Table 2.2. Assignment 1 primarily consists of warm-up
exercises focusing on features of the Scala language. Assignment 2 is more complex,
requiring students to implement an interpreter and a type checker, as well as capture-
avoiding substitution and desugaring for a simple programming language called Giraffe.
Both these two assignments are structured as Scala files, with each student submitting
an individual Scala file containing the provided framework code and some definitions
that students need to complete for each exercise. Students are also permitted to add
auxiliary functions or other definitions to complete the exercises.

EPL programming assignments 1 and 2 involve using various Scala language
features, including common data types like Int and String, type parameters, higher-order
functions, lambda functions and data structures such as List and Map. Most of these
features are supported by Stainless [14]. However, Stainless does not directly support
the standard Scala used in EPL programming assignments. It is limited to analyzing
its own implementation of the Stainless library and cannot analyze the Scala standard
library. An automated method is required to transform the original Scala code to make
it compatible with Stainless. This process will be discussed in Chapter 3. Some of the
complex exercises may pose challenges for Stainless in equivalence checking, leading to
unknown results. Some performance optimization strategies are presented to reduce the
verification complexity in Chapter 4. Additionally, a new clustering algorithm is needed
to group assignments with equivalent semantics based on the results of Stainless’s

equivalence checks, which will be discussed in Chapter 5.
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No Name Description

1 polynomial Compute the value of a polynomial expression
2 sum Sum all numbers from O to n

3 cycle Rotate the components of a triple

4 suffix Compute the suffix of a given number

5 boundingBox Compute the smallest rectangle that encloses all points
6 mayOverlap Check if two bounding boxes overlap

7 composel Compose two given functions

8 compose Combine two functions into a single function

9 map Apply a given function to each element in a list
10 filter Filter a list based on a given predicate

11 reverse Reverse the order of elements in a list

12 lookup Look up a value in a key-value pair list

13 update Update the value associated with a key in a list
14 keys Return all keys present in a key-value pair list
15 presidentListMap Map numbers to the names of U.S. presidents

16 mapl2 Define a map and update it with additional entries
17 list2map Convert a list of pairs into a map

18 election Count the occurrences of each element in a list

Table 2.1: Description of EPL Programming Assignment 1
No Name Description
Value.multiply Perform multiplication operation on Giraffe numbers
Value.eq Test for equality between Giraffe values
Value.length  Calculate the length of a Giraffe string

O 00 39 N N A~ W N =

Value.index
Value.concat
eval
tyOf
subst

desugar

Access a specific index within a Giraffe string

Concatenate two Giraffe strings into one

Interpret the Giraffe programming language

Perform type checking on Giraffe expressions

Execute capture-avoiding substitution within Giraffe expressions

Simplify Giraffe expressions by removing syntactic sugar

Table 2.2: Description of EPL Programming Assignment 2



Chapter 3
Assignments Transformation

The standard Scala used in EPL programming assignments is not fully compatible with
Stainless, making it impossible to directly process these assignments with Stainless.
To resolve this issue, this chapter introduces a set of translation rules for converting
standard Scala into Stainless Scala, allowing for the automated transformation of EPL
programming assignments while ensuring the maximum preservation of their semantics.
Additionally, a target extraction algorithm is proposed to isolate specific exercises within
EPL programming assignments, ensuring that unsupported exercises do not interfere

with other exercises.

3.1 Translation for Stainless Scala

3.1.1 General Type Translation

Stainless cannot directly process types from the Scala library. Instead, it defines its
own library called Stainless library, which implements types corresponding to some
of those in the Scala standard library [15]. To translate the original Scala code into
a subset of Scala supported by Stainless, we need to replace the original types with
semantically similar Stainless types. The predefined types in Stainless include Int,
Biglnt, String, Real, Set, Array, Map, Tuple and Bitvectors. Except for Real and
BitVectors, these types correspond to those with the same names in Scala’s scala package
and Predef package. Real corresponds to scala.math.BigDecimal, while BitVectors
do not have a corresponding type in Scala. These types are directly supported by
Stainless’s backend solver, Inox. Additionally, Stainless defines some common data

structures in its library as ordinary algebraic data types (ADTs), such as Option, List,
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and ListMap, which correspond to scala.Option, scala.collection.immutable.List, and
scala.collection.immutable.ListMap, respectively.

/% Before #*/
def mapl2_withUpdate: scala.collection.immutable.ListMap[Int, String

] =

val mapl2 = scala.collection.immutable.ListMap[Int, String]();

mapl2 + (1 -> "a", 2 -> "b");

/* After */
def mapl2_withUpdate: stainless.collection.ListMap[OverflowInt,
String] =

val mapl2 = stainless.collection.ListMap[OverflowInt, String]();

mapl2 + (OverflowInt (l) -> "a") + (OverflowInt (2) -> "b");

Listing 3.1: An example of type translation.

The translation of types relies on replacing type constraints and constructors, with
additional constructors being added in certain cases. Listing 3.1 shows an exam-
ple. The first map12_withUpdate represents the original Scala source code, while the
second map12_withUpdate represents the Stainless Scala source code that can be au-
tomatically generated after applying the translation rules. In the translated code, the
scala.collection.immutable.ListMap type and its constructor calls have been replaced
with the equivalent stainless.collection.ListMap. Some additional transformation rules
are also applied to address the subtle differences between the Scala and Stainless types.
The original map12 + (1 -> "a", 2 -> "b") expression was split into two separate
+ calls. This is because methods not directly supported by Inox cannot utilize varargs in
Stainless, meaning that the + method in Stainless ListMap can only accept one key-value
pair at a time.

Listing 3.1 also illustrates a relatively specific general translation: we use Over-
flowInt instead of Stainless Int and add the OverflowInt constructor for integer literals
for conversion. The consideration is compatibility with other APIs in the Stainless
library and integer overflow. Some interfaces of other Stainless types only accept or
return Biglnt types, and Stainless only allows converting Int literals to Biglnt, not
permitting any other conversions between them. This means that an original Scala

program using Int may result in type conversion errors after translation from Scala Int
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to Stainless Int. If we choose to translate Scala Int to Stainless Biglnt, it will result
in semantic differences between the original program with integer overflow and the
translated program, potentially leading to unsound results [16].

@library

case class OverflowInt (underlying: BigInt) {

require (underlying >= OverflowInt.IntMin && underlying <=

OverflowInt.IntMax, "OverflowInt out of bounds")

def +(that: OverflowInt): OverflowInt = OverflowInt.overflow (

underlying + that.underlying)

@Qlibrary
object OverflowInt {

private def overflow (num: BigInt): OverflowlInt = ({
if (num > IntMax) OverflowInt (num - IntMax - 1 + IntMin)
else if (num < IntMin) OverflowInt (num - IntMin + 1 + IntMax)

else OverflowInt (num)

Listing 3.2: The Definition of OverflowInt

To address this issue, we introduced a new BigInt wrapper class called OverflowInt
in the Stainless library as an equivalent replacement for Int. This class uses Biglnt to
simulate the integer overflow rules of Scala’s Int, wrapping around on overflow and
underflow to match the semantics of the original Scala Int as shown in Listing 3.2.
Therefore, it can ensure consistency with the original semantics of Int. Additionally, it
can be converted to and from Biglnt, ensuring compatibility with other interfaces in
Stainless.

/* Before */

case _ if 11 until 13 contains n % 100 => "th"

/+ After +/
case _ if stainless.collection.List.range (OverflowInt (11),

OverflowInt (13)) contains n % OverflowInt (100) => "th"

Listing 3.3: Translating until to List.range.
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For some types that are not supported by Stainless, we can substitute them with other
types. One example is shown in Listing 3.3. While Stainless does not support ranges
created by the until keyword, they can be substituted with a Stainless List containing
the equivalent integers. We will translate Scala’s to and until keywords into calls to
the stainless.collection.List.range method, which generates a list of integers within the

specified range.

3.1.2 Specialized Type Translation

// Provided framework code

abstract class Shape

case class Circle(r: Double, x: Double, y: Double) extends Shape
case class Rectangle (llx: Double, 1lly: Double, w:Double, h:Double)

extends Shape

// The exercises students need to complete
def boundingBox (s: Shape): Rectangle = s match {
case Rectangle (lrx, lry, w, h) => Rectangle(lrx, lry, w, h)

case Circle(r, x, y) => Rectangle(x - r, vy - r, 2 * r, 2 * 1)

Listing 3.4: The boundingBox exercise involving the Double type

Exercises boundingBox and mayOverlap in the EPL programming assignment 1
include the Double type, which is not supported by Stainless. However, this usage is
limited to the provided framework code and does not involve Double literals as shown in
Listing 3.4. Students are not required to introduce new Double variables or use Double
literals to complete these exercises. In these cases, we will translate Scala’s Double
to Stainless’s BigInt. The reason for choosing BigInt is that Double here represents
coordinates in a Cartesian coordinate system, and there is no size limit to them in
semantics. For other exercises where the Double type appears in students’ code, we

will reject these because translating Double to another type is currently unsafe.

3.1.3 Exception

In EPL programming assignments, there is no need to use the try-catch exception
handling mechanism that Stainless does not support. However, the assignments may
include calls to scala.sys.error or direct throwing of exceptions. Stainless provides stain-

less.lang.error, which is directly supported by the Inox solver and offers functionality
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similar to scala.sys.error. It can also serve as an alternative to throwing exceptions.
However, stainless.lang.error presents additional issues in program equivalence check-
ing. The original design of Stainless’s equivalence checking did not take into account
programs that include calls to stainless.lang.error [8]. By default, the preliminary veri-
fication in Stainless will reject programs that may execute stainless.lang.error, as it is
considered unsafe behaviour akin to throwing exceptions. Even if this verification is
disabled, equivalence checking will treat these programs as non-equivalent, even if they
call stainless.lang.error under the same conditions with the same arguments. This is
because different stainless.lang.error calls with the same arguments are translated into
calls to different uninterpreted functions in the final SMT formula by Inox, and such
function calls are not considered equivalent.
/% Package 1 %/
def lookup[K, V](m: List[(K, V)], k: K): V = m match {

case Nil => sys.error ("Not found.")

case (a, b) :: t if a == k => Db

case h :: t => lookup(t, k)

}
/+ Package 2 x*/

def lookup[K, V] (m: List[(K, V)], k: K): V = m match {
case Nil => throw new Exception("Cant find the value.")
case (m,n) :: xs if m == k => n
case (m,n) :: xs => lookup(xs, k)

Listing 3.5: Two equivalent functions that throw exceptions in different ways.

This imposes certain limitations on Stainless’s equivalence checking, especially
in the context of verifying programming assignments. Listing 3.5 shows an example
where two versions of lookup throw exceptions with different methods and messages
when m is Nil. These two functions should be considered equivalent because they both
terminate with an exception under the same conditions, and their behaviour is also
equivalent for other inputs. However, if we simply translate sys.error and the throwing
of exceptions into calls to stainless.lang.error, Stainless will not be able to handle them
correctly.

To enable Stainless to correctly support this kind of equivalence checking with
exceptions, we defined a wrapper function for sys.error in the Stainless library called
errorWrapper and translated all calls to sys.error and the throwing of exceptions into

calls to it. Its definition and translation result is shown in Listing 3.6. It has no
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parameters, so the original exception message will be ignored. @extern is an annotation
in Stainless used to ignore the function body and only extract its contracts. This
annotation ensures that errorWrapper is translated into an uninterpreted function that
returns Nothing in the SMT formula, making all calls to it equivalent. Due to Stainless’s
special handling of the Nothing type, some modifications to Stainless are required for

errorWrapper to function correctly. This will be discussed in the Section 6.4.

@extern def errorWrapper: Nothing = sys.error ("error message")

/+ Before */
case Nil => sys.error ("Not found.")

case Nil => throw new Exception ("Cant find the value.")

/+ After */
case Nil => errorWrapper

case Nil => errorWrapper

Listing 3.6: Definition and usage of errorWrapper

/% Before x/ /* Before */

n % 10 match { // env 1is a Map
case 1 => "st" case Var (x) => {

} env (x)

/* After =/

n % OverflowInt (10) match { /+ After «/
case OverflowInt (1) => "st" case Var (x) => {
case _ => errorWrapper env.getOrElse (errorWrapper)
} }
Listing 3.7: Non-exhaustive-match Listing 3.8: Translation for Map::Apply

Based on errorWrapper, we can further extend the scope of Stainless equivalence
checking to support programs that include implicit exception throwing. By default,
Stainless refuses to perform equivalence checking on programs that do not satisfy match
exhaustiveness because they contain an implicit default branch that throws an exception.
For such pattern matches, we will automatically add a default branch that throws an
exception using errorWrapper as shown in Listing 3.7. Similarly, for methods like
Map::apply that may potentially throw exceptions, we also transform them to throw

exceptions using errorWrapper explicitly. A typical example is shown in Listing 3.8.
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3.2 Target Extraction

The translation of programming assignments cannot guarantee that the resulting pro-
grams will be compatible with Stainless, as we have not restricted the language features
students may use. Stainless will check all input Scala source code for unsupported
features before verification. When unsupported features are present, Stainless will
throw an error and exit. This can cause some normal exercises in EPL programming
assignments to be rejected by Stainless. In both assignment 1 and assignment 2 of the
EPL course, all of a student’s submitted exercises are contained within a single Scala
file. If one of the exercises contains unsupported syntactic features, all of the student’s
exercises will be rejected by Stainless, even if we are verifying a valid exercise. Listing
3.9 shows an example. The reverse exercise cannot be processed by Stainless because
it prohibits modifications to mutable variables within the lambda function passed to
the foreach method. When we attempt to perform an equivalence check between the
election and its other implementation, it will be rejected because it shares the same
source file as reverse, even though the election and reverse exercises are unrelated.

/% One source file submmited by a student =/

// Unsupported exercise

def reverse[A](l: List[A]): List[A] = {

var outputList: List[A] = Nil ()

// Stainless doesn’t support effects in lambda body

l.foreach { 1 =>

outputList = 1 :: outputlList
}
outputlList

// Helper methods added by students
def addVote(l: List[String], m: ListMap[String, Int]): ListMap]|
String, Int] =

// Another exercise

def election(votes: List[String]): ListMap[String, Int] =
val listmap = ListMap[String, Int] ()
addVote (votes, listmap)

Listing 3.9: Examples of Unsupported Features and Multi-function Exercises



Chapter 3. Assignments Transformation 13

Algorithm 1: Extract Specific Targets and Dependencies
Input: Extract targets (targets)

Output: Extracted definitions (result)

1 Function AddResult (item):

2 if item ¢ result then
3 result < result U item
4 worklist < worklist Uitem

5 result < targets
6 worklist < targets
7 while worklist # 0 do

8 remove definition from worklist
9 if definition is class T ... or is trait T ... then
10 foreach parentType in GetParentTypes (T) do
11 t AddResult (parentType)
12 foreach subType in Get SubTypes (T) do
13 t AddResult (subType)
14 else if definition is companion object O ... then
15 foreach type in GetType (O) do
16 t AddResult (type)
17 foreach expression in GetExpressions (definition) do
18 if expression is F(...) then
19 AddResult (F)
20 else if expression is x: T or new 7'(...) then
21 AddResult (T)
22 else if expression is O and O is companion object then
23 AddResult (0O)

To address this issue, we need to extract only the relevant parts of the specific
exercise when performing equivalence checking. Simply extracting a particular exercise
based on the function name is not sufficient, as students may add their own helper
functions or other definitions like addVote function in Listing 3.9. We use a simple
fixed-point algorithm to extract specific exercise, as shown in Algorithm 1. At the start
of the algorithm, both the worklist and result sets are initialized with the specified target

definitions, which typically refer to functions pre-defined in the assignment framework
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that students need to complete. The algorithm then iterates through the definitions in
the worklist for processing. If a definition is a class or trait, its parent and child classes
are added to the workList for further processing. If the definition is a companion object,
the corresponding class is added to the workList. Next, the algorithm extracts any other
functions, classes, and companion objects that the current definition depends on, based
on function calls, object construction, type constraints, and references to companion
objects. New dependencies will be added to both the result and workList. The algorithm

terminates once workList is empty.



Chapter 4
Performance Optimization

Stainless cannot guarantee a definitive result for every verification attempt. When
verification conditions cannot be proven and no counterexample is found within the
specified time, it returns a timeout as the result. In the context of equivalence checking,
this means that the equivalence of the two programs is considered unknown. The
reasons for a timeout include the use of undecidable theories, non-k-inductive invariants
[17], and state explosion. In this chapter, we propose some optimization strategies
for EPL programming exercises prone to state explosion to avoid unknown results by

reducing the number of states.

4.1 Recursion Elimination

For recursive function calls or recursive ADT definitions, Stainless may repeatedly
unfold their definitions until it can either prove them using k-induction or find a coun-
terexample. As this process continues, the number of states in SMT formulas steadily
increases [6], potentially causing the SMT solver to fail in returning a result due to the
expanding search space, which can ultimately lead to a timeout. To mitigate the risk
of timeouts, we will minimize recursive calls or avoid verifying recursive definitions

whenever possible.

4.1.1 Substitute Map for ListMap

In Stainless, Map is directly supported by the Inox solver and utilizes decidable array
theory [15]. During the verification process, Inox does not require any additional

unfolding operations. In contrast, ListMap is defined as an ADT within the Stainless

15
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library. Both ListMap and the List implementation it relies on contain a substantial
number of recursive definitions and recursive calls. This leads to a significant difference

in verification efficiency between them.

/+* Before #*/

import scala.collection.immutable.ListMap

def list2map[K,V](l: List[(K,V)]): ListMap[K,V] = 1 match {
case Nil => ListMapI[K,V] ()

case (k,v) :: m => list2map(m) + (k -> v)

/+ After general translation x/

import stainless.collection.{ListMap,List,Nil,Cons}

def list2map[K,V](l: List[(K,V)]): ListMap[K,V] = 1 match {
// Nil and Cons objects in Stainless are slightly
// different from those in Scala.
case Nil () => ListMapl[K,V]()

case Cons ((k,v),m) => list2map(m) + (k -> v)

/* After Using Map instead of ListMap for better performance x/
import stainless.lang.Map
import stainless.collection.{List,Nil,Cons}
def list2map[K,V](l: List[(K,V)]): Map[K,V] = 1 match {
case Nil () => MapI[Xk,V] ()

case Cons ((k,v),m) => list2map(m) + (k -> v)

Listing 4.1: An example of translating ListMap to Map in the list2map exercise.

Map in Stainless corresponds to scala.lang.Map, which is implemented by default
as HashMap in Scala. The main semantic difference between HashMap and ListMap is
that ListMap preserves the order of element insertion, whereas HashMap does not [18].
When the insertion order of elements is not important, the semantics of the two are
effectively the same. Therefore, in the list2map and election exercises, where ListMap
operations are challenging to verify, we translate Scala’s ListMap into Stainless’s Map

as shown in Listing 4.1.

4.1.2 Avoid ADT Invariants in Recursive ADT

In Stainless, it is possible to add invariants to ADTs, and the system will automatically

verify whether the invariant is violated at any occurrence of the ADT [14]. In Listing
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3.2, the require statement we added in OverflowInt uses an ADT invariant to ensure
that the underlying falls within the valid range for Int. However, we have observed that
when an ADT with invariants, such as Overflowlnt, appears within another recursively
defined ADT, it may cause the recursive ADT’s definition to be unfolded multiple times,
leading to verification timeouts. Listing 4.2 shows a recursive ADT Expr used in the
eval, tyOf, subst, and desugar exercises of Assignment 2. It represents the AST of a
simple programming language called Giraffe. According to the general type conversion
rules described in Section 3.1.1, the type of the n attribute in the Num subclass should
be converted to OverflowInt at this point. However, this would be detrimental to
verification in Stainless. A similar situation occurs with String. It is also converted into
an ADT with invariants in Inox’s internals.

/% Before x/

type Variable = String

abstract class Expr

case class Num(n: Integer) extends Expr

case class Str(s: String) extends Expr

case class Plus(el: Expr, e2: Expr) extends Expr

case class LetPair (x: Variable,y: Variable, el:Expr, e2:Expr)

extends Expr

/* After */

type Variable = BigInt

abstract class Expr

case class Num(n: BigInt) extends Expr

case class Str(s: BigInt) extends Expr

case class Plus (el: Expr, e2: Expr) extends Expr

case class LetPair (x: Variable,y: Variable, el:Expr, e2:Expr)

extends Expr

/% Only using as symbolic value #*/

case Str(s) => StringV(s)

Listing 4.2: A specific translation for String and Integer in the framework code, applied to
the eval, tyOf, subst, and desugar exercises.

In the eval, tyOf, subst, and desugar exercises of Assignment 2, students are not
required to handle the specific uses of Int and String attributes within the Expr type.

Instead, they are to treat these attributes as symbolic values. Consequently, we can
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translate them into the Biglnt type which does not include additional invariants, as

shown in Listing 4.2.

4.1.3 Recursive Call Elimination

The eval, tyOf, subst, and desugar exercises in EPL Programming Assignment 2 involve
numerous self-recursive calls. Listing 4.3 provides an example of two equivalent
eval functions, where a single case branch handling Apply in the first implementation
includes three recursive calls. The correct eval function consists of 19 case branches for
different subtypes of Expr, most of which contain multiple recursive calls. The other
three exercises follow a similar pattern and include additional case branches. During
equivalence checking, each recursive call might be unfolded by Stainless multiple times,

leading to an explosion in the number of states.

/* Before x*/

def eval (env: Env[Typel]l, e: Expr): Value = e match ({
case Apply(el,e2) => eval (env,el) match {
case RecV(env0,f,x,e) =>

eval (env0

+ (f->eval (env,el))

+ (x->eval (env,e2)), e)
}
}
/* Before */
def eval (env: Env[Typel]l, e: Expr): Value = e match ({
case Apply(el,e2) => eval (env,el) match ({
case RecV (recEnv,f,x,recBody) =>

eval (recEnv
+ (f -> RecV(recEnv,f,x,recBody))

+ (x -> eval(env,e2)), recBody)

Listing 4.3: Two equivalent eval exercises.
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@extern @pure

fake_eval (env: Env[Typel], e: Expr): Value = errorWrapper

/* After =/

def eval (env: Env[Type], e: Expr): Value = e match ({
case Apply(el,e2) => fake_eval (env,el) match
case RecV (env0,f,x,e) =>

fake_eval (env0

+ (f->fake_eval (env,el))

+ (x->fake_eval (env,e2)), e)
}
/+ After «/
def eval (env: Env[Typel]l, e: Expr): Value = e match ({
case Apply(el,e2) => fake_eval (env,el) match
case RecV (recEnv,f,x,recBody) =>

fake_eval (recEnv
+ (f -> RecV(recEnv,f,x,recBody))

+ (x -> fake_eval (env,e2)), recBody)

Listing 4.4: After eliminating recursive calls in the eval exercise from Listing 4.3

Fortunately, the patterns of recursive function calls in these exercises are fairly
consistent. Two equivalent submissions typically indicate that they contain recursive
calls with equivalent arguments. In Listing 4.3, although the two equivalent eval imple-
mentations have different numbers of recursive calls, there is a mapping relationship
between them. The first, second, and fourth recursive calls in the first implementation
correspond to the first, second, and third recursive calls in the second implementation.
Additionally, the third recursive call also corresponds to the second recursive call in
the second implementation, which makes them equivalent. Therefore, we can treat all
recursive calls as invocations of the same external pure function as shown in Listing
4.4. Stainless can determine that the calls to fake_eval in the two implementations have
a corresponding relationship by analyzing the differences in the parameters passed,
thereby establishing their equivalence.

However, this method may yield incorrect non-equivalence results in certain cases.
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Listing 4.5 shows an example. When retaining recursive calls, since both implementa-
tions handle Lambda by simply invoking desugar again on its sub-expressions, the first
recursive calls in the LetFun branches are equivalent. However, after eliminating the
recursive call, Stainless will no longer be able to capture the semantics of lambda han-
dling, leading to the two implementations being considered non-equivalent. However,
this method does not compromise the soundness of Stainless’s equivalence checking, as

it will not result in non-equivalent programs being considered equivalent.

/* Before x*/

def desugar (e: Expr): Expr = e match {
case Lambda (x,ty,e) => Lambda (x,ty,desugar (e))
case LetFun (f,arg,ty,el,e2) =>

Let (£, Lambda (arg, ty, desugar (el)),desugar (e2))
}
/+ After x/
def desugar (e: Expr): Expr = e match ({

case LetFun (f,arg,ty,el,e2) =>
Let (f,
Lambda (arg, ty, fake_desugar (el)),
fake_desugar (e2))

/* Before x*/

def desugar (e: Expr): Expr = e match {
case Lambda (x,ty,e) => Lambda (x,ty,desugar (e))
case LetFun (f,arg,ty,el,e2) =>

Let (£, desugar (Lambda (arg,ty,el)),desugar (e2))
}
/+ After x/
def desugar (e: Expr): Expr = e match ({

case LetFun (f,arg,ty,el,e2) =>
Let (f, fake_desugar (Lambda (arg,ty,el)), fake_desugar (e2))
}
Listing 4.5: An example of incorrect non-equivalence results after eliminating recursive

calls.
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4.2 Separate Verification

Aside from recursion, excessive pattern-matching case branches in the eval, tyOf, subst,
and desugar exercises for handling all sub-types of Expr may also lead to a state

explosion problem.

Algorithm 2: Subfunction Generation from Pattern Match
Input: A function containing a single pattern match (matchFun)

Output: Generated subfunctions (subFunctions)

subFunctions < 0

p—

2 Assert matchFun is defined as:
def F(ay,...,an) =1

a, match

w

case pat; = body

case pat, = body,
}
4 foreach case pat; = body; do
5 newFun; < def F(ay,...,a,) = {
a, match
case pat; = FixRecursiveCall (body;)
case - = ErrorWrapper

}

6 subFunctions < subFunctions UnewFun;

To reduce the complexity of individual functions in these exercises, we attempted
to simplify these exercises by leveraging the fixed code patterns within them. Given
that these exercises all include an outer pattern matching structure that handles different
subtypes of Expr (as shown in Listing 4.3 and Listing 4.5), we can treat each case
branch as an independent subfunction and convert the original equivalence check into
an equivalence check between the corresponding subfunctions. The specific algorithm
for generating sub-functions is shown in Algorithm 2. For eligible original functions,
we will iterate through all their case branches and sequentially generate sub-functions
that have the same signature but contain only a single Expr subtype case branch and a
default case branch. The FixRecursiveCall method eliminates recursive function calls

as described in Section 4.1.3. If this optimization is not enabled, it instead converts
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them into recursive calls to the sub-function itself. Listing 4.6 presents the sub-function
generated from the Apply case branch of the first eval implementation in Listing 4.3.
/+ After x/
def eval_Apply(env: Env[Type], e: Expr): Value = e match {
case Apply(el,e2) => eval_Apply(env,el) match
case RecV(env0,f,x,e) =>

eval_Apply (env0

+ (f->eval_Apply(env,el))

+ (x->eval_Apply(env,e2)), e)

case _ => errorWrapper

Listing 4.6: The subfunction corresponding first eval implementation in Listing 4.3.

At this point, the original function is considered equivalent only if all sub-functions
that handle the same Expr subtype are equivalent. When non-corresponding sub-
functions exist, the sub-function generated from the default case of the original function
will be used for comparison. The approach to handling non-exhaustive matches, as
described in Section 3.1.3, ensures that a default case is always present.

Similar to the recursive call elimination described in Section 4.1.3, separate verifica-
tion can also produce incorrect non-equivalence results in the scenario shown in Listing
4.5 but does not compromise the soundness of Stainless’s equivalence checking. This is
also due to the loss of semantics from other case branches.

While separation verification is designed to address performance issues caused by
state explosion, it also provides additional benefits. First, Stainless relies on coun-
terexample search to prove the inequivalence between programs, and this process
terminates as soon as a counterexample is found. However, for complex exercises of
assignment 2, two assignments might be inequivalent in multiple case branches. A
single counterexample is insufficient to comprehensively help human graders identify
all the differing locations between them. With separate verification, however, we can
obtain counterexamples for each corresponding inequivalent case branch. Furthermore,
separate verification enables us to conduct clustering on the subfunctions generated
by individual case branches instead of original functions. We will demonstrate the

usefulness of this approach by evaluation in Section 7.4.
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Clustering Algorithm

The original Stainless clustering algorithm classifies student-submitted assignments
solely as either equivalent to the reference answers or not [8]. While it supports setting
multiple reference answers and can automatically expand the reference answer set using
assignments equivalent to the reference answers during the clustering process, it is
unable to cluster incorrect assignments. This will have certain limitations in practice.
Human graders may not be able to provide enough reference answers to cover all
correct assignments, which means that some correct answers might be incorrectly
classified, necessitating additional manual review to identify them. Furthermore, human
graders often need to recognize which incorrect answers are equivalent in order to
provide consistent scoring and feedback. Listing 5.1 shows an example. The last two
update implementations are not equivalent to the first reference solution because they
throw an error when given an empty list as input. However, they can still be considered
correct, as the assignment instructions do not explicitly state how students should handle
an empty list. It would be unreasonable to classify these two solutions as incorrect.
Furthermore, in the original stainless clustering, these two updates are grouped with
other entirely incorrect implementations, forcing human graders to expend additional
effort to manually identify them.

To address this, we extended the original Stainless clustering algorithm, as shown in
Algorithm 3. The StainlessCluster function represents the original Stainless clustering
algorithm. It takes a set of reference models and candidates as input and returns
three clusters: one containing candidates that are equivalent to the reference models,
another with candidates that cannot be safely checked for equivalence, and a third with
candidates whose function signatures differ from those of the reference models. In the

first round of clustering, the reference answers serve as the models. In each subsequent
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round, the first candidate from the remaining set is used as the initial reference model,
and this process repeats until the candidate set is empty. The original Stainless clustering
algorithm is sound, so after each round, we can remove the elements in the cluster from
the candidate set, as they cannot be equivalent to any other candidates.

// Reference solution
def update[K, V] (m: List[(K, V)], k: K, v: V): List[(K, V)] =
m match
case Nil => List ((k,v))
case (k2,v2)::m2 => if(k == k2) (k,v)::m2 else (k2,v2)::
update (m2,k, v)

// Not equivalent to the reference answer, but can be considered
correct.
def update[K, V] (m: List[(K, V)], k: K, v: V): List[(K, V)] =
m match
case Nil => sys.error ("key not in list")
case x :: xs => if (x._1 == k) {(k,v) :: xs} else {x

update (xs,k,v)}

// Equivalent to the previous update.
def update[K, V] (m: List[(K, V)], k: K, v: V): List[(K, V)] =
m match
case Nil => sys.error ("Key not found in map")
case (key,value) :: xs => if (key == k) {(k,v) :: xs} else

{ (key,value) :: update(xs,k,v)}

Listing 5.1: Two correct assignments that are not equivalent to the sample solution.

Algorithm 3: Clustering Based on Equivalence with Reference Model
Input :Reference answers Ry, ..., R, and student submissions Sy,...,S,

Output : Clusters of equivalent submissions (clusters)

1 candidates < {Sy,...,Sn}
2 models < {Ry,...,R,}

3 clusters < 0

4 while candidates # 0 do

5 cluster,unsafe,wrong <— StainlessCluster (models, candidates)
6 candidates < candidates \ cluster \ unsafe \ wrong

7 clusters < clusters U {cluster}

8 models < {pop one element from candidates}




Chapter 6

Implementation

6.1 System Overview

Our implementation is a further development based on Stainless and Scala compiler
it depends, which is open-source and available at https://github.com/LioTree/
stainless-epl. The overall architecture is illustrated in Figure 6.1. The red dashed
boxes represent the newly introduced components, cluster and transformer, which are
detailed in Section 6.2 and Section 6.3 respectively. The blue dashed boxes indicate the
original Stainless components that we extended and modified, as discussed in Section
6.4.

During system execution, the cluster module, which implements the clustering algo-
rithm from Chapter 5, will invoke the Scala compiler and pass in the Scala source code
from both the students’ assignments and the reference solutions. It also uses command-
line arguments to inform the Target Extractor about which exercise to extract and to
instruct the equivchk module in Stainless on which assignments need to be clustered in
the current round. Both the Stainless and Scala libraries are compiled alongside input
source code. The transformer operates on the untyped AST produced by the parser,
performing the Scala to Stainless Scala translation and additional transformations as
described in Chapter 3 and Chapter 4. Following the pickler phase of the compiler, the
Scala AST will be transformed into the AST of Stainless’s internally supported purely
functional verification language. After this, Stainless’s Equivchk component generates
verification conditions for equivalence checking and passes them to the Inox solver
for verification. The cluster script will decide whether to proceed to the next round of
clustering and which assignments will participate in the next round based on the output

of Stainless.
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Figure 6.1: System Overview

6.2 Cluster

We implemented the clustering algorithm described in Chapter 5 using an external
cluster Python script. This algorithm relies on Stainless’s existing clustering algorithm,
so it was unnecessary to modify Stainless internally. Implementing it with an external
Python script was more straightforward. Although this approach requires recompiling
and transforming the assignment source code for each clustering round, the overhead is
acceptable given the relatively small code size of the programming assignments we are

processing.

6.3 Transformers for Untyped AST

The transformer includes the Target Extractor, PureScalaTranslator, Assn1Processor
and Assn2Processor. They will perform transformations on the untyped AST. The
Target Extractor implements the extraction algorithm described in Section 3.2, while
the PureScalaTranslator implements the translation rules described in Section 3.1.1 and
Section 3.1.3. Their uses are not limited to equivalence checking and clustering of

programming assignments. The former can also be used to extract and verify specific
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portions of relevant code, while the latter can simply be used to convert standard Scala
into the subset of pure Scala supported by Stainless. The transformations specific
to certain exercises, as described in Section 3.1.2 and Chapter 4, are handled by
AssnlProcessor and Assn2Processor.

The choice to use an untyped AST was primarily motivated by the need for devel-
opment efficiency. Typed AST in the Scala compiler are considerably more complex,
and converting them demands significantly more development effort. Furthermore, the
format of the EPL programming assignments we deal with is relatively fixed, meaning
the imprecision of untyped AST rarely leads to any negative impact.

Moreover, employing an untyped AST for the target extractor provides the added
benefit of managing cases where students’ submissions might include code that fails
type checking. The untyped AST-based target extractor can still discard these exercises,

except in instances where they contain syntax errors that the parser cannot process.

6.4 Extension of Stainless

We extended the Stainless library to better support the language constructs used in EPL
programming assignments. This effort included adding the OverflowInt class described
in Section 3.1.1 and the errorWrapper function outlined in Section 3.1.3. Additionally,
we introduced a StringWrapper class to replace String, which provides some common
operations missing from Stainless String, such as concatenation with integers. We also
added some missing methods to the Stainless ListMap and List classes to align them
more closely with the Scala library. These extensions to the library are also applicable
to other uses of Stainless, such as writing formally verified critical components directly
in Stainless Scala.

To support the conversion of original function equivalence into the equivalence
of multiple subfunctions, as proposed in Section 4.2, we added a new subfunction
equivalence strategy to Stainless’s existing Equivchk component. When this strategy is
enabled, the Equivchk component will automatically identify and match corresponding
subfunctions of original functions, determining the equivalence of the original function
based on the equivalence of these subfunctions.

Additionally, Stainless’s type encoding replaces function calls that return Nothing
with calls to stainless.lang.error[Nothing], which causes calls to errorWrapper in SMT
expressions to still be treated as calls to different uninterpreted functions. We made

slight modifications to handle calls to errorWrapper specifically.
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Evaluation

In this chapter, the overall system is evaluated using real EPL programming assignments.
We will introduce the dataset and testing environment used for our evaluation in Section
7.1. Sections 7.2, 7.3, and 7.4 will respectively discuss the coverage of supported
EPL programming assignments, runtime performance and the impact of performance

optimization strategies, as well as the accuracy and usefulness of the clustering results.

7.1 Benchmarks Setup

We evaluated using historical assignments submitted by students in the 2023 EPL
course. Assignment 1 comprised a total of 38 submissions and 1 reference sample
solution, while Assignment 2 had 30 submissions and 1 reference sample solution.
We performed clustering on the exercises in these two assignments separately. The
tests were conducted on a system with a 12th Gen Intel Core 19-12900H CPU (20
cores, 2 threads per core), 16 GB of RAM, running Debian OS in 64-bit mode. We
used the default Z3 SMT solver in Stainless, setting its timeout to 2 seconds and the
overall timeout to half an hour. The reason for setting an overall timeout duration is
that we discovered Stainless may hang and fail to terminate during the verification of
equivalence between two programs after multiple timeouts, even if the SMT solver’s

timeout is set. The final evaluation results are presented in Table 7.1 and Table 7.2.

7.2 Coverage of Supported Assignments

Our initial focus is on the coverage of supported assignments within each exercise. This

depends on the effectiveness of the transformation rules and target extraction algorithms
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we discussed in Chapter 3, as well as how well they are implemented and how effectively
the stainless library is extended. We recorded the number of valid assignments for
each exercise and the number that Stainless could process after transformation. Valid
here refers to assignments that do not contain compilation errors. Assignments that
could not be clustered due to unprovable termination or incorrect function signatures
are also included because we are not focusing on the clustering results here. The
percentage of supported assignments among the valid ones reflects the coverage rate of
supported assignments (SA/VA columns in Table 7.1 and Table 7.2). In Assignment
1, all exercises except for the election exercise (79%) achieved a coverage rate of over
90%. In Assignment 2, all exercises reached a coverage rate of over 80%. The average
SA/VA after applying performance optimization strategies across all exercises was
96%. The main reason for the lack of support is that certain language features are not
supported by Stainless and cannot be addressed through transformations or extensions
to the Stainless library. Typical examples include lambda functions with effects and the
use of floating-point numbers.

Additionally, the implementation of the transformer for untyped ASTs resulted in
a few extra errors. In the filter exercise of Assignment 1, an error occurred because
our target extractor could not distinguish between local variables and external defini-
tions with the same name, leading to the extraction of unrelated exercises that used
unsupported features. In Assignment 2, because our target extractor can only extract
top-level definitions, the first four exercises within the same top-level definition had
to be extracted together. As a result, unsupported features present in Value.length and
Value.index in four submissions affected the other two exercises.

To further explore the significance of the target extractor, we conducted an ablation
study by disabling it. In this case, only assignments where all exercises are valid and can
be supported are processed. Under these conditions, even without using the performance
optimization strategy which reduces the number of supported assignments, only 22
assignments in Assignment 1 and 18 assignments in Assignment 2 could be processed.
This is significantly lower than the average number of supported assignments when the

target extractor is enabled, which are 36 and 26, respectively.
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Name VA SA SA/NA CA |CL TC TOR CL-TC Time
polynomial 39 38 97% 38 | 5 5 0 0 Im18s
sum 39 36 92% 29 | 1 1 0 0 44s
cycle 38 38 100% 34 | 2 2 0 0 14s
suffix 39 39 100% 38 | 6 6 0 0 Im18s
boundingBox 38 38 100% 37 | 4 4 0 0 44s
mayOverlap 36 36 100% 36 | 18 18 0 0 Smls
composel 36 36 100% 36 | 2 2 0 0 14s
compose 38 37  97% 37 | 2 2 0 0 29s
map 39 38 97% 38 | 2 2 0 0 17s
filter 37 35 95% 35| 3 3 0 0 38s
reverse 39 38 97% 38 | 7 2 5 5 21ml5s
lookup 39 39 100% 37 | 2 2 0 0 41s
update 38 36 95% 35 |11 9 4 2 Sm4ls
keys 39 39 100% 38 | 3 2 1 1 Im36s
presidentListMap 37 37 100% 36 | 4 4 0 0 Im18s
map12 37 36 97% 36 | 5 5 2 0 2m42s
list2map 39 39 100% 37 | 5 3 5 2 18m46s
list2map;q) 39 36 92% 34 | 5 3 2 2 1m49s
election 39 36 92% 34 | 7 3 6 4 40m40s
election, g, 39 31 79% 31 7 3 4 4 14m25s

Table 7.1: The evaluation result for EPL programming assignment 1. The VA column
displays the number of valid assignments for this exercise, while the SA column indicates
the number of assignments accepted by Stainless after applying the transformation
and utilizing the extended Stainless library. The SA/VA ratio reflects the effectiveness
of these processes. CA represents the final number of assignments that participate
in the clustering, excluding those with incorrect function signatures and those that
cannot be proven to terminate by Stainless. The following four rows pertain to the
clustering outcomes: the CL column denotes the number of clusters we identified, and
TC represents the true number of clusters after manual verification. The TOR and CL-TC
columns detail the number of rounds that resulted in an unknown outcome due to a Z3
timeout (TOR) and the difference between the number of clusters obtained and the true
number of clusters. The clustering results are accurate when both of them are 0. The
final Time column represents the total time of clustering. In the Name column, the map
subscript denotes the application of a performance optimization strategy that replaces
ListMap with Map.
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Name VA SA SA/VA CA |CL TC TOR CL-TC Time
Value.multiply 1 1 0 0 24s
Value.eq 3 3 | 2 Im18s
Value.length 30 26 87% 26 | 1 1 0 0 29s
Value.index - - - - Timeout
Value.concat 1 1 0 0 25s
eval - - - - Timeout
evalye g - - - - Timeout
evaly; g 29 29 100% 27 - - - - Timeout
evalye 4i 16 16 0 0 11m40s
evalye i s 16 16 0 0 12m10s
tyOf - - - - Timeout
tyOfie 50 - - - - Timeout
tyOfi sv 28 23 82% 23 - - - - Timeout
tyOf e ai 21 21 9 0 21m8s
tyOf e aisv 21 21 0 0 14m3s
subst - - - - Timeout
subste s - - - - Timeout
substy; sy 29 29 100% 29 - - - - Timeout
substye 4i 24 24 0 0 9m38s
substye ai sy 24 24 0 0 17m52s
desugar - - - - Timeout
desugar,, g, - - - - Timeout
desugary; g 29 28 97% 28 - - - - Timeout
desugar,, 4 20 17 0 3 6m39s
desugarye 4 sv 20 17 0 3 10m48s

Table 7.2: The evaluation result for EPL Programming Assignment 2. The columns have
the same meaning as in Table 7.1. The subscripts re, ai, and sv represent enabling
recursive call elimination, avoiding ADT invariants, and the separate verification strategy,
respectively. The eval, tyOf, subst, and desugar exercises using different optimization
strategies yielded the same results in VA, SA, SA/VA, and CA. Timeout refers to cases

where the total duration exceeded the overall time limit we set in Section 7.1.
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7.3 Runtime Performance

We assessed the performance of our system by measuring the total time taken for the
transformation and clustering of each exercise. We did not record the time for each
process separately, as clustering is much more complex than transformation, and the time
required for the latter is almost negligible. The results are shown in the Time column of
Table 7.1 and Table 7.2. After implementing the optimization strategy of using Map
instead of ListMap, the total clustering time for the list2map and election exercises
in Assignment 1 significantly decreased from 18m46s to 1m49s and from 40m40s to
14m?25s, respectively. While both exercises produced the same number of clusters and
the number of assignments that could be processed slightly decreased with this strategy,
the rounds of clustering that contained unknown results were reduced by 3 rounds for
list2map and by 2 rounds for election, which means obtaining more counterexamples
that demonstrate the non-equivalence of different clusters. The Value.index exercise
in Assignment 2 encountered timeouts in total time, with no applicable performance
optimization strategies available for them. This might result from string operations
that are difficult to verify. The eval, tyOf, subst, and desugar exercises were able
to resolve timeout issues by simultaneously applying the strategies of avoiding ADT
invariants, recursion elimination, and separate verification. To assess the impact of each
optimization strategy, we also tested the outcomes when each strategy was disabled
individually for these four exercises. The results indicated that in all four exercises,
disabling either the avoidance of ADT invariants or recursion elimination led to timeouts,
even with other optimization strategies still in place. Disabling separate verification
resulted in more clustering rounds containing unknown results in the tyOf exercise,
likely due to the need for students to perform sub-pattern matching in each case branch,

which made the number of states large in the original function.

7.4 Accuracy and Usefulness of Clustering

Stainless’s equivalence checking combines inductive proofs with counterexample search,
offering a formally guaranteed deterministic outcome for the transformed program. Even
in the presence of unknown results, the equivalence checking and clustering remain
sound, as they do not cause inequivalent assignments to be mistakenly classified as
equivalent. However, if too much of the original semantics is lost during the transfor-

mation process, the clustering of the original program may no longer possess these two
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properties. To evaluate this, we assessed the accuracy of the clustering by calculating
the difference between the number of clusters obtained and the actual number of clusters
(CL-TC in Table 7.1 and Table 7.2) for each exercise and examined the cases where the
two were not equivalent. The actual number of clusters was determined by referencing
real EPL assignment grades and additional manual review. The result shows that all the
clustering results were sound, with no cases of inequivalent assignments being placed
in the same cluster. Additionally, all incomplete results, except for the desugar exercise
using recursive call elimination and separate verification strategies, were caused by
unknown outcomes in the equivalence checking. The incomplete results observed in
desugar are also not surprising. Their occurrence is consistent with the shortcomings of
the two strategies we described in Section 4.1.3 and Section 4.2.

In addition to accuracy, the number of clusters is also relevant to the usefulness of
the clustering algorithm. As indicated in the CL column of Table 7.2, in all exercises of
Assignment 1 and the first four exercises of Assignment 2, the number of clusters is
relatively small. Even in the exercise with the most clusters, mayOverlap, each cluster
contains an average of only two assignments. However, we observed a relatively high
number of clusters in the eval, tyOf, subst, and desugar exercises of Assignment 2, with
an average of less than two assignments per cluster. Although these clustering results
are semantically correct, except for three additional clusters in desugar, the excessive
number of clusters makes them impractical for human graders since they would still
need to spend a significant amount of time reviewing each assignment individually. Our
separate verification strategy helps in this regard. We employed a separate verification
approach to individually cluster the subfunctions generated from these four exercises.
The results, presented in Table 7.3, show that most subfunctions from these exercises
form relatively few clusters. This enables human graders to efficiently complete their
grading and provide feedback based on the clustering outcomes. A few subfunctions,
such as those handling Rec and LetRec in the tyOf exercise, LetRec in the subst exercise,
and LetPair in the desugar exercise, have more than ten clusters. However, the maximum
number of clusters, which is 16, is still comparable to the smallest number of clusters
in the eval exercise (as shown in Table 7.2), and the complexity of these subfunctions
remains significantly lower than that of the original functions since they only handle
one type. This approach of clustering separately is also more closely aligned with
the strategy typically employed by human graders when evaluating such assignments:
scoring each branch individually and providing feedback, then calculating the overall

total score, rather than simply giving an aggregate score for the whole exercise.



Chapter 7. Evaluation 34

Name eval tyOf subst desugar
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o

15 15
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N
[S—
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[E—
N

O 00 N O P~ B BN == NN NN WWN e e
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(9)]
W

— NN O O O O O O O O O O O o o o o o o o <o

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

S O O O O O O O O O o O oo o o o o o oo o o oo

14 14 6 5

Table 7.3: The results of clustering the sub-functions generated in the eval, tyOf, subst,
and desugar exercises of Assignment 2. CL and TC have the same meanings as in 7.1.



Chapter 8

Related Work

8.1 Assignment Grading Based on Stainless

Milovancevic, Bucev, Wojnarowski, et al. [9] also applied Stainless’s equivalence
checking for the automated grading of real Scala programming assignments. The
programming assignments they focused on are comparable in difficulty to EPL Pro-
gramming Assignment 1, which includes tasks like removing the nth element from
a list. However, their assignments consist of only four exercises. In contrast, the
EPL assignments we need to tackle, particularly Assignment 2, are significantly more
complex. Unlike our approach, which involves transforming standard Scala code, they
required students to complete their assignments directly using the Stainless library.
While this ensures that the submitted assignments are compatible with Stainless, it may
pose additional challenges for students who wish to run and debug their code locally,
as they would need to configure the Stainless environment and include the library
during compilation. Similar to our approach, they also clustered student submissions
to make it easier for manual graders to provide scores and feedback to entire clusters.
However, their clustering method involves running equivalence checks on each pair
of submissions sequentially. This approach fails to leverage the transitivity offered by

Stainless’s equivalence checking, leading to many redundant comparisons.

8.2 Program Equivalence and Clustering in Education

CLARA [3] uses dynamic equivalence to cluster programming assignments written in
Python and Java. It executes programs dynamically based on the provided test cases and

checks for a one-to-one correspondence between variables and control flow structures.
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It is primarily focused on imperative programs, considering only loops and not recursion.
Although Olofsson [19] extended Clara to support recursive functions, their approach
still has limitations in our context. Firstly, their approach still relies on complete test
cases. In EPL programming assignment 2 we are considering, providing comprehensive
test cases is challenging because the inputs are Giraffa programs that must adhere
to specific grammar rules. Secondly, their results lack formal guarantees. Potential
errors in clustering could force human graders to invest considerable effort in manually
reviewing the outcomes to avoid incorrect grading and feedback. Additionally, they
adopt strict structural equivalence, which may result in an excessive number of clusters
for more advanced assignments like the EPL programming assignment. SemCluster [4]
broadens the definition of structural equivalence by collecting data flow and control flow
features during dynamic execution and clustering them using the k-means algorithm.
This allows structurally similar but not identical programs to be grouped. However,
their approach still faces two other issues.

TESTML [5] employs bounded symbolic execution to assess whether OCaml
assignments are equivalent to a reference solution. It is similar to our approach in
its support for functional languages, as it can handle features such as recursion, higher-
order functions, and lambda functions. However, due to the limitations of bounded
symbolic execution techniques, it can only find counterexamples within a limited scope
and lacks the capability to prove equivalence. As a result, it is unable to effectively
cluster equivalent assignments and may produce unsound results.

ZEUS [7] provides clustering with formal guarantees for purely functional Standard
ML assignments. Similar to Clara, it also requires structural equivalence. Unlike the
function induction method used by Stainless, ZEUS uses inference rules between the
expressions representing two programs. This imposes some limitations on its support
for recursion. Additionally, it does not provide counterexamples.

Vuyjosevic-Janicic and Maric [6] determine the equivalence of C/C++ programming
assignments based on verification tool LAV [20]. Their verification approach is similar
to the Stainless-based method we use, as both include counterexample findings and
proofs. Although it supports recursion, it is primarily designed for imperative languages
and therefore lacks support for features such as higher-order functions. Moreover, it

does not implement assignment clustering.



Chapter 9
Conclusions

In this dissertation, we propose and implement a framework for clustering EPL program-
ming assignments 1 and 2 using equivalence checking based on the Stainless formal
verification tool. This is accomplished by transforming Scala’s AST to convert standard
Scala into Stainless Scala and by applying performance optimization strategies to certain
exercises to reduce the difficulty of verification. Additionally, we introduce a clustering
algorithm that clusters student submissions with equivalent semantics, enabling human
graders to provide grading and feedback for multiple assignments simultaneously. By
evaluating our approach on real EPL programming assignments, we have validated the
effectiveness of our solution.

One of the main limitations of our work is that the entire framework is specifically
designed for EPL programming assignments 1 and 2, so it may not be directly applicable
to other Scala programming assignments. Stainless is not intended to achieve fully
automated proofs. For complex verification, it still relies on user-provided hints and
code modifications [14]. Therefore, the manual development of optimized strategies
tailored to specific complex assignments is necessary to avoid excessive timeouts. Fully
automating this process may prove to be quite challenging. However, our framework
can be extended to support other Scala programming assignments by developing new
transformers specifically designed for them. This approach is particularly well-suited
for assignments like EPL programming assignments 1 and 2, which remain consistent

year after year.
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