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Abstract

This dissertation investigates the cognitive challenges associated with understanding
Boolean expressions in code, focusing on improving code readability and comprehension.
The research encompasses three interconnected studies, each exploring distinct aspects
of Boolean logic and its effects on program comprehension, while collectively providing
a deeper understanding of the factors that influence cognitive processing during code

analysis.

The first study examines how specific factors—such as negations, regularity, and truth
values—influence the comprehension of logical expressions. In an experiment with 205
professional developers we found that expressions with more negations take more time,
and double negations are especially troublesome. However, there are multiple other
factors that also have an effect. For example, literals which are TRUE take less time to
process than literals that are FALSE. Regularity (where either all variables have negations
or all do not, or where either all literals are TRUE or all are FALSE) also helps. But there

are many confounding interactions between the factors, leading to complex outcomes.

The second study focuses on the diversity of negations in code. In particular, we con-
sidered different types of operators in programming languages that express negation, as
well as variable names that contain negation. To explore whether using different negative
expressions affects code comprehension, we conducted a controlled experiment involving
268 participants. The task was to understand short code snippets containing various
logical expressions and types of negations. Results showed significant differences in com-
prehension, both in terms of accuracy and time, depending on the type and combination
of negations. Complex combinations of different negation types increased cognitive load
and reduced correctness. This study emphasizes the importance of simplifying nega-
tion patterns in code to improve readability, providing practical insights for refactoring

practices and code style guidelines.

The third study addresses a broader distinction in program comprehension by defining
and comparing two levels of understanding Boolean expressions: tracing, which involves
following the program’s execution step-by-step, and comprehension understanding, which
requires grasping the overall meaning of the code. In a controlled experiment with 362

participants, the results demonstrated that comprehension understanding took signifi-
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cantly longer and was more error-prone compared to tracing. The study further found
that expressions involving the logical operator OR were more challenging to comprehend
than those with AND, but this difference only emerged at the comprehension level. Ad-
ditionally, comprehension differences were observed between logically equivalent expres-
sions, with some forms proving more intuitive than others. These findings underscore the
complexities of comprehension understanding, which involve deeper cognitive processes
and are influenced by subtle syntactic variations. A thorough analysis of the common
mistakes shows that they are not random: there is a systematic interaction between the
logical OR operator and negation, and when both occur together the logical expression
becomes substantially more complex.

Collectively, these studies provide a multi-faceted view of the cognitive challenges
involved in Boolean expression comprehension. The findings highlight the significant in-
fluence of structural, syntactic, and contextual factors, such as the role of negations, reg-
ularity, and operator type, on developers’ ability to efficiently and accurately understand
code. This work contributes to advancing our knowledge of code readability, offering
actionable recommendations for writing clearer, more maintainable code. By examining
both practical and theoretical dimensions, it expands our academic understanding of the
cognitive processing of negations in the novel and intriguing context of code and suggests
opportunities to integrate these findings into modern development practices, including

tools for code refactoring and automated readability analysis.
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Chapter 1
Introduction

Negation is a fundamental feature of human language. As linguist Larry Horn writes
[24], “In many ways, negation is what makes us human, imbuing us with the capacity to
deny, to contradict, to misrepresent, to lie, and to convey irony.” Sentence processing in
natural language has been investigated with or without negation, with double negations,
and with different logical relations, including by using fMRI to map logic processing to
brain areas [18, 14, 19, 27, 35, 43, 44, 29, 1]. Such studies shed valuable light on how
the human mind processes and comprehends complex logical structures. This is a wide
topic: the study of negation was recently surveyed in the Oxford Handbook of Negation,
which comprises 43 chapters and 756 pages [13].

Program comprehension involves the ability to understand code written by others.
It significantly impacts maintenance time as developers construct mental models of the
code’s structure and functionality [6, 42]. A major barrier to achieving comprehension is
the complexity of the code, which plays a pivotal role in determining the ease or difficulty
of understanding and maintaining the code. Code complexity in turn is affected by
multiple factors, including code length (longer code is more challenging to comprehend),
syntactical elements (loops are harder than linear processing), data flow patterns (using
indirection makes it hard to analyze), the choice of variable names (to convey clear
meanings), and even code layout (e.g. indentation). All of these factors can significantly
impact the comprehension of code, either making it more challenging or easier [2, 11, 34,
22].

A fundamental element in any computer program is branching based on logical con-
ditions. The ability to understand and interpret logical expressions is crucial for software
development due to their prevalence in code. The insights gained from research on under-
standing logical expressions and negation in natural language do not necessarily extend
to the comprehension of code. Programming languages utilize precise mathematical no-
tation that differs significantly from the nuances of natural language. As a result, issues

such as the scope of negation, which are important in linguistic contexts, become irrele-
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vant in programming. Moreover, the formal syntax and semantics of code allow for the
construction of more complex expressions, such as lengthy formulas involving multiple
variables and logical operators, which have no direct counterparts in natural language. In
addition, programmers typically possess a strong background in logic and mathematics,
making them an unrepresentative sample of the general population.

Surprisingly, research on the comprehension of logical expressions, both in general and
specifically pertaining to negation, is nearly absent in the literature on software engineer-
ing and code comprehension. There have been recommendations to avoid negations; for
example, rule G29 in Bob Martin’s Clean Code is “Avoid negative conditionals” [31]. But
this was not backed by empirical, quantified research. Such research is needed to validate
the recommendations, and to address questions about writing more readable code. Also,
the issue is more intricate then just avoiding negations. It is important to understand
the cognitive mechanisms and cognitive load on developers when comprehending code
segments with various logical expressions.

In this work, we examine the difficulty of processing various logical expressions that
involve negation. The first part of the thesis focuses on the negation operator itself,
investigating how logical negation increases the complexity of understanding logical ex-
pressions and identifying structural factors within logical expressions that contribute to
this difficulty, including interactions with embedded negations.

In the second study, we delve deeper into negation in the context of programming,
exploring the diverse forms of negation in code. This includes different negation operators
in popular programming languages, negation in variable names, and the role of negation
in conditionals controlling loops.

The third part of the thesis examines the comprehension of logically equivalent expres-
sions across different levels of understanding. We define two levels of code comprehension—
“tracing” and ”comprehension”—and analyze how logically equivalent expressions are
processed at these levels. In the study, we found that certain elements specifically hinder
comprehension at particular levels of code processing. Additionally, we discovered the
impact of negation on higher-level comprehension, providing insights into why negation

presents a significant cognitive challenge.

1.1 Positioning Relative to Related Work

Programming is hard and intellectually challenging [15, 37]. Numerous studies have
looked into what makes it hard, especially from the perspective of teaching programming
to novices [7, 38, 41, 39]. Many have focused on specific programming constructs, such
as loops and recursion [26, 40, 28, 5, 21, 3|. Suggestions for code complexity metrics have

been based on counting such constructs [32, 8]. In at least one case, this has included
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the logical operators used to create compound logical expressions [12].

However, only few studies have directly addressed the understanding of logical con-
ditions. 37 years ago, Iselin performed an experiment on understanding loops with a
condition that either did or did not include a negation, but this was in an operator (equal
vs. not equal, in Cobol) and not a logical negation [26]. The only paper we found that
studied the understanding of logical conditions with negations is Ajami et al., who com-
pared 3 forms using negation with a similar condition with no negations [2]. The result
was that the only highly significant difference in the time to understand the code occurred
between 2 negative forms — which were a De Morgan pair — and the 3rd negative form,
but no explanation was found for this difference. The conclusion of the study was that

“some but not all uses of negation are harder: negations are different from each other”.

Ebrahimi found that problems pertaining to the understanding of conditionals may be
attributed to a failure to appreciate the difference between AND and OR in if statements
[16]. His interpretation was that these operators are mistakenly understood as they are
in the English language. A similar sentiment was also expressed by others, mainly in
relation to the OR operator. According to Herman et al., students tend to misinterpret
the OR operator as true when one of the operands is true, but not both, because that is
the common way to use “or” in English [23]. However, they also noted that OR and XOR,
together with AND and NOR, are simple operators that students intuitively understand
correctly. Grover and Basu investigated the comprehension of Boolean conditions among
students using the Scratch programming environment [20]. They also found confusion
regarding the logical operator OR, which many participants interpreted as XOR, and gave

the same explanation that this is how “or” is used in English.

Focusing on Boolean expressions involving negations, Herman et al. cited above also
included an investigation of students’ difficulties in writing Boolean expressions [23].
One was a tendency to omit negated variables, e.g. when a recipe says “use cinnamon
by itself” they added the variable representing cinnamon, but forgot the negated vari-
ables representing other possible ingredients. Chen et al. developed a testing method for
Boolean expressions that finds, inter alia, wrong negations [10]. Several online resources
also suggest that developers should avoid negations, and especially double negations, e.g.
9, 33, 30]. But these are not based on systematic studies (and may contain basic mis-
takes, such as one that presents the code if (lisCar || lisElectric || lisFast || lisAwesome)
{isTesla = false}, and then claims that it is equivalent to the English “It is not a Tesla if it
is not an electric car, and it’s not fast and it’s not awesome”, substituting AND for OR).
We know of no study that systematically compares AND and OR with various patterns

of negations as we do.

Concerning the levels of understanding programs, many studies have used tracing (and

specifically, determining what a program will print) as an indication of understanding,
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e.g. [2, 4, 36]. Other definitions of understanding were listed by Feitelson [17]. Hurtig et
al. claim that learning to think symbolically about conditionals is hard for students, and
use this to test a tool by which educators can follow the learning process of students [25].
This thesis is the first comparison between different levels of understanding, specifically

in the context of various logical expressions.

1.2 Goals and Research Questions

Our research focuses on understanding the cognitive challenges associated with process-
ing logical expressions, particularly in the context of code comprehension. We investigate
various aspects of logical reasoning in programming, including the impact of negations,
the complexity introduced by different logical operators, and the gap between comprehen-
sion of equivalent expressions. Our work is divided into three main areas, each addressing
specific questions related to the difficulty of understanding logical structures in code.
The first aspect of our research examines the influence of the logical negation operator
on comprehension difficulty. Logical negation plays a fundamental role in Boolean logic,
yet it introduces cognitive complexity that can affect code readability and correctness. We
explore how the presence of negation operators affects the processing of expressions and

whether certain structural factors contribute to this difficulty. Specifically, we investigate:

e RQ1: Is there a relationship between the number of logical negations in an expres-

sion and the difficulty of its comprehension?

e RQ2: How do different logical operators, such as AND and OR, influence compre-

hension difficulty when combined with negation?

e RQ3: Is there a difference in understanding logical expressions based on their truth
values (i.e., evaluating to TRUE vs. FALSE)?

The second research direction extends the discussion to different instances of negation
in programming languages. While explicit logical negation (e.g., !) has been studied in
our first research, negation can also appear in variable names (e.g., isNotEmpty) or in
alternative logical constructs such as inequality operators (e.g., !'=). We examine whether
these different manifestations of negation interact and create additional complexity. To

this end, we define the following research questions:
e RQ4: What are the different instances of negativity in code?

e RQ5: What is the effect of different negation operators, such as ! versus !=, on

comprehension?
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e RQ6: Do negated variable names (e.g., noErrors) influence cognitive processing,

even though they do not introduce explicit logical negation?

e RQ7: How do different forms of negation interact within the same logical condition,

particularly in control flow structures such as loops?

Finally, we investigate the comprehension of logically equivalent expressions and how
different levels of understanding influence processing difficulty. We define two levels of
comprehension: tracing, which involves determining the output of an expression for a
given input, and comprehension, which involves generalizing across multiple inputs. Our
findings suggest that expressions that are more readable at one level may be harder to
process at another, indicating a gap between tracing and deeper comprehension. In this

context, we pose the following research questions:

e RQS8: Is there a measurable difference between tracing and comprehension as in-

dicators of code understanding?

e RQ9: Are there differences in comprehension between logically equivalent expres-

sions, and do these differences depend on the level of understanding?

e RQ10: Do developers utilize their understanding of Boolean expressions to perform

"shortcuts” in reasoning, and does this affect comprehension accuracy?

Across all these research directions, we define comprehension in terms of the ability
to determine the behavior of code snippets, and we measure difficulty through response
times and error rates.

The research contribution of the thesis can be divided into four main parts. The first
concerns the cognitive factors affecting how negation and logical conditions are processed.
In this thesis, we extended the existing body of research in cognitive science on the
comprehension of negation into a new and particularly intriguing context — code. Code
offers a unique cognitive landscape, as it combines elements of natural language, such as
variable names, with formal mathematical and logical structures, such as operators and
conditions. This combination creates a cognitively rich environment, where different types
of negation — some rooted in natural language and others in formal mathematical logic
— interact and engage the cognitive facilities of the brain. Our findings reveal fascinating
cognitive phenomena that appear to be specific to the context of code, including logical
and syntactic regularities, as well as the interplay between natural language negation and
mathematical-logical negation.

The second dimension of our contribution relates to practical guidelines for writing
more readable code, and specifically, for designing clear logical conditions. Our findings

identified several factors that increase the complexity of logical expressions, as well as
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alternative ways to formulate logically equivalent expressions in a way that enhances their
readability.

The third dimension is pedagogical. Writing clear and readable logical expressions is a
fundamental skill in software development. Our findings may have important pedagogical
implications for how to teach the construction of readable Boolean expressions, offering
evidence-based insights into practices that can improve code comprehension from the
early stages of programming education.

The fourth dimension is methodological. Our results suggest that code comprehension
should be viewed as a layered process, and highlight the importance of distinguishing
between different levels of understanding when designing experiments in this domain. It
is essential to define the specific level of comprehension being tested, as cognitive factors

influencing performance at one level do not necessarily generalize to others.

1.3 Structure of the Thesis

This thesis is structured around three core pillars. The first focuses on the cognitive
processing of logical negation as expressed through logical operators. Specifically, we
sought to understand how logical negation affects the comprehension of logical expres-
sions. While our results confirmed that the presence of negation tends to increase the
cognitive load and complexity of processing, the study also revealed a variety of addi-
tional factors that influence the interpretation of logical expressions. Among these are
the interaction between negation and the syntactic structure of an expression, including
whether the expression exhibits logical regularity — meaning the truth value remains con-
sistent across all literals — and syntactic regularity, referring to whether all variables in
the expression are uniformly negated or not. Furthermore, the findings pointed to more
intricate interactions that shape comprehension beyond the isolated effect of negation
alone.

Importantly, this first line of research focused solely on expressions containing logical
negation, without yet addressing the broader variety of negation forms and operators
that exist in programming languages. To tackle this, the second pillar of our thesis turns
to the world of code, investigating the full range of negation mechanisms: explicit nega-
tion operators, logically negated conditions, and the use of negated semantics embedded
directly in variable names. In this phase, we systematically explored the diversity of nega-
tion in programming, the different ways they are expressed, and the complex interactions
between them within real code contexts.

The third pillar addresses the role of comprehension levels in the interpretation of
Boolean expressions. While our earlier studies primarily targeted what can be described

as the "tracing” level of comprehension — where the focus is on following the logical
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structure of an expression — higher levels of understanding also exist. We introduced a
framework that distinguishes between different levels of comprehension and specifically
investigated how negation impacts the interpretation of Boolean expressions at each level.
Our findings highlight intriguing cases where negation significantly increases complexity
at certain levels of understanding, and shed light on the underlying cognitive mecha-
nisms. For example, we demonstrated an interaction between the logical OR operator
and negation, illustrating how this interaction can explain why the presence of negation
sometimes exacerbates the difficulty of understanding other logical operators.

Taken together, this thesis present cognitive factors that underlie the challenges of
processing negation in logical expressions, the varied manifestations of negation in the
programming context, and the interplay between comprehension depth and the factors
which are found to affect the interpretation of Boolean expressions. Our work offers new
insights into the cognitive and practical dimensions of code comprehension, with both

theoretical and applied implications.
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Chapter 2

Papers

2.1 Understanding Logical Expressions with Nega-

tions: Its Complicated

Published: Aviad, Baron, Ilai Granot, Ron Yosef, and Dror G. Feitelson. In 28th Inter-
national Conference on Evaluation and Assessment in Software Engineering (EASE 2024),
June 18-21, 2024, Salerno, Italy. ACM.

In “Understanding Logical Expressions with Negations: Its Complicated” we began by
examining, at a basic level, the effect of logical negation on the comprehension of Boolean
expressions in code. Specifically, we investigated whether there is a relationship between
the cognitive difficulty of processing an expression and the number of negations it con-
tains. We also examined the impact of the logical operators used in expressions, and
their truth values.

This study opened the door to identifying a range of cognitive factors that influence
how logical conditions are processed. Our findings reveal that the picture is far more
complex than initially assumed, with significant interactions among multiple factors. The
central insight of this paper lies in identifying two types of "regularities” which affect the
difficulty of processing code: logical structural regularity, referring to a recurring pattern
in the syntactic form of literals, and logical truth-value regularity, referring to a recurring

pattern in the truth values of literals within an expression.
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ABSTRACT

The flow of control in computer programs is shaped by conditional
branches. The Boolean expressions which determine the outcome
of a branch may have an effect on the readability of the code. In
particular, negations can make such expressions harder to under-
stand. We conduct an experiment with 205 professional developers
who needed to understand different logical expressions. The results
show that the time needed to understand different expressions of
similar size can vary significantly. In general, expressions with
more negations take more time, and double negations are especially
troublesome. However, there are multiple other factors that also
have an effect. For example, literals which are TRUE take less time
to process than literals that are FALSE. Regularity (where either all
variables have negations or all do not, or where either all literals are
TRUE or all are FALSE) also helps. But there are many confounding
interactions between the factors, leading to complex outcomes. For
example, when comparing De Morgan’s logically-equivalent pairs
of expressions, we found that understanding a negated OR took
slightly more time than the AND of two negations, but there was
no difference between a negated AND and the OR of two negations.
The factors we identified as influencing the understanding of ex-
pressions may contribute to advancing our knowledge of cognitive
processes involved in understanding logical expressions, but much
additional work is still needed. At the same time, the comparisons
of equivalent forms provide some practical advice on how to write
more understandable expressions.
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1 INTRODUCTION

Program comprehension involves the ability to understand code
written by others. It significantly impacts maintenance time as
developers construct mental models of the code’s structure and
functionality [3, 18]. A major barrier to achieving comprehension is
the complexity of the code, which plays a pivotal role in determin-
ing the ease or difficulty of understanding and maintaining the code.
Code complexity in turn is affected by multiple factors, including
code length (longer code is more challenging to comprehend), syn-
tactical elements (loops are harder than linear processing), data flow
patterns (using indirection makes it hard to analyze), the choice of
variable names (to convey clear meanings), and even code layout
(e.g. indentation). All of these factors can significantly impact the
comprehension of code, either making it more challenging or easier
[2, 4, 10, 15].

A fundamental element in any computer program is branching
based on logical conditions. The ability to understand and interpret
logical expressions is crucial for software development due to their
prevalence in code. Logical expressions in general and negation
in particular have long captivated the minds of scholars across
various disciplines, including logicians, philosophers, linguists, and
psychologists. Sentence processing in natural language has been
investigated with or without negation, with double negations, and
with different logical relations, including by using fMRI to map
logic processing to brain areas [1, 6, 8, 9, 12, 13, 16, 19, 20]. Such
studies shed valuable light on how the human mind processes and
comprehends complex logical structures. This is a wide topic: the
study of negation was recently surveyed in the Oxford Handbook
of Negation, which comprises 43 chapters and 756 pages [5].

But prior research on understanding logical expressions and
negation in natural language does not necessarily carry over to
code comprehension. For one thing, programs use unambiguous
mathematical notation which is different from the facilities of natu-
ral language; thus discussions on issues like the scope of negations
are irrelevant. The formal syntax and semantics also allow more
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complex expressions to be used: in code one can find long formulas
involving multiple variables and logical operators, but there are
no such constructs in natural language. In addition, programmers
are typically well-versed in logic and mathematics, and are there-
fore not representative of humans in general. But investigating the
comprehension of code-related logical expressions may shed light
on how the human brain processes negation and complex logical
constructs in a unique context.

Surprisingly, research on the comprehension of logical expres-
sions, both in general and specifically pertaining to negation, is
nearly absent in the literature on software engineering and code
comprehension. There have been recommendations to avoid nega-
tions; for example, rule G29 in Bob Martin’s Clean Code is “Avoid
negative conditionals” [14]. But this was not backed by empirical,
quantified research. Such research is needed to validate the recom-
mendations, and to address questions about writing more readable
code. Also, the issue is more intricate then just avoiding negations.
It is important to understand the cognitive mechanisms and cogni-
tive load on developers when comprehending code segments with
various logical expressions.

36 years ago, Iselin performed an experiment on understanding
loops with a condition that either did or did not include a negation,
but this was in an operator (equal vs. not equal, in Cobol) and not
a logical negation [11]. The only paper we found that studied the
understanding of logical conditions with negations is Ajami et al.,
who compared 3 forms using negation with a similar condition with
no negations [2]. The result was that the only highly significant
difference in the time to understand the code occurred between
2 negative forms — which were a De Morgan pair — and the 3rd
negative form, but no explanation was found for this difference. The
conclusion of the study was that “some but not all uses of negation
are harder: negations are different from each other”.

The long-term goal of our work is to uncover the cognitive
processes of processing and reasoning involved in comprehending
logical expressions and negations among professional programmers.
As a beginning we start by looking for logical and structural factors
that might impact their efficacy in this domain. In this we follow
the work of Ajami et al., who investigated various factors of code
complexity beyond negations [2]. Specifically, in our work we tried
to dissect logical expressions into basic components, and investigate
the influence of various combinations on code comprehension, with
a specific focus on negations.

Our methodology is based on a controlled experiment, in which
participants were asked to find the output of different code snippets
that were crafted specifically for the experiment. The participants
were 205 professional developers from around the world. The code
snippets contained various logical expressions, and we assessed
their understanding and ability to correctly interpret the code.

The experiment consisted of two main parts. In the first part,
we examined how the number of negations in a logical expression
affects the difficulty of understanding the expression. We also con-
sidered the interaction between this phenomenon and the type of
logical operators (AND or OR) and the expression’s truth value. Our
findings demonstrate that the number of negations in the code snip-
pet indeed has an impact on code comprehension. However, there is
also an influence of the structural arrangement of the code and the
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recurring patterns within it, and intriguing complex interactions
between them.

The second part of the experiment aimed to examine equiva-
lent logical expressions and compare their levels of comprehension
difficulty. The expressions we examined included, among others,
equivalent ways of stating a logical expression using De Morgan’s
laws, using double negations, and more. The results also revealed
complex interactions among various factors that influence the pro-
cessing difficulty in this context.

Our contributions in this paper are:

o The first in depth investigation of comprehending logical
expressions in program code, and specifically the effect of
negations. This extends existing research on negation in
natural language to a completely new context.

o The identification of structural and logical factors, and their

effects on understanding logical expressions in code. These

factors include

— The number of negations in an expression;

— The truth value of each literall;

— The regularity of the expression in terms of syntax (all
variables have negations or none do) or logic (all literals
are TRUE or all are FALSE).

Showing the existence of multiple complex interactions be-

tween these factors. This implies that it may be hard to

describe the full cognitive processes underlying the under-
standing of logical expressions with negations.

2 RESEARCH QUESTIONS

Our work concerns the comprehension of different kinds of logical
expressions, and specifically, comparing equivalent logical expres-
sions, logical expressions with negations, expressions with differ-
ent logical operators, and expressions with different truth values.
Within this context, our concrete research questions are:

(RQ1) Is there a relationship between the number of logical nega-
tions in an expression and the difficulty of the processing?

(RQ2) Is there any difference in comprehension between an expres-
sion that combines literals with the logical operator AND
and an expression that combines literals with the logical
operator OR?

(RQ3) Is there any difference in comprehending a logical expression
with a truth value of TRUE compared to comprehending a
logical expression with a truth value of FALSE?

(RQ4) Are there other factors which influence the processing of
logical expressions in code?

(RQ5) Is there any difference in understanding between two logi-
cally equivalent expressions? Specifically, is there a differ-
ence in understanding De Morgan’s equivalent pairs — for
example, the negation of a conjunction of variables compared
to the disjunction of the negated variables?

In all these questions, comprehension is defined as finding what a
code snippet prints, and the metrics for difficulty are the time this
took and the fraction of wrong answers. We leave the question of

To clarify our terminology: a “variable” is defined to be a Boolean variable, namely
an atom that can be TRUE or FALSE. A “literal” is defined to be a variable or a negated
variable.
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how all this depends on different definitions and metrics for future
work.

3 EXPERIMENTAL DESIGN AND EXECUTION

The experiment included two sections. In both, participants were
presented with multiple code snippets for comprehension. Each
snippet commenced with the declaration and initialization of sev-
eral Boolean variables. Subsequently, these variables were employed
in an expression within an if statement, leading to the printing of
one of two distinct strings. The objective was to ascertain which
string would be printed. The code snippets were written in Python,
which is one of the most popular programming languages today. It
also has the advantage that logical expressions are very transparent
and readable, for example using not for negations rather than ! as
in C.

3.1 Code Snippet Considerations

We took several methodological considerations into account in
designing the experimental materials and the execution of the ex-
periment, with the goal of reducing threats to validity [7].

A basic decision was to avoid situations where the evaluation
could be influenced by intuition. For example, we initially thought
of using code that has an everyday appeal, such as the following:

is_summer = True

eating_ice_cream = False
if is_summer and eating_ice_cream:

print ("happy")

s else:

print("sad")

But we decided not to use such codes, because they have the draw-
back that participants might be influenced by the semantics of the
described situation. For example, most people would probably asso-
ciate the condition is_summer and eating_ice_cream with the output
string "happy". Given this condition they might then conclude that
this is the correct answer irrespective of the actual logic of the code.
And if we wanted to use a negation and had written is_summer and
not eating_ice_cream this might create a cognitive dissonance with
the following instruction print ("happy") thereby making the code
more difficult. To avoid this we used code that talks about colors,
geometric shapes etc. — namely variables that are independent of
each other, and do not have any marked intuitive associations like
ice cream with summer. This applies both to the variables and to
the outputs of the code snippets.

Another possible problem with the above example is that the
lengths of the outputs are different. This may cause a bias in the
results, because what the participants are asked to do is to write
the expected output. To avoid this we used single-letter outputs, A
and B.

A third methodological consideration was to require that partici-
pants had to read the entire condition in order to infer its truth value.
Our first research question RQ1 concerns the effect of the number
of negations in an expression. We therefore need to avoid the dan-
ger of “short circuits”. For example, if the first literal out of three
literals connected by ORs is TRUE, you immediately know that the
whole expression is TRUE, regardless of the values of the other two
literals — and regardless of whether or not they are negated. If this
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happens, we won’t know whether a shorter response time was due
to the expression having fewer negations, or to the expression not
being read to the end. In other words, the option of short-circuiting
is a major confounding variable. We therefore selected the truth
values of the literals such that all three must be considered to reach
a conclusion. This approach ensured that the comparison was in-
deed between complete conditions with three literals, without the
confounding effect of conditions that could be shortened.

We note that this last design choice may create a different threat.
Having to read the whole expression implies that the last literal is
actually the one that determines the result. If participants notice
that the evaluation always hinges on the last literal, they may
be tempted to skip directly to this literal and ignore the previous
ones. We believe that the danger that this happens is low, for two
reasons. First, it is hard to notice such structure in a relatively
short experiment where we gave each participant only part of the
complete set of code snippets. Second, even if participants suspect
this feature of the design, they would probably still check that it
indeed always holds. Furthermore, even in the event that some
participants decide to skip the initial literals, the randomization
of question order implies that there will be no systematic effect.
Therefore we believe this design is worth the price to ensure that
short circuits are not taken and all negations are read.

3.2 Experiment Execution

The experiment was conducted using the Qualtrics surveys plat-
form. In executing the experiment we randomized the order of the
code snippets presented to the participants, to mitigate the effects
of fatigue, cognitive bias, and other confounding factors. By em-
ploying randomization, we ensured that on average participants
independently and individually saw different code snippets before
or after other snippets, without systematic biases.

The experiment started with an introductory page explaining
what the experiment is about. This included details about the num-
ber of trials, the approximate time the experiment is expected to
take, and a general overview of the experiment’s purpose: “Our goal
is to understand the cognitive mechanisms of reading different logic
patterns in code”. Informed consent to participate was explicitly
reflected by moving to the next page.

The experiment itself consisted of two parts with a total of 15
code segments. The first part included 16 code segments, constitut-
ing a full factorial design to compare the effect of different levels of
different factors (the number of negations, using AND as opposed to
OR, etc., as detailed below). Each participant received 8 of these 16
segments, chosen randomly, and in random order. The randomized
choice implies that the comparisons are between subjects. Part two
included another 7 code segments, designed to compare pairs of
equivalent expressions (3 pairs and one control, detailed below). In
this case each participant received all 7 in random order. Because
each participant saw all the codes the comparison in this part is
within subjects. The response time for each question is measured
automatically by Qualtrics. This is the time from when the page
with the code snippet is presented until the participant clicks on
the “next” button after entering the answer.

The participants were recruited through various channels, in-
cluding WhatsApp groups of programmers, online forums on reddit
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(which proved most effective), and direct recruitment efforts. A total
of 205 participants took part in the experiment. No identifying infor-
mation was collected, but we did ask basic demographic questions.
163 of the participants reported their gender: 160 of them were
men and 3 were women. This is a rather extreme ratio, but quite
similar to that observed in the Stack Overflow developer survey?.
It is therefore actually representative of the developer community.
168 participants reported their academic background. Among them,
35 had no formal academic background, 92 had a BSc degree, 35
had an MSc degree, and 6 had a PhD. Out of the 162 participants
who reported their years of experience, 19 had 0-2 years of expe-
rience, 74 had 3-10 years of experience, and 69 had over 10 years
of experience. These numbers indicate that the participants are
mostly rather experienced developers. Those with little experience
are few and are not expected to have an appreciable effect on the
results. We did not collect data about the participants’ domain of
work or programming languages, as we are dealing with very ba-
sic constructs which are present in similar form in all imperative
programming languages.

4 THE EFFECT OF NEGATIONS AND
CONTEXT

The first part of the experiment was designed to answer Research
Questions RQ1 through RQ3. To achieve this goal, participants were
presented with various code snippets, which included different
combinations of levels of three factors:

e Having different numbers of negations in the logical expres-
sions. This included the base case of no negations, which
serves for comparison. In other words, we collect data both
about having negations and about the number of negations.

e Having different logical operators — either AND or OR.

o Cases where the entire logical condition evaluates to TRUE
versus cases where it evaluates to FALSE. This was achieved
by correctly setting the truth values of the variables in the
conditions.

By comparing participants’ responses and performance across these
diverse code snippets, we were able to assess the impact of the
different factors on cognitive load and investigate the relationship
between them and code comprehension difficulty. We also studied
the results to see if we could identify any additional factors that
may have an effect, to answer Research Question RQ4.

4.1 Experimental Materials

Each code snippet in this part of the experiment contained a logical
expression with exactly three variables, so that the length of the
expression would not be a factor. The variables were initialized
before the logical expression, in the same order that they appeared
in the expression. Each variable could potentially have a logical
negation or not. As each expression contained three literals, the
number of negations in the condition ranged from 0 to 3. This
allows us to see whether more negations in the expression lead to
higher cognitive load and reduce performance.

We decided that all the negations will be placed consecutively
on the last variables: if there was one negation is was on the last

Zhttps://survey.stackoverflow.co/2022#developer-profile-demographics
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variable, and if two they were on the last two variables. This was
done to eliminate a potential confounding factor — the effect of
mixing variables with and without negations.

The logical connectives between the literals could be either both
AND or both OR. In other words, we deliberately maintained dis-
tinct contexts for the logical operators, and do not investigate the
effect of mixing them. Additionally, a potentially important factor
we examined was whether the entire logical condition evaluated to
TRUE or FALSE.

Putting all of this together leads to 16 combinations: 4 options
for the number of negations (0 to 3), multiplied by two options
of the logical operator used, multiplied by two options for the
final result. For example, the following code snippet represents the
combination of 1 negation, the logical operator OR, and a FALSE
expression value:

is_green = False
is_card = False
is_circle True

if is_green or is_card or

print ("A")

not(is_circle):

; else:

print ("B")

As another example, in the following code segment there are 3
negations, the logical operator is AND, and the truth value is TRUE:

is_blue = False
is_wet = False
is_card = False

if not(is_blue) and not(is_wet) and not(is_card):
print ("A")

; else:

print("B")

4.2 Results

For each code snippet we have two results: the fraction of partic-
ipants who understood it correctly, and the time it took them to
do so. In the figures we show the CDF (cumulative distribution
function) of the time. The time is on the horizontal axis, and the
graph shows the probability to solve the problem in up to a certain
time. Thus a line that is more to the right reflects the need for more
time to give a correct answer. The scale is truncated at 40 seconds,
because most of the code snippets are very simple and take only
10-20 seconds to interpret. This excludes the few outliers that may
be present.

The graphs include the correctness results by giving wrong an-
swers an infinite time. As a result the CDFs do not reach a maximal
value of 1, but rather the fraction of correct answers. But because
the code snippets are rather easy, the participants nearly always
answered correctly, so this was usually 1 or very close to 1. The
number of wrong answers was too small to allow for meaningful
analysis. In the sequel we therefore focus on differences in the time
needed to answer, and not on correctness.

Figures 1 and 2 show all the results, for expressions with the
AND operator and the OR operator respectively. These are rather
dense, but still some interesting effects can be seen. For example,
in Figure 1 we can see that expression using AND that has no
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Figure 2: CDFs of the time to correct answers for logical
expressions with 3 literals connected by OR operators.

negations and evaluated to TRUE was the fastest to interpret, but
the same expression that evaluated to FALSE was no faster than
an expression with a negation. But in Figure 2 we see that such
an effect does not exist for expressions with OR. On the contrary,
there is a bigger difference when the expressions evaluate to FALSE
compared with when they evaluate to TRUE.

Such observations imply that there are various complex interac-
tions between the factors. To uncover them we start by looking at
the effect of each factor separately. We then move to discussing the
interactions in Section 4.3.2.

4.2.1  Effect of Number of Negations. We start with the factor of the
number of negations, which is the subject of Research Question RQ1.
Figure 3 shows the results for the processing time as a function of
the number of negations in the logical expression, for all operators
and truth values (that is, each line in this graph contains data from
4 lines in Figures 1 and 2). The results demonstrate that having
more negations increases the response time. When comparing a
logical expression without any negations to a logical expression
with a single negation, and when comparing a logical expression
with a single negation to a logical expression with two negations,
the addition of the negation increases the time. However, this is
not the case when comparing an expression with two negations to
an expression with three negations. This effect is the result of an
interaction that will be discussed later.
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More formally, the independent variable has four levels, repre-
senting the number of negations. The dependent variable is the
time of responses. The comparison is between subjects. We would
like to check whether the average time needed to process the differ-
ent versions (in pairs) is equal. For this we will use a t-test, where
the null hypothesis is that the times are equal, and the alternative
hypothesis is that the expected values are different. The results
of these tests is that there is a statistically significant difference
between no negations and 1 negation (p-value = 3.173e-13), and
also between 1 negation and 2 negations (p-value = 0.0001126). So
in these two cases the null hypothesis is rejected. However, the
difference between 2 negations and 3 negations is not statistically
significant (p-value = 0.07602). Thus the null hypothesis was not
rejected in this case.

4.2.2  Effect of AND vs. OR and TRUE vs. FALSE. The additional
factors we considered, in order to examine Research Questions
RQ2 and RQ3, are the logical operator and the value of the logical
condition.

In order to examine RQ2 we draw Figure 4 which shows the
results of processing times for conditions that use the AND operator
and conditions that use the OR operator. These are combined results
for expressions with all the different numbers of negations (0 to
3) and different truth values. As can be seen in the graph a small
difference is observed: conditions using AND take slightly less
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time. Applying the t-test as previously showed that the difference
is statistically significant, with p-value = 0.001048. But it seems
that the effect of the operator factor is not very meaningful, as the
actual difference in times is slim.

Figure 5 shows the results of processing times for conditions that
evaluate to TRUE and conditions that evaluate to FALSE, combining
the results for expressions with different numbers of negations and
different operators. It is evident that they are practically the same.
Therefore the condition’s truth value is not an important factor in
and of itself. This observation is also supported by the statistical
test, which had a p-value = 0.7401.

However, the actual picture is more complicated. Figure 6 shows
the results for the four combinations of operator and truth value.
What we can see is that when the condition is FALSE (red lines),
there is no difference between conditions using AND and conditions
using OR (p-value = 0.3293). The difference we saw above in Figure
4 is wholly due to conditions that evaluate to TRUE (p-value =
0.0003977).

In other words, the effect we saw was not an effect of the operator
factor, but an effect of the interaction between the operator and the
truth value.

In summary, of the three independent variables we started with
— the number of negations, the operator, and the truth value — only
the number of negations seems to have an effect on the processing

308

Aviad Baron, llai Granot, Ron Yosef, and Dror G. Feitelson

Regularity
1.00-

0.75-

Cumulative fraction of results
o
o
o

Regular

— Non-regular

20 30 40
Time in second
Figure 7: CDFs of the time to correct answers for regular

logical expressions vs. irregular logical expressions.

time by itself. The factors of operator and truth value do not. How-
ever, an interaction between these two factors does have an effect.
In the following section, we propose additional factors that may be
the real causes of this interaction.

4.3 Identification of Additional Factors

In designing the experiment we made two methodological decisions
which may have had repercussions we did not anticipate in advance.
These decisions were the following:

e We wanted the participants to always read the whole condi-
tion, without the option of short circuiting. For a condition
based on ANDs this implies that all the initial literals be
TRUE. For a condition based on ORs this implies that all the
initial literals be FALSE. In both cases, the last literal then
determines the truth value of the whole condition.

e We decided to group all the negations together, and do this
consistently in all the different conditions. Specifically we de-
cided to always put them at the end of the condition (but we
could also have decided to put them in the beginning). In this
way the distribution of negations will not be an additional
confounding factor.

Our analysis indicates that these decisions inadvertently created
additional factors that influence the results, thereby answering
Research Question RQ4.

4.3.1 The Factors. We start by describing the additional potential
factors we found. One additional factor we propose came about as a
result of the above design decisions is syntactic regularity. Syntactic
regularity refers to the literals in the condition having the same
structure: either none of them are negated variable or all of them
are negated variables. The alternative (irregularity) is to have a mix,
where only part of the variables are negated. Our interpretation is
that this factor explains the anomaly seen above in Figure 3, where
conditions with 3 negations were shown to take similar or less time
that conditions with 2. Specifically, conditions with 3 negations are
regular, and we believe this compensates for the difficulty caused
by the additional negation.

To verify this, we drew a graph that compares all the regular
conditions with all the irregular ones. The regular conditions are
those with 0 or 3 negations, and the irregular ones are those with
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1 or 2 negations; in either case, the average is 1.5 negations. As
we can see in Figure 7, the regular ones indeed take less time to
understand. Formally the independent variable is categorical with
two levels, whether the expression is regular or not. The dependent
variable is the time of responses. The null hypothesis in the t-test
is that the times are equal, and the alternative hypothesis is that
the expected values are different. The results are that there is a
statistically significant difference, with p-value = 6.205e-07. Thus
the null hypothesis was rejected.

The regularity defined above is syntactic: it concerns the struc-
ture of the condition. Another form of regularity is logical regularity.
This refers to whether or not the literals have the same truth value,
namely whether they are all TRUE or all FALSE.

The evidence supporting this factor comes from Figure 6. In that
figure we saw that conditions using AND which evaluate to TRUE
took less time to understand than similar conditions that evaluate
to FALSE. Our interpretation is that those that evaluate to TRUE
are necessarily composed of 3 TRUE literals in a row, whereas in
those that evaluate to FALSE the last literal is different.

Note that this effect is not observed in conditions based on OR:
in this case conditions that evaluate to TRUE and conditions that
evaluate to FALSE take about the same time. To explain this we
introduce a third possible factor, which is the truth value of the
individual literals: whether each one of them is TRUE or FALSE.
When conditions use AND, the two last factors work together:
conditions that are logically regular also have more TRUE literals.
But for conditions based on OR the two factors counteract each
other: those that are regular have fewer TRUE literals. We suggest
that this is why we do not observe a difference in the distributions
of the total time to understand these conditions. As further support
for this third factor, note that in the figure the expression with AND
that evaluate to TRUE took slightly less time than those with OR
that evaluate to FALSE, despite both having the same level of logical
regularity. We explain this by the fact that for AND all the literals
evaluate to TRUE, while for OR they all evaluate to FALSE.

4.3.2  Interactions. The above factors do not tell the whole picture.
In addition there are interactions between them. We illustrate this
by comparing just the conditions with no negations and a single
negation. These are shown in Figures 8 and 9. The factors and their
levels are summarized in Table 1.
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regularity

op mneg truth syn log T-lit result
OR 0 TRUE 1

0 FALSE v v 0 } no gap
AND 0 TRUE v v 3

0 FALSE 2 } &ap
OR 1 TRUE 1

1 FALSE /0 } &ap
AND 1 TRUE /3

1 FALSE 2 } 1o gap

Table 1: Summary of interacting factors. (T-lit = number of
literals that are TRUE)

Let us first summarize the main results. When conditions use
the OR operator, and there are no negations, we find that there is
no difference between TRUE and FALSE conditions. But when the
conditions contain one negation there is a significant difference in
favor of the TRUE condition. With the AND operator this result
is reversed: the difference between TRUE and FALSEoccurs for
conditions with no negations, but not in conditions with a negation.

We explain these differences as follows. In OR with no negations
the TRUE version has one more TRUE literal, while the FALSE
version has logical regularity. These effects cancel out and the
results converge with no gap. In AND with no negations the TRUE
version has both one more TRUE literal and logical regularity. This
double advantage over the FALSE version causes a gap to appear.

When conditions have a negation the trend is changed for both
OR and AND. Recall that we placed the negation on the last variable.
As a result in the combinations of TRUE OR and FALSE AND the
last literal is changed in two ways at once: it gets a negation, and
it also changes its truth value. We believe that his simultaneous
change of the syntax and the semantics in the same literal aids
comprehension. As a result a gap is formed for OR and the gap is
closed for AND. With 2 or 3 negations the picture changes again,
and is more similar to the situation with no negations.

This demonstrated the complexity of the situation: syntactic
regularity usually aids comprehension, but breaking it in tandem
with a break in logical regularity can be beneficial too.
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The above analysis attempted a first mapping of the possibly
relevant factors and their effects. However a full picture will only be
possible after conducting multiple additional experiments, which
will be specifically designed to study the ideas we raised here. For
example, our definition of regularity is dichotomous: we require
either all or none of the literals to have negations. It is interesting
to also check what happens in between, with different fractions of
literals with negations.

5 COMPARING EQUIVALENT FORMS

In the second part of the experiment, our objective was to com-
pare equivalent logical expressions to examine which version is
more readable and comprehensible, in order to answer Research
Question RQ5. For example, this included comparing equivalent
expressions related by De Morgan’s laws. We aimed to determine
which form of the logical expressions is more easily understood by
the participants.

5.1 Experimental Materials

The code snippets used in this part again include Boolean variables
initialized to their respective Boolean values, and then a logical con-
dition that uses them. For example, the following code represents
the logical condition =(p A q):

is_pink = True
is_circle = False
if not(is_pink and is_circle):

print("A")

5 else:

print("B")

The participants are then asked to respond with what will be printed,
based on the given code and variable assignments.

The snippets were designed to capture various pairs of equivalent
formulations. For example, the above snippet has an alternative
version using a logical expression equivalent to the previous one
according to De Morgan’s laws, namely —p V —g:

is_pink = True
is_circle = False
if not(is_pink) or not(is_circle):

print("A")

5 else:

print("B")

Furthermore, we examined the option of using an implicit nega-
tion, meaning the condition was not satisfied, and thus the code
executed the “else” statement rather than the “then” statement. This
is equivalent to using an explicit negation and switching the “then”
and the “else”. For example, the following expresses exactly the
same logic as the first snippet shown above, without using any
negation:

is_pink = True
is_circle = False
if is_pink and is_circle:

print("B")

5 else:

print ("A")
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Figure 10: CDFs of the time for comprehending the seven
snippets. All had the value TRUE except p A g, which was
FALSE and represents an implicit negation.

(However, in order not to give this away, in the experiment we did
not switch the printing of A and B.)
All told we used seven code snippets which implement the fol-
lowing logical conditions:
e De Morgan’s first pair: =(p A q) and the logically equivalent
p Vg
e De Morgan’s second pair: —=(p V q) and the logically equiva-
lent =p A g
e The “implicit negation” when the condition is simply p A g
but it receives a false value.
o Expressions with double negations, represented by the condi-
tion —(—p A—q) and its corresponding expression = —pV ——gq.
In the analysis of the results we compared various pairs of expres-
sions to see the effect of their different structures.
The methodological considerations noted in the previous part of
the experiment were also used in this part. In this part, all partici-
pants saw all seven conditions in a randomized order.

5.2 Results

Figure 10 shows the time distributions measured for the seven
snippets, with wrong answers represented as co as before. Obviously
there are significant differences between them.

In the results, we observe that explicit negations increase cogni-
tive load (as reflected by the time needed to produce an answer).
The fastest condition to understand was the one with the “implicit
negation”, namely p A g that evaluated to FALSE. This was signifi-
cantly faster than the logically equivalent —(p A g) that evaluated
to TRUE, but had a negation (t-test p-value = 7.803e-07).

In general, all four expressions: =(p A q), =p V =g, =(p V q), and
—p A—q are quite similar in terms of their processing difficulty, with
a slightly higher difficulty for the condition —(p V q). Performing
the t-test on De Morgan pairs, we find that there are no statistically
significant differences. For the pair =(p A q) and —p V —q, which
look like exactly the same time distribution, the result was p-value
= 0.5916. But also for the pair =(p V q) and —p A —gq, where the
graphs show some difference, the result was not significant, with
p-value = 0.0715. Note that this is a within-subject analysis.

The implication is that more negations is not always worse —
it also depends on what exactly is negated: is it a variable or a
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more complex expression. In particular, it seems that the equivalent
forms of De Morgan’s laws are similar, because while one has two
negations and the other only one, that one negation is applied to a
compound expression, and the effects cancel.

A similar effect is seen in the conditions that include double
negations. First, we note that both these conditions were the hardest
to understand. They took the longest time to understand, and were
also the only code snippets in our experiments where the number
of mistakes was not negligible. Note that the condition =—p V —=—g,
which has 4 negations, took less time than the equivalent expression
=(=p A —q) that has only 3 (p-value = 0.002088). We believe this is
because of the confluence of three effects: the second condition has
anegation that applies to a complex expression; the first expression
has structural regularity, with ——x appearing twice; and it is easy
to see that the double negations in the construct =—x cancel out.

To summarize, we find that in some cases there may be significant
difference in processing of conditions that are actually logically
equivalent, but in other cases there is no large difference. In other
words, logical equivalence does not inherently guarantee that the
logical conditions will have the same processing difficulty. What
holds more significance is the logical and structural composition of
each logical condition.

6 THREATS TO VALIDITY

Construct validity. We wanted to measure the difficulty in un-
derstanding logical expressions. However, there are many different
levels of understanding [7]. We measured the ability to follow and
understand what the expression prints, which reflects an under-
standing of the programming language and an ability to trace the
execution of the code. It does not necessarily reflect a higher level
of understanding. However, when using short code snippets in an
attempt to isolate specific factors, as we do here, there is no real
options to create “meaningful” code that justifies such higher levels.
We therefore contend that this choice is appropriate.

Concerning the difficulty in understanding, this was operational-
ized by the time needed to produce a correct answer and by the
fraction of wrong answers. Measuring both the time and correct-
ness of responses is a common practice [17]. However, while they
are a common proxy for difficulty of understanding they are not
the same as difficulty of understanding. But in our analysis the mea-
sured times are not important in absolute terms, but only relative
to the times measured for other expressions. The results therefore
can indeed give a perspective on the relative hardness of different
expressions.

Internal validity. Our interpretations of the results are at times
somewhat speculative, as additional potential factors were iden-
tified during the analysis that were not anticipated in advance.
Additional experiments need to be designed and executed to fur-
ther validate these factors and their effects.

We designed the experiment such that the participants need
to read the full expressions, and therefore the last literal is the
decisive one. It is possible that participants may have discerned the
significance of the last literal in the code, and skipped other parts
of the expression. However, given the brevity of the experiment,
we believe this risk is minimal, especially since we shortened the
experiment and gave each participant only 8 of the 16 snippets in
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the first part of the experiment. It is also unlikely that participants
in an experiment would be so sure of themselves that only the
last literal matters that they will skip the initial ones. In addition,
because we randomized the presentation of the code snippets, any
effect (if it exists) would be spread evenly across all the codes and
there will be no systematic effect. We therefore believe this threat
is not significant.

External validity. Research findings are always limited to the
circumstances under which they were derived. There are a lot of
possible structures of logical expressions. Our research examined
only a limited number of basic formulas. It is important to acknowl-
edge that the results for the expression we employed may not
necessarily generalize to other scenarios or expressions. There is
no alternative to performing additional experiments to get a fuller
picture.

One specific example concerns the use of logic short-circuiting.
We designed the logical expressions such that short-circuiting is not
possible. This was required in order to ensure that we are comparing
the reading of expression of the same length. At the same time, we
acknowledge that the practice of short-circuiting logical expressions
does exist. We are planning to conduct experiments about the use
and effects of short-circuiting in the future.

7 CONCLUSION

Understanding logical conditions in code is complicated. We believe
this research has demonstrated this complexity. It suggests that
many factors are involved in this activity.

We showed that the time needed to understand logical expres-
sions is affected by numerous factors and interactions among them,
influencing the processing difficulty. We sought to characterize and
identify some of these factors, which can be broadly categorized
into two main dimensions: syntactic factors and logical factors. For
example, the negation operator is part of the syntactic dimension,
while a literal’s truth value is in the logical dimension. And both
of these factors can impose processing difficulties. Additionally,
both syntactic and logical regularities are also factors influencing
processing difficulty. Furthermore, we discovered that the factors
are not independent, and there are interactions between the syntac-
tic and logical factors. For example, when syntactic regularity and
logical regularity brake down simultaneously in the same literal,
the correlation between the syntactic and logical perspective eases
the processing, despite the absence of both regularities.

The factors we identified in this study can aid in understanding
what influences the comprehension of logical conditions in code,
both in a general sense and, more specifically, how they impact
the writing and comprehension processes of developers. Beyond
that, we believe that this research may contribute to a broader
understanding of the cognitive processes associated with the com-
prehension of complex logical statements. There has been a lot of
previous work on understanding negations and logic expressed in
natural language. Our results are different in that the expressions
are not expressed in natural language, but in a formal notation of
programming. This may eliminate some of the ambiguity present
in natural language, and enable a sharper focus on the core effects
of the logical constructs. In addition, code may expose new factors



EASE 2024, June 18-21, 2024, Salerno, Italy

that are not commonly observed in natural language settings, like
syntactic and lexical regularities and the interplay between them.

We started our investigation with 3 factors in mind: the number
of negations in an expression, the logical operators used (AND or
OR), and the truth value of the entire expression. But the results
suggested that there are many more factors. It is reasonable to think
that even more are waiting to be discovered. This research should
therefore be expanded in the future to include the exploration of
additional factors.

Concrete issues that beg further study include investigating sit-
uations involving expressions with different combinations of AND
and OR, the possible effect of programming experience on under-
standing different types of expressions, and expressions based on
computing conditions (e.g. x <= 3) rather than on given variables
that are either TRUE or FALSE — and also whether there is a dif-
ference between x < = 3 and not(x > 3). Another whole line of
research is the effect of short circuits. Developers undoubtedly ex-
ploit the possibility of short-circuiting in their work. It is therefore
interesting to identify which patterns of logical expressions are
more amenable to short circuits. In addition, it is also interesting to
look into what developers do in practice, for example when they
refactor logical expressions.

Another interesting issue is negations that appear in names
rather than as logical operators. For example, consider the Boolean
not_done when used in a loop header while (not_done) {...}. This can be
compared with using a Boolean done with a negation operator as in
the expression while (! done) {..} or alternatively a positive Boolean
more_work and the expression while (more_work) {...}. We are working
on such an experiment.

While we have only started studying these issues, we can already
identify several possible practical implications for developers:

e We demonstrated that multiple negations have a detrimental
effect on understanding. So negations should be avoided if
possible. Examples: if you have a double negation, cancel
them out. If an expression in an “if” can be flipped by remov-
ing a negation and switching the “then” and the “else”, do
so.

Regularity also helps. So if an expression has repeated ele-
ments, try to emphasize its regularity.

Beyond these immediate implications, we hope that our findings
will prompt additional research, which will eventually lead to a
more comprehensive understanding of negations. By collecting
many such results, we will be able to formulate more guidelines for
developers that will help in steering towards more easily understood
expressions.

EXPERIMENTAL MATERIALS

The experimental materials are available from Zenodo using the
DOI 10.5281/zenodo.11064987.
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In this paper, we set out to investigate the various manifestations of negation in
the context of code, how different types of negation affect code comprehension, and
the practical implications for writing readable code. Programming languages feature a
wide range of negation forms—mnot only the logical negation operator, as explored in
the previous paper, but also negation embedded in variable names, alternative operators
expressing negation, and the truth values of expressions. In addition, we explore different
strategies for avoiding negation. These include, for example, checking whether an array
is non-empty using a greater-than operator, or using a variable name that is a synonym
of a negatively phrased name.

We examined the cognitive load associated with each type of negation, the interac-
tions between them, and how the diversity of negation forms—including both syntactic
negation (e.g., logical operators) and semantic negation (e.g., natural language negation
in variable names)—impacts code comprehension. This research yielded insights into
best practices for writing readable code, including which operators are preferable and

how variable names should be formulated.
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Abstract

Negation has been studied extensively in the fields of linguistics,
psychology, and logic. However, it has been almost entirely over-
looked in the realm of code comprehension research and the teach-
ing of programming. Negations in code are interesting for several
reasons. First, negations can be expressed either using logic opera-
tors (like ! or !=) or else by words embedded in variable names (as
in notDone). Second, different types of negations can be combined
together in the same expression. To explore whether using different
negative expressions affects code comprehension, we conducted a
controlled experiment involving 268 participants. The task was to
understand short code snippets containing various logical expres-
sions and types of negations. The results showed significant differ-
ences between the comprehension of different code snippets, both
in terms of time needed and in terms of the correctness achieved.
This illustrates a cognitive complexity that has important implica-
tions for writing more readable code and for guiding refactoring
practices. In particular, we suggest that students be taught to avoid
negations if possible, e.g. by using len > 0 rather than len != 0 to
verify that an array is not empty.
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1 Introduction

Negation is a fundamental feature of human language. As linguist
Larry Horn writes [12], “In many ways, negation is what makes
us human, imbuing us with the capacity to deny, to contradict, to
misrepresent, to lie, and to convey irony.” The processing of sen-
tences with and without negation, including instances of double
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negation and various logical relations, has been the focus of exten-
sive research. Studies have also utilized tools such as fMRI to map
the processing of logic to specific brain regions, offering insights
into how the human mind navigates and comprehends intricate
logical structures [1, 7, 10, 11, 15, 16, 26, 27].

Program comprehension is a critical cognitive process in soft-
ware development, as developers dedicate a substantial portion of
their time to understand existing source code [18, 28]. This process
has a significant impact on maintenance and refactoring, as devel-
opers construct mental models that represent the code’s structure
and functionality [5, 24]. It is also exceedingly important when
canvassing code suggested by generative language models. The
less code developers write themselves, the more important it is that
they read and understand the code that is generated automatically.

The insights gained from research on understanding logical ex-
pressions and negation in natural language do not necessarily ex-
tend to the comprehension of code. Programming languages utilize
precise mathematical notation that differs significantly from the
nuances of natural language. As a result, issues such as the scope of
negation, which are important in linguistic contexts, become irrele-
vant in programming. Moreover, the formal syntax and semantics
of code allow for the construction of more complex expressions,
such as lengthy formulas involving multiple variables and logical
operators, which have no direct counterparts in natural language.
In addition, programmers typically possess a strong background in
logic and mathematics, making them an unrepresentative sample
of the general population.

Negation in code, including the embedding of negation in vari-
ables names, is a challenge faced by many developers (e.g. [8, 9, 14]).
However, the pedagogical literature rarely addresses the question of
how to write Boolean conditions in a readable manner, particularly
regarding the definition of Boolean conditions with negation and
the choice among different logically-equivalent formulations. For
example, The Pragmatic Programmer [25], a widely acclaimed book
on the mastery of programming, does not address the question
of how to write readable Boolean expressions with negation at
all. Clean Code [17], another well-known programming handbook,
mentions it only briefly in a single example (on p. 302), saying just
that negations should be avoided.

In computing education research too there has been essentially
no work on what makes Boolean expressions hard or easy to un-
derstand. Stefik and Siebert’s classic study on the intuitiveness of
programming language constructs included some elements of such
expressions [23]. While they did not include the negation operator,
they did show that non-programmers considered unequal to be the
most intuitive way to express the notion of inequality between
operands, whereas programmers preferred the != notation. As their
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focus was on individual language elements, they did not investigate
alternatives for actually forming Boolean expressions.

Likewise, research on the comprehension of logical expressions—
and particularly those involving negation—remains surprisingly
sparse in the software engineering and code comprehension litera-
ture. Early work by Iselin considered loop conditions with “equals”
and “not equal” operators (in Cobol) [13]. Ajami et al. conducted a
study comparing three expression that use negation with a similar
condition without negations [2]. Their findings revealed a signifi-
cant difference in the time required to understand the code between
two of the negative forms—specifically, a De Morgan pair—and the
third negative form. However, the study did not provide an expla-
nation for this observed difference. Baron et al. investigated the
comprehension of negation in Python, focusing primarily on the
logical not operator [4]. Their findings confirmed that negation is
indeed more challenging to process. Additionally, they identified
two significant factors: “syntactic regularity” and “logical regular-
ity”. They argued that expressions are easier to understand when
all variables have negations or none do, and when all literals have
the same truth value (either true or false).

Against this backdrop, we perform an exploratory study of the
relative understandability of various forms of negation that are used
in code. For example, we compare the loop condition while(!done),
which uses a logic operator, with the condition while(notDone),
which expresses exactly the same idea but embeds it in a variable
name. In addition, we extend the scope to using various different
operators. For example, checking that an array is not empty can
be done by comparing its length to zero using !=, and also using
>, which does not involve a negation. As far as we know, such
variations have never been investigated before.

Note that the differences between these expressions are expected
to be extremely subtle. It is not clear in advance that they are even
measurable. For example, one might think that any experienced
programmer learns to interpret and read ! as not, and therefore
there will be no effect. But from a cognitive point of view, even if
developers may learn to interpret the different expressions correctly,
they may be employing different parts of their brains to do so: an
operator may be processed in the part of the brain that deals with
arithmetic and logic, while a word may engage the language center.
It stands to reason that the performance of these two paths will not
be identical.

We therefore needed to design an experiment that isolates these
differences, and perform it with enough participants to observe
the differences that may be present. We collected data from 268
professional developers from around the world, nearly two thirds of
them with more than 2 years of experience. Together, they provided
3052 individual measurements. These results enabled us to iden-
tify various differences that exist in the understanding of similar
Boolean expressions, both in terms of achieving correctness and in
terms of the time needed to do so.

The experiment comprised three parts. The first part compares
logical expressions containing different operators: ‘greater than’,
‘equal to’ with negation, and ‘not equal to’. In the second part, we
examine different types of negation and the interactions between
them, particularly focusing on variable names that include negation.
The third part of the experiment explores variable names with and
without negation in the context of a while loop. In total this led
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to the use of 42 short code snippets. Our participants were tasked
with determining the output that would be printed by each such
code snippet.

This study has the potential to offer practical guidelines for
writing code, as well as cognitive insights into how negation is
represented in the coding world, mapping these expressions and
understanding the interactions between them. Our contributions
in this paper are:

o Extending existing research on negation in natural language

to a completely new context.

Identification of different types of negations that reflect the

coding world. These include

— Explicit Logical negation: the ! operator

- Operators that contain an embedded negation: the != op-
erator

— Names that contain negation, as in notDone

— A feeling of negativity, as in empty or when a condition
has a value of false.

e Comparison of equivalent ways to write a negative expres-

sion and their relative processing difficulty.

Establishing the effect of interactions between these nega-

tions, like a double negation involving a variable name and

operator together.

Guidelines for writing readable variables names and Boolean

expressions, for novice students in computer science courses

as well as practitioners.

2 Research Questions

Our experiment focuses on comparing the understanding of short
code snippets that involve various logical expressions with nega-
tion. We started by identifying the different types of negation that
may occur in code. The first is obviously the logical negation op-
erator itself, written as ! in languages like C and JavaScript. But
there are many other ways to express the notion of negativity, like
the ‘not equals’ operator !=, and even using “not” in a variable
name. All these different forms of negativity can complicate code
comprehension. The research questions concern the significance of
these different forms and possible interactions between them.

In this context, our research questions are as follows. The first
concerns different negation operators:

(RQ1) What is the effect of different negation operators? This ques-
tion can be divided into two sub-questions:

(RQ1a) What is the effect of using a negative operator? Here we
want to compare expressions with negative operators,
namely ! and !=, with expressions that do not contain
them.

(RQ1b) What is the difference between different negation opera-
tors? Here the focus is on equivalent ways to express the
same logic: for example, either using != or alternatively
applying ! to an expression with ==.

The next question extends the discussion to include negativity in

variable names.

(RQ2) Do negated variable names make the code more difficult to
understand? This introduces the human element: we expect
that a human developer may be affected by the word “no”
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embedded in a variable name, even though formally there is
no logical negation present.

Another issue is the effect of the construct that provides the context
for the logical expression:

(RQ3) What are the interactions between different types of negation
and conditions in a while loop?

In addition, there are some general crosscutting questions:

(RQ4) What are the interactions between different types of nega-
tion? Is double negation more difficult to process? Are code
snippets with multiple instances of negation harder to un-
derstand?

(RQ5) Does a condition that evaluates to false make the code more
difficult to understand?

(RQ6) Does using words with a negative connotation have an effect?
Natural language allows us to express a negative notion
without using negation explicitly, for example “empty” or
“fail”. Does using such words have a similar effect to using
explicit negations?

Finally, an important practical question is: What are the implications

of all the above for code writing?

In our present exploration of all these questions, comprehension
is defined as finding what a code snippet prints, and difficulty is
measured by the time this took and the fraction of wrong answers.
The questions of whether the results depend on these choices are
left for future work.

3 Experimental Design and Execution

The experiment included five groups of code snippets, with 4 to 12
snippets in each. Two of the groups included simple expressions,
two had if statements, and one had while loops. Each participant
was given 14 code snippets selected randomly to represent the differ-
ent groups and sub-groups. These snippets were ordered randomly.
In addition all participants were given an introductory snippet as
explained below. For all snippets, participants were asked to deter-
mine what the code would print. The code snippets were written
in JavaScript, which is currently the most popular programming
language according to the Stack Overflow developer survey!. The
experiment was approved by the faculty ethics committee.

3.1 Experiment Design

The present paper focuses on simple expressions and on logical
conditions in while loops, so we only describe these parts of the
experiment.

The first part focused on basic operators, particularly negation,
in order to answer questions RQ1 and RQ5. Each code snippet
contains a basic expression, with the following code structure. The
first line is the initialization of an array, either with fruits or as
an empty array. The second line prints the result of some test on
the array’s size. This is expressed in different ways, comparing the
length of the array to 0 with or without using negation:
fruits.length != @

! (fruits.length == 0)
fruits.length > @
fruits.length ==

Thttps://survey.stackoverflow.co/2024/technology
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Each of these options is applied to an empty array or to an array
with some contents, for a total of 8 snippets. For instance, in the
following code, the array is not empty and the expression is fruits
.length > o.

let fruits = ["Cherry",
console.log(fruits.length > 0);

"Pear", "Apple"l;

As another example, in the following code the array is empty and
the expression is ! (fruits.length == 0).

let fruits = [1;
console.log(!(fruits.length

0));

The second part of the experiment contained code snippets with
Boolean variables, designed to answer Research Questions RQ2,
RQ4 and RQ6. Some of the names included an embedded “no”,
thereby introducing an apparent semantic negation but without
an explicit negation operator. We aimed to examine the effect of
such names relative to other negations. As in the previous part, the
code snippets contained an array of fruits, either full or empty. The
variable names used to describe the array were:

e a positive name, hasFruit;

e a name with explicit negation, hasNoFruit; and

e aname with the same meaning but without explicit negation,

isEmpty.

In each snippet the variable was initialized according to its mean-
ing (so names were not misleading). It was then printed with or
without a logical negation operator. One example is the following
snippet. The array is empty, the variable is named hasNoFruit, and
the condition includes negation:

let fruits = [1];
let hasNoFruit = fruits.length ==
console.log(!hasNoFruit);

0;

As another example, in the following code the array is full, and the
variable isEmpty is printed without negation:

let fruits =
let isEmpty =

["Cherry", "Apple"];
fruits.length == 0;

"Pear",

console.log(isEmpty);

In total, in this part we have 12 code snippets: two possibilities
for whether the array is full or empty, multiplied by three names for
the Boolean variables, multiplied by two possibilities for whether
there is a negation operator in the expression.

In the third part we examine the interaction between variable
names with and without negations and understanding the condi-
tions in a while loop, in order to answer RQ3. There were two sets
of 3 snippets each. In each set there were 3 names, one positive
and two negative, with the negation either embedded in the name
or using the negation operator. The loop control statements in the
first set were:

e while (hasMoreWork)
e while (notDone)
e while (!done)

The loops iterated over an array with numbers, and the control
variables were initialized accordingly. Below is one of the code
snippets from this set:
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let numbers = [1, 2, 31;

let hasMoreWork = numbers.length > 0;

while (hasMoreWork){
console.log(numbers[numbers.length -11);

numbers.pop();

hasMoreWork = numbers.length > 0;

In the second set, the code snippets represent a scenario of using
a buffer. The three names used were hasSpace and notFull, which
have the same meaning, one with a negation and the other without,
and full, which has the opposite meaning and is accompanied by a
negation operator in the loop condition. An example of one of the
code snippets is:

let numbers [];
let notFull = true;
while (notFull){
if (numbers.length < 3){
numbers.push(1);
Yelse{
notFull = false;

3

console.log(numbers);

In the different parts of the experiment we deliberately included
variable names with “no” in the middle, like hasNoFruit, and names
with “not” at the beginning, such as notDone. The variable name with
“no” was used in the second part of the experiment to investigate
the case of double negation. The idea was to avoid having two
negations in close proximity, to ensure the negation calculation is
done in two separate steps and is not quickly canceled out due to
the proximity of the negations (as would happen in an expression
like !'notDone).

The full experiment also included codes about misleading names
and using ifs, which are not included in this paper.

3.2 Methodological Considerations

The programming language chosen for the experiment is JavaScript,
for several reasons. Firstly, it is a widely popular language that many
developers are familiar with, as mentioned above. Another reason
is that negation is expressed in JavaScript using ! rather than the
word “not”. This is similar to other important languages like Java
and C/C++. It also offers an advantage because, unlike in Python,
the expression is more distanced from natural language. This allows
for a distinction between logical negation using ! and negation in
variable names using “not” or “no”. An experiment in Python would
not capture the distinct differences between types of negation as
clearly.

One of the main methodological consideration was to create the
most atomic code snippets possible. This ensures that no additional
elements were included beyond what was necessary to examine the
factors in the research questions. This approach aimed to keep the
experiment as clean as possible, minimizing any threats to validity
arising from confounding influences that could affect the results.

It is sometimes observed that the first question in an experiment
takes more time to answer, as participants need to get accustomed
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to the environment and what is required of them (e.g. [2, 22]). Ad-
ditionally, we were concerned that there might be a slight bias due
to naming the array “fruits” if the first randomly-chosen snippet
actually had an empty array, so the code in fact did not contain any
mention of fruits. To avoid these problems and provide training,
a generic initial code snippet not related to the experiment was
included for everyone. This snippet differed from the other code
snippets so as not to provide any priming for any of them. Nonethe-
less, it did include the initialization of an array with fruits to ensure
the context was clear. The chosen initial code snippet was:

let fruits = ["Cherry",
let hasApple = false;

for (let fruit of fruits){
if (fruit 'Apple ')
hasApple = true;

"Pear", "Apple"l;

3
console.log(hasApple);

Above the code snippet was a reminder about the console.log
command in JavaScript, which is the common method for out-
putting information (since a print function does not exist). In addi-
tion, we had a reminder for pop just before the participant received
a question involving this command. These reminders are expected
to help participants who may not be versed in JavaScript, but can
still contribute to the experiment because the experiment is focused
on basic expression and does not really depend on specific features
of the language.

In the questions of parts 1 and 2, due to their brevity and the clear
binary nature of the answer (true or false through the evaluation
of an expression), we methodologically preferred to structure them
as multiple-choice questions. This is because even typing out “true”
or “false” takes some time, and given that the total time is very
brief, we aimed to prevent any influence from the time taken to
write the response. Therefore, we opted for a format where the
answer could be selected with a single click in a multiple-choice
question format. In part 3 (the while questions) there are many
possible wrong answers, so it is not practical to use a multiple-
choice format.

Only a subset of code snippets (14 in total) was selected for
each participant, to reduce the length of the experiment and reduce
fatigue and attrition. Having fewer questions may also prevent
settling into a more technical and routine reading, that might not
accurately reflect a general understanding of the code snippets. The
selection method ensured that the snippets were distributed across
different groups, leading to a greater variety of code examples and
minimizing the impact of technical and focused reading due to
structural similarities within groups.

Additionally, the order of code snippets was randomized to pre-
vent any systematic bias in the results that could arise from the
sequencing of the code snippets rather than their difficulty.

3.3 Experiment Execution

The experiment started with an introductory page explaining what
the experiment is about. This included details about the number
of questions, the approximate time the experiment is expected to
take, and a general overview of the experiment’s purpose: “Our
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goal is to understand the cognitive mechanisms of reading different
logic patterns in codes”. Additionally, participants were informed
that the experiment involves measuring response times, and they
were instructed to respond only when fully focused and without
any distractions.

The experiment was conducted using the Qualtrics platform.
Qualtrics supports measuring response times, with the key metric
being the total seconds the question was visible before the respon-
dent clicked for the last time.

A total of 268 participants were recruited using programming-
related channels (e.g. in Reddit). Among those who reported their
educational background, 78 held a Bachelor’s degree, 28 held a
Master’s degree, and 6 held a Ph.D. Additionally, 55 participants
were self-taught, had received vocational training, or learned to
program in high school. Regarding professional experience, among
those who provided this information, 61 participants reported hav-
ing 0-2 years of experience, 70 participants had above 2 up to 6
years, and 33 participants had more than 6 years of experience. In
terms of gender, among those who reported their gender, the par-
ticipant group was predominantly male, with 150 male participants,
8 female participants, and 1 non-binary/third-gender participant.

4 Results

Our experiment included multiple code snippets in three parts,
and many comparisons were made in the process of analyzing the
results. However, we note that these actually relate to individual
questions, which are each of interest independently. For example,
the comparison of != with ! applied to == is unrelated to the com-
parison of names with and without negations in loop conditions. In
such situations a correction for multiple experiments is not required
[3, 20].

To mitigate any remaining concerns, an additional viewpoint
is as follows. In the following we report 25 p-values, 14 of which
are smaller than 0.05. With this number of comparisons and this
threshold one would expect 0-2 false positives, not 14. Considering
each comparison as a Bernoulli trial with p=0.05, the probability
of 14 successes in 25 trials is 0.0000000000015. If you have 1 or 2
positive results they indeed may reflect chance. If you have 14 the
vast majority must be true.

4.1 Part 1: Operators Expressing Negations

Recall that in this part, we are examining simple logical expressions.
The comparison is between the expressions:

e fruits.length != 0

e ! (fruits.length == 0)
e fruits.length > @

e fruits.length ==

For each code snippet, we have two results: the fraction of par-
ticipants who understood it correctly, and the time they took to do
so. Figure 1 shows the CDFs (cumulative distribution functions) of
the time taken. The time is on the horizontal axis, and the graph
shows the probability of solving the problem within a given time.
Therefore, a line positioned further to the right indicates a longer
duration needed for a correct response. The graphs account for
correctness by assigning an infinite time to incorrect answers. As a
result, the CDFs do not achieve a maximum value of 1, but instead
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converge to the fraction of correct answers. When the code snip-
pets are very basic, participants almost always responded correctly,
making this fraction 1 or nearly 1. But in some cases there are siz-
able differences in correctness, as can be seen by the gap between
the right-end of the plot and 1.
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Figure 1: CDFs of the time to correct answers for logical
expressions of part 1.

Figure 1 shows an overview of all the results of this part of
the experiment together. Generally, significant differences can be
observed between the various conditions. The two versions that
were the fastest to understand were when the array is full and
the condition checks if it is greater than zero, and when the ar-
ray is empty and the condition checks if its size equals zero. Con-
versely, conditions involving negation are less readable, with the
least readable case being those using the logical negation operator
! (fruits.length == 0).

To uncover the factors that lead to these results we analyze the
effect of each one separately.
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Figure 2: CDFs and boxplots of time to correct answers for
negated vs. non-negated logical expressions. The CDFs in-
clude incorrect answers as oo, the boxplots do not.

4.1.1 The Effect of Negativity. The first factor we considered, in
order to examine Research Question RQ1, is the effect of negative
operators. Our code snippets can be partitioned into two groups of
4 by their negativity. The “negative” group includes the expressions
with a “!” in them: either using the operator != or directly negating
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the ‘equals’ operator. The “non-negative” group uses > or == with no
such negations. Figure 2 compares the combined results of these two
groups. In addition to the CDFs which incorporate the correctness
results as explained above, it also shows boxplots of the time needed
for correct answers only. This shows that the negative expressions
take longer to process than the non-negative ones, and also lead
to more errors. We conclude that the negations may induce some
burden which makes these expressions harder to understand than
expressions without negations.

More formally, the independent variable has two levels, repre-
senting the negative and positive groups. The dependent variable
is the time of responses. The comparison is between subjects. We
would like to check whether the average time needed to process
the different versions (in pairs) is equal. For this we will use a t-
test, where the null hypothesis is that the times are equal, and the
alternative hypothesis is that the expected values are different. The
results of these tests is that there is a statistically significant differ-
ence between negative and non-negative expressions (p < .0001),
and the effect size, as measured by Cohen’s d, is 0.66 indicating
a medium effect. Thus the null hypothesis was rejected. In addi-
tion, we would like to check whether the expected values of the
percentage of errors made in different situations are unequal. For
this we will use a between-subjects Z-test for proportions. The
null hypothesis is that the expected percentage of the participants
who answer correctly is equal in both cases, and the alternative
hypothesis is that the expected values are different. According to
the statistical test this difference too is significant (p = .002), and
the effect size, as measured by Cohen’s h, is 0.22 indicating a small
effect.
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Figure 3: CDFs and boxplots of of the time to correct answers
for logical expressions with != vs. !(==).

4.1.2  Expression of Negativity. In the previous subsection we bun-
dled two forms of negativity together: The use of the ‘not equal’
operator !=, and the construct where an explicit logical negation !
is applied to the ‘equals’ operator == [in the sequel we refer to this
construct as ! (==) for brevity]. We now compare these two forms
to each other, which is also part of Research Question RQ1. The
results, shown in Figure 3, indicate that != is more readable than
1(==). Applying the t-test as previously showed that the difference
is statistically significant (p < .0001), and the effect size, as measured
by Cohen’s d, was 0.41 indicating a small effect. But there was no
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significant difference in the ratio of correct answers out of the total
responses (p = .619).

We explain this by noting that the processing of ! (==) involves
two stages. For instance, consider the expression

I'(fruits.length==0)

It includes the first processing stage of finding the truth value of
fruits.length==0, followed by the second stage of applying the
negation. In contrast, the expression using !=, which also means
“not equal to”, operates in a single step. This interpretation leads us
to the following analysis, which reinforces the explanation provided
here.
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Figure 4: CDFs and boxplots of the time to correct answers
for logical expressions with different truth values.

4.1.3  Effect of the Truth Value. Another possible factor we consid-
ered is the truth value itself, in order to examine Research Question
RQ5 — maybe there is some cognitive hindrance attached to dealing
with falsehood? To look into this we focus on 3 of our 4 expressions,
excluding the one with an explicit negation of the ‘equals’ operator.
The reason for doing so is that this expression contains two steps
of calculating the truth value: the ‘equals’ and then its negation. By
construction these two steps have opposite truth values. Therefore
it is not possible to assign instances of this expression to either true
or false.

Figure 4 shows that conditions with a false truth value are less
readable than those with a true truth value. Thus the truth value
of the statement does seem to have an impact. This observation is
also supported by the statistical test, which indicated significance
(p = .0068). However, the effect-size as measured by Cohen’s d is
0.23 (small), and there is no difference between them in terms of
the number of correct answers.

In interpreting this result, we do not necessarily claim that “truth
is easier than falsehood”. But we do note that truth inherently corre-
sponds to reality. In our case, the code the experiment participants
see is very short, and contains two elements: the initialization of
an array and an expression describing this array. If the expression
actually describes the array this immediately “pops out”—for exam-
ple when the array is initialized as empty and the expression says
its length equals 0. But when the expression does not correspond to
the array initialization—for example when the array is initialized to
empty but the expression says its length is greater than 0—this may
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lead to some cognitive dissonance, and hence to a slightly longer
processing time.

This insight can be used to also explain the difference between
the two versions of the expression we excluded previously. In Figure
1 we can see that the expression ! (==) with a true value takes more
time to process than the same expression with a false value. The
reason may be that when the complete expression evaluates to false

the inner expression evaluates to true—namely, the expression
indeed describes the array initialization in the previous line, which
is faster to see.

4.2 Part 2: Negativity in Variable Names

Recall that in this section, we are examining logical expressions
involving Boolean variables with the names hasFruit, hasNoFruit
, and isEmpty. We evaluate these names under conditions where
there is a logical negation or where there is none, and in situations
where the condition evaluates to true or to false.
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Figure 5: CDFs of the time for comprehending the 12 snippets
in part 2.

Figure 5 presents an overview of all the results for this section.
Again it can be observed that there are significant differences be-
tween the code snippets. The most obvious differences are that the
light-colored lines, representing positive snippets, are above the
dark ones, representing negativity. For example, the most readable
code was when the array is full, the variable name is hasFruit, and
there is no negation operator. In contrast, when the array is full,
the variable is hasNoFruit, and there is a negation operator in the
print statement, the expression took the most time to understand.
We now turn to analyze the different effects one by one.

4.2.1 Negative Names. As noted above, we considered two alterna-
tive ways to express negativity in names, to answer Research Ques-
tions RQ2 and RQ6. The first is explicit negativity, as in the name
hasNoFruit. The second is semantic negativity, as in the equivalent
name isEmpty. We compare them with the positive name hasFruit.

We compare the combined results for each of these three names
in Figure 6. We can see that the most readable name, in terms of
both time and correctness, is hasFruit. According to the boxplots
isEmpty has a very similar time distribution, but it does suffer from
slightly more errors. However, the difference is not statistically
significant (p = .396 overall and p = .229 for correct answers). The
least readable name is the one with explicit negation, hasNoFruit.
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Figure 6: CDFs and boxplots of the time to correct answers
for logical expressions with different variables names.

And the differences between this name and the previous two are
indeed statistically significant (p = .0002 and p = .0044). The effect
sizes, as measured by Cohen’s d, were 0.39 and 0.31, respectively,
indicating a small effect. In addition, the first is also statistically
significant for correctness (p = .0022) and the effect size is 0.57
(medium), while the second is not (p = .055).
Our conclusion is that a name with explicit negation like hasNoFruit

may place a burden on processing. Therefore, instead of using a
name with explicit negation (hasNoFruit), it is preferable to choose
a synonym without negation(isEmpty), which may ease processing,
or use the opposite non-negated option hasFruit. While we did not
find a statistically significant difference between using the positive
hasFruit and the semantically negative isEmpty, the separation of
the CDFs in the graph indicates that the positive name might suffer
from fewer errors. This is an interesting lead as there are also other
cases of such negativity in connotation, such as failure versus suc-
cess. But establishing whether they indeed have an effect requires
further investigation.
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Figure 7: CDFs and boxplots of the time to correct answers
for negated naming versus the negation operator.

4.2.2  Negated Name vs. Negation Operator. Returning to examine
Research Question RQ1, considering the possibility of negation in
names exposes two alternatives to express the exact same logic:
either use the word “no” or the operator !. In our experiment this
is represented by the pairs of code snippets where the expression
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being printed is either hasNoFruit or !hasFruit. We compare them
directly in Figure 7. The result is that overall there is no statistically
significant difference (p = .847), and indeed, the boxplots show that
the distributions of time to correct answer are practically identical.
But ! does have a statistically significant advantage in terms of
the ratio of correct answers to total responses (p = .043) and the
effect size is 0.26 (small). Namely, a negated variable name results in
somewhat more errors compared to a positive name with a logical
negation.
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Figure 8: CDFs and boxplots of the time to correct answers
for a double negated vs. non-negated expression.

4.2.3 Negated Names and Double negation. We showed above that
names with negation, for example containing the word “no”, take
longer to process. But they may also interact with logical negation
expressed using the ! operator.

We first analyze this case by focusing on code snippets with two
logically-equivalent expressions in the print statement in order to
examine Research Question RQ4: hasFruit and !'hasNoFruit. The
results are shown in Figure 8. Obviously the expression with the
thasNoFruit took significantly longer (p < .0001, and an effect size
of 0.83 (large)), and also caused many more incorrect answers (p
= .011, with an effect size 0.51 (medium)). We contend that this
reflects a “double negation”, where one negation is a formal logical
negation with the operator !, and the other is a semantic negation
in the word “no”. In other words, from the point of view of a human
developer, variable names can lead to situations involving multiple
negations, even if there is only one explicit negation in the logical
expression.

The possibility of multiple negations of different types in the code
leads us to counting their combined effect in the next subsection.

4.2.4  Multiple negations of Different Types. In the previous subsec-
tions we highlighted different types of negativity that may appear in
the code. We also showed that they may combine to create “double
negations”, where the components are actually of different types. To
further investigate this, we now consider all possible combinations
together.

The significant components identified above are the following:

o the explicit logical negation of using the ! operator;
e negation in the variable name, by embedding a “no” in it;
o the false truth value of a condition or assignment.
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Figure 9: CDFs and boxplots of the time to correct answers
for code snippets with different negativity counts.

We counted how many of these appear in each of the 12 code
snippets, and group the snippets according to this number, from
not having any negative component to having a maximum of 3
negative components. For example, the following snippet:

let fruits = [];
let hasFruit = fruits.length > 0;
console.log(!hasFruit);

is counted as 2: the expression initializing the variable is false, and
the print statement contains the negation !.

Figure 9 presents the results. It indicates that the number of
negations significantly affects the difficulty of understanding the
code: the more negative components a piece of code contains, the
longer it takes to process. In terms of statistical significance, the
differences between 0 and 1 negative components and between 1
and 2 negative components are statistically significant (p = .0007
and p = .0058), and the effect size is small (Cohen’s d of 0.43 and
0.23). The differences between 2 and 3 is not statistically significant
(p = .328). In terms of error rate, the difference between 0 and 1 is
statistically significant (p = .009), while the others are not.

4.3 Part 3: Negations in Controlling while Loops
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Figure 10: CDFs and boxplots of the time to correct answers
for the first set of while snippets.
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Figure 11: CDFs and boxplots of the time to correct answers
for the second set of while snippets.

In this section, we examine the interaction between negation in
variable names and logical negation within conditions in a while
loop, to address Research Question RQ3. In Figure 10, we can
see the results of the first set. Surprisingly, the name with the
negation notDone was not less readable than the others, and actually
there were no statistically significant differences at all (the three
comparisons led to p = .105, p = .878, and p = .181). We discuss this
below.

In Figure 11, we see the results of the second set. In this case
it is evident that the name with the negation notFull is the least
readable one—similar to the conclusions from the previous sections.
And its difference from the positive name hasSpace is statistically
significant (p = .018) and the effect size is 0.49 (small). The other
differences between these conditions are not significant (notFull
vs. I full p = .389, and hasSpace vs. ! full p = .118).

Note the apparent disagreement between these two sets of results
concerning negated names: in the first, notDone is quite readable,
but in the second, notFull is the least readable. We believe the
difference results from a unique interaction between the variable
name notDone and the while loop construct: reading the condition
while (notDone) spells out the essence of a generic loop where the
execution of a block of code is repeated as long as the computation
is not finished. It is true that while (hasMoreWork) is semantically
equivalent; but the first expression is more succinct and in some
sense seems more natural. This match between the program text
and the semantics compensates for the presence of the negation in
the variable name, leading to higher readability.

The names used in the second set represent the property of a
buffer being full or not. Thus they do not relate to a generic loop
structure, and we do not see the same effect. Therefore in this case
the name with the negation turned out to be less readable, as was
the case in the previous sections.

Another observation is that the results are not as clean as those
in the previous sections. As noted above, only one difference was
found to be statistically significant?. This indicates that there are
probably more factors at play, and it is harder to isolate the effect
of the way variable names are formed. The conclusion is that many

Note that in this part it is necessary to make a Bonferroni correction because the two
sets of the while questions are parallel, and therefore there are two comparison that
test each research question. However, the test that came out significant still remained
significant after the correction.
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more experiments with careful selection of the different treatments
are needed.

5 Pedagogical implications for teaching code
writing

In our study, we identified negation factors that contribute to the
complexity of code. In this section, we aim to discuss the practi-
cal implications of our findings for writing more readable code.
We observed that code may contain a wide range of negative ex-
pressions in various forms, all of which make processing more
challenging. Therefore, as a general recommendation for writing
code, it is usually advisable to avoid negations.

First, we found that the logical negation operator complicates
processing, so when a condition can be expressed without this
operator, it is generally preferable to do so. For instance, consider
the case of checking that an array is not empty. The direct way to
express this is using ! (array.length == 0). But we found that the
alternative form array.length > 0 is much more readable.

Additionally, using a variable name with a negation is generally
not recommended, as such names are harder to process. Moreover,
they can lead to even more difficult situations, such as double nega-
tion. For example, if we name a variable isNotActive, beyond the
difficulty in processing the negation in the name, negating this
variable would result in a situation like ! isNotActive, which is even
harder to process. Therefore, we recommend using a variable name
without negation that conveys the same meaning (a synonym) or
using the variable name without negation and simply initializing it
differently.

Another observation we made is based on the comparison be-
tween the ‘not equals’ operator != and the negation of the ‘equals’
oparator, where we found that the former is more readable. This
led us to the insight that when there are different ways to express
the same condition, it is important to consider the number of com-
putational steps required as a factor in choosing the most effective
expression. Expressions with more computational steps will proba-
bly be more difficult to understand.

6 Threats To Validity

Construct validity. We measured the difficulty of understanding
different expressions by measuring time and checking the correct-
ness of the answers. This faces two threats. Difficulty is not directly
observable. We assume difficulty is reflected in time to solution and
in correctness, which are commonly used proxies [19]. However,
there have been indications that they are not always correlated,
because correctness may also be impaired by unmet expectations
[2]. We therefore measure both, and in our case they are indeed
correlated in most of the cases, thereby providing a measure of
support for each other. Note too that while assessing difficulty is
interesting from a theoretical perspective, in practical terms the
effects on time (and hence productivity) and correctness (bugs) are
actually the important factors.

Internal validity. Many of our design decisions in formulating
the code snippets for the experiment were taken to reduce threats
to validity, as explained in Section 3.2. But it is possible that re-
peated exposure to short code snippets could alter reading patterns
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in such a way that they become focused on certain specific ele-
ments, thereby reducing the influence of other relevant factors. For
example, due to habituation, the presence of a variable name with
a negation might no longer have an effect, as the variable name
has already been seen, leading the eye to focus only on certain
parts of the code without a thorough reading of the entire snippet.
However, we believe this threat is not significant for two reasons.
First, even a partial examination of the code is important, as it can
indicate differences in the difficulty of understanding and the vari-
ous contributing factors. Second, this concern is mitigated by the
fact that we provided relatively few code snippets, some of which
are entirely different—such as the while loop questions—thereby
minimizing the potential for significant impact in this regard. In
addition, because we randomized the presentation of the code snip-
pets, any effect (if it exists) would be spread evenly across all the
codes and there will be no systematic effect.

External validity. Research findings are always limited to the
specific circumstances in which the research was conducted. For
example, variable names could exhibit a much greater variety, and
logical expressions might appear in a wider range of contexts. In our
study, however, we sought to measure the most atomic conditions
possible in order to isolate the specific factors under investigation.
Thus we can not know whether the results generalize to more com-
plex situations as may appear in real code. We also can not know
whether similar results will be found in different populations, for ex-
ample school children learning to program. Additional experiments
and replication are always needed to establish the circumstances
where results are valid.

7 Conclusions

Negation has been a focal point of research in natural language, as
illustrated by the publications on the subject previously mentioned
in the introduction. However, the context of code presents a novel
and intriguing domain. In coding, there is a unique combination
of different kinds of negations: natural language elements, such as
variable names, alongside formal mathematical language, including
logical operators. Moreover, these different types of negations may
interact with each other. This makes code completely different from
pure natural language in this respect.

The way code is read and understood differs significantly from
that of reading and understanding prose [6, 21]. In addition, the
developers who read code, with their formal mathematical train-
ing, most probably think differently about negations in code from
laymen who use negations in natural language. Despite this, nega-
tion has been scarcely studied in the coding world, particularly
regarding the relationships between various kinds of negations.

In this research, we aimed to characterize negation in the coding
world: identifying the types of negation that exist and understand-
ing their basic impact on code comprehension. Our study revealed
that these negations significantly impact the processing of different
code segments. Figure 9 illustrated the overall impact of combi-
nations of different types of negations on the difficulty of code
comprehension. Our findings indicate that even a single negation,
regardless of its type, increases both the time required for compre-
hension and the likelihood of errors compared to code without any
negations. Figure 8 depicts the interaction of a double negation,
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where a variable name is negated alongside the use of a negation
operator. This interaction further complicates the understanding
of the code, highlighting the challenges posed by multiple layers of
negation.

Additionally, we observed that the differences in comprehension
can be quite substantial. For instance, Figure 1 shows that even in
relatively simple expressions, the impact of negation can be dra-
matic in terms of both the time taken and the number of errors
made. For example, when checking whether an array is non-empty,
the expression ! (length == @) was significantly less comprehen-
sible than length > 0. This finding underscores the importance of
the structure of the condition, as there are considerable disparities
between seemingly simple expressions.

These insights emphasize the critical role that negation plays
in code comprehension and highlight the need for careful con-
sideration in how negations are expressed and structured within
code. The significance of this research is twofold. First, it enhances
our understanding of code comprehension, and provides empiri-
cal support for recommendations on writing logical expressions
and Boolean variables in code, including pedagogical guidelines
for teaching novice developers. Additionally, it expands the study
of negation into a new and interesting context beyond its use in
natural language.

Data Availability

All experimental materials and data are available on Zenodo using
the DOI 10.5281/zenodo.14974143.
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2.3 Tracing vs. Comprehension: On Different Levels

of Understanding Boolean Expressions

Status: Under review
Aviad Baron and Dror G. Feitelson.

In this paper, we conducted an in-depth examination of the comprehension of logical
conditions involving negation. Drawing on distinctions found in the literature regarding
different levels of code understanding, we identified two levels of comprehension relevant
to the specific context of Boolean conditions: ”tracing” and ”comprehension”. We then
developed a tailored methodology to assess both levels of understanding. The methodol-
ogy is based on the distinction between understanding how the code behaves for a single
input, and a more advanced level of comprehension generalizing its behavior across all
possible inputs within the given context.

We identified several factors that influence the difficulty of interpreting Boolean con-
ditions—some of which affect only one level of comprehension. Additionally, we exam-
ined the understanding of logically equivalent conditions and explained discrepancies in
comprehension through the cognitive factors we identified. Based on these findings, we
offered practical guidelines for writing more readable Boolean expressions by choosing
among logically equivalent alternatives.

A key insight from this study is that negation increases the difficulty of understand-
ing logical conditions that involve disjunction (OR), but this effect is only observed in
the ”comprehension” level. The interaction between negation and disjunction not only
sheds light on a factor that contributes to code comprehension difficulty, but also reveals
why negation itself can be particularly challenging. This experiment demonstrates that
there are meaningful differences between distinct levels of code comprehension, and more
importantly, that certain cognitive factors may influence only a specific level. These
findings underscore the importance of formally defining the level of understanding that
a code comprehension experiment aims to evaluate, and caution against generalizing

findings from one level of comprehension to another.
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Abstract Reading and understanding existing code is a crucial part of soft-
ware engineering. But there are different levels of understanding. We define
and empirically compare two distinct levels: tracing, which involves following
the program’s execution for a specific input, and comprehension, which en-
compasses a generalization of how the code behaves for all possible inputs.
We apply this distinction to the understanding of Boolean expressions, which
control the flow of the execution. Our goal is to examine the effect of various
factors on understanding such expressions, leading to guidelines for selecting
the most understandable version from among a set of logically equivalent ex-
pressions.

To achieve this goal, we conducted a controlled experiment using all 16
simple Boolean expressions with two variables, a connecting operator, and
possible negations. The experiment involved 362 participants, 57% of which
had more than 6 years of programming experience. The results reveal that
comprehension not only takes longer but also leads to a higher error rate
compared to tracing. Furthermore, expressions involving the logical operator
OR were found to be more challenging on average than those with AND, but
this difficulty manifested only at the comprehension level. One of the sources
of this difference appears to be an interaction between the logical operators
OR and NOT, and we discuss possible models which may explain this effect.

The observed differences in understanding equivalent expressions highlight
the importance of selecting which expression to use. Our findings suggest that
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Boolean expressions with AND and fewer negations tend to improve code read-
ability, making them preferable for writing understandable code. But these
recommendations need to be verified in the general context of Boolean expres-
sions, including those that are more complex than the ones we considered.

1 Introduction

Understanding code is a crucial skill for software development, serving as a
foundation for writing, debugging, and maintaining code bases [35,49]. Boolean
expressions, used to control branch points in code, are one of the factors
which contribute to the complexity of code. For example, McCabe’s Cyclo-
matic Complexity metric essentially just counts such branch points [34]. Given
their prevalence and impact, a good understanding of Boolean expressions is
essential for efficient code comprehension and manipulation.

One of the elements of Boolean expressions that may make them more
difficult to understand is negations. Negation also exists in natural language,
and numerous studies have examined how sentences with negations and logical
operators are processed in the brain, often employing advanced tools such as
fMRI [22,16,23,30,37,45,46,32,1]. But the comprehension of Boolean condi-
tions in code remains underexplored in the software engineering literature.

A Dbasic issue in program comprehension research is how to establish that
developers indeed understand the code. Conceptually, understanding implies
the capacity to respond in a meaningful manner to an instruction or question.
Feitelson [20] identifies multiple levels of understanding relevant to code, and
distinct tasks that bear witness to the achieved understanding. T'wo important
levels are tracing (or interpretation) and comprehension. Tracing refers to
the ability to follow the code’s execution to predict its outcome, such as its
printed results for a certain input. This reflects a grasp of the individual in-
structions comprising the code and their cumulative effect. Comprehension, in
contradistinction, requires a higher level of abstraction: that of deriving the
general behavior of the code, beyond a specific input. But how does one com-
pare these levels empirically? Most of the studies listed below as related work
operationalize understanding only at a basic tracing level. We know of no stud-
ies that examine Boolean conditions across different levels of understanding,
nor any that provide insights comparing these levels.

In our study we fill this gap by considering the understanding of basic
Boolean expressions at both levels. We operationalize the tracing level as de-
termining whether a condition holds for a given specific input. We operational-
ize the higher level of comprehension as the ability to generalize the Boolean
condition’s behavior across all possible inputs, effectively understanding for
which input classes the condition holds and for which it does not. To test the
understanding of logical conditions at these two levels we conducted an ex-
periment comprising two distinct parts, with each part evaluating one of the
levels.
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Quite surprisingly, we know of no previous experiments which have inves-
tigated this issue. The use of De Morgan’s laws is well-known in the simplifica-
tion of logic circuit, where they are used for the expression of any given circuit
using only NAND gates [47]. But it is not known which of a pair of equivalent
logic formulas is easier for humans to understand, or even whether such a dif-
ference exists at all. Our work appears to be the first to systematically explore
this issue. As such, it is limited to certain simple cases, where many extra-
neous factors have been eliminated. Much additional work will be needed to
investigate how our results apply to the more general case of arbitrary Boolean
expressions that may be used in real programs.

Our contributions in this paper are:

— We suggest a concrete definition of the distinction between tracing and
comprehension as being able to find the result of the code for a specific
input (tracing) vs. characterizing the results for all inputs (comprehension).

— We establish that comprehending simple Boolean expressions is harder
than tracing, in that it takes longer and suffers from more errors. It is also
not amenable to a simple model based on the expression’s syntax, while
the time to perform tracing does have such a model.

— We discover that understanding simple expressions with the OR operator
is generally harder than understanding such expressions with the AND op-
erator, but only at the comprehension level. No such difference is observed
on average at the tracing level.

— We identify cognitive factors that cause difficulties in expressions with OR,
particularly the interaction between the logical operators NOT and OR.

— We compare different ways of writing logically equivalent Boolean con-
ditions in code, and recommend conditions using AND and with fewer
negations be used to improve readability.

— We investigate the tendency to shortcut when reading expressions during
code tracing, revealing some use of shortcuts in conditions with the OR
logical operator compared to none in conditions with the AND operator.

— We note that the differences between comprehension levels imply that ex-
periments on code comprehension need to distinguish the levels and select
the appropriate ones. The results from one comprehension level cannot be
generalized to another.

2 Related Work

Programming is hard and intellectually challenging [18,39]. Numerous stud-
ies have looked into what makes it hard, especially from the perspective of
teaching programming to novices [8,41,44,42]. Many have focused on spe-
cific programming constructs, such as loops and recursion [29,43,31,6,25,3].
Suggestions for code complexity metrics have been based on counting such
constructs [34,10]. In particular, this has included the logical operators used
to create compound logical expressions [34,14].



4 Aviad Baron, Dror G. Feitelson

However, few studies have directly addressed the understanding of logical
conditions. Ebrahimi found that problems pertaining to the understanding of
conditionals may be attributed to a failure to appreciate the difference be-
tween AND and OR in if statements [19]. His interpretation was that these
operators are mistakenly understood as they are in the English language. A
similar sentiment was also expressed by others, mainly in relation to the OR
operator. According to Herman et al., students tend to misinterpret the OR
operator as true when one of the operands is true, but not both, because
that is the common way to use “or” in English [26]. However, they also noted
that OR and XOR, together with AND and NOR, are simple operators that
students intuitively understand correctly. Grover and Basu investigated the
comprehension of Boolean conditions among students using the Scratch pro-
gramming environment [24]. They also found confusion regarding the logical
operator OR, which many participants interpreted as XOR, and gave the same
explanation that this is how “or” is used in English.

Focusing on Boolean expressions involving negations, Iselin performed an
experiment on understanding loops with a condition that either did or did not
include a negation, finding that positive conditions are easier to process than
negative ones [29]. The study by Herman et al. cited above also included an
investigation of students’ difficulties in writing Boolean expressions [26]. One
was a tendency to omit negated variables, e.g. when a recipe says “use cin-
namon by itself” they added the variable representing cinnamon, but forgot
the negated variables representing other possible ingredients. Chen et al. de-
veloped a testing method for Boolean expressions that finds, inter alia, wrong
negations [13]. Ajami et al. found a difference between equivalent conditions
with and without using negations, but did not reach a conclusion about the
precise factors that cause the difference [2]. Baron et al. explored Boolean ex-
pressions [4], uncovering that processing negations can pose challenges, and
that regularity in expressions significantly eases comprehension. Several online
resources also suggest that developers should avoid negations, and especially
double negations, e.g. [12,36,33]. But these are not based on systematic studies
(and may contain basic mistakes, such as one that presents the code if (lisCar
|| YisElectric || lisFast || lisAwesome) {isTesla = false}, and then claims that it
is equivalent to the English “It is not a Tesla if it is not an electric car, and
it’s not fast and it’s not awesome”, substituting AND for OR). We know of no
study that systematically compares AND and OR with negations as we do.

Developers spend much more time reading existing source code than writ-
ing new code [35,49]. Program comprehension is therefore an important aspect
of software engineering. As noted above, Boolean expression are just one type
of construct that can make code harder to understand. Other factors may
include code length, code layout, syntactic structures, variable naming con-
ventions, and other structural and semantic elements that shape how code is
perceived and processed by programmers [21,17,9,11]. A significant body of
research has been performed on the factors influencing the difficulty of under-
standing code in the past 40 years [7,48].
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Concerning the levels of understanding programs, many studies have used
tracing (and specifically, determining what a program will print) as an in-
dication of understanding, e.g. [2,5,38]. As noted above, other definitions of
understanding were suggested by Feitelson [20], but most were rarely if ever
used in actual studies. Hurtig et al. claim that learning to think symbolically
about conditionals is hard for students, and use this to test a tool by which ed-
ucators can follow the learning process of students [28]. This directly relates to
our distinction between finding the outcome for a specific input and inferring
the behavior for all inputs. We know of no other study that directly compares
the understanding of specific constructs at different levels, nor any which use
Venn diagrams to assess comprehension as we do (as described below).

3 Research Questions

Our experiment focuses on comparing the understanding of short code snippets
that involve various logical expressions, including expressions with and with-
out logical negation, and equivalent expressions. In this context, our research
questions are as follows.

RQ1 Is there a difference between tracing and comprehension as
indicators of understanding code? While it has been speculated that
such a difference may exist, it appears that this question has never been
investigated empirically to ascertain whether this is indeed so. As this is
a very broad question, we start with the concrete case of understanding
basic Boolean expressions. We define understanding at the tracing level
as the ability to determine the truth value of a Boolean expression for a
specific input instance, and comprehension as the generalization across
all possible inputs.

RQ2 Is there a difference between expressions using AND and OR?
Prior research has suggested that such differences are small and depend
on interactions with other factors [4]. But these results were limited to
using tracing, so they may just reflect the fact that syntactically AND
and OR are indeed very similar. They may differ, however, when a higher
level of comprehension is considered—and our results indicate that in fact
they do.

RQ3 Are there differences between different expressions that are
actually equivalent? In other words, does the structure impact under-
standing, or is it only the semantics that matter? And does this depend
on the level of understanding? This question has important practical im-
plications, as it may lead to guidelines concerning the choice of more
understandable formulations.

RQ4 Do developers use their understanding of Boolean expressions
to perform “shortcuts”? Shortcuts refer to the possibility of deter-
mining the outcome without considering the full expression. For example,
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Table 1 The 16 basic expressions used in the experiment.

pPAg pVgq -(pAq) -(pVaq)
Y -pVgq —(-pAq) —(-pVq)
pA g pV g —(pA—q) =(pV —q)
“pA=g  —pV-og  A(mpA-g) —(-pVg)

in an expression with two literals’ connected by the logical AND opera-
tor, if the first literal evaluates to FALSE, there is no need to check the
truth value of the second literal. Employing such reading shortcuts can
make tracing faster, but depends on the structure of the expression.

In our present exploration of all these questions, understanding is defined
as finding the output a code snippet prints (in the context of tracing), or
for what inputs it prints a certain output (in the context of comprehension).
Difficulty is measured by the time this took and the fraction of wrong answers
[40]. The questions of whether the results depend on these choices are left for
future work.

4 Experimental Design and Execution

The experiment was designed to explore the understanding of Boolean ex-
pressions, and specifically the effect of their most basic building blocks: the
operators AND, OR, and NOT. It was based on 16 basic logical expressions
with 2 variables, shown in Table 1. This is the complete set of expressions that
can be built with 2 variables, a connecting operator, and negations. Note that
this leads to 8 pairs of equivalent expressions related by De Morgan’s laws.

There are two reasons for focusing on these simple expressions. The first
is that most Boolean expressions in real code are rather simple, often con-
taining only a comparison (e.g. if (len == n)). Thus simple expressions are
actually more representative than complex expressions with multiple opera-
tors and nesting. Second, as the issue of comparing levels of understanding of
Boolean expression has not been studied empirically before, it is necessary to
focus on just this factor and exclude all others. This is best done using simple
expressions, with as little surrounding code as possible. It allows us to focus
on the effect of the logic itself, and exclude potential confounding interactions
with other code elements.

The experiment was divided into two main parts. The first part comprised
64 questions, 4 for each code snippet, with each participant receiving 16 out of
the 64. This section focused on trace-based understanding, where participants
were presented with Boolean conditions and a visual input, and were asked
to determine what the code would print for the given input. The second part
of the experiment dealt with deeper comprehension of Boolean conditions. It

1 To clarify our terminology: a “variable” is defined to be a Boolean variable, namely
an atom that can be TRUE or FALSE. A “literal” is defined to be a variable or a negated
variable.
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if not(is _triangle) or not(is_yellow):
print("A")

else:
print("B")

What will be printed?

Fig. 1 Example question from part 1 of the experiment.

included 16 questions in total, with each participant receiving 8 of them. Each
question featured a code snippet with a Boolean condition, accompanied by a
Venn diagram, and participants were asked to determine how the expression
would evaluate for all possible inputs as reflected in the diagram.

The variables in the expressions related to geometrical shapes and colors
(e.g. is_square instead of p in the table). This was chosen as a neutral domain
that does not invoke any preconceptions and is readily understood by anyone.

4.1 Part 1: Tracing

The first part centered on understanding Boolean expressions through tracing.
Each expression shown to participants was followed by a visual input, and
the participants were asked to determine the output of the expression for
this input. Each expression appeared in four questions, with four different
inputs: one where both variables are assigned the value TRUE, one where both
variables are assigned FALSE, and two depicting cases where one variables is
TRUE and the other FALSE. An example is shown in Figure 1. In this example,
the correct answer is “A”, because the shape is not yellow.

The reasons for this design were as follows. Using a visual input was done
to highlight the interaction with the truth values of the variables. If we had
initialized each variable’s value directly as TRUE or FALSE, there would have
been no processing of the truth value. Consequently, interactions such as those
between logical negation and the truth value of the variable would have been
less pronounced. On the other hand, we did not want to create variables whose
truth values would be complex to understand, as this could introduce signif-
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icant bias. Such complexity would shift the experiment’s focus toward the
difficulty of processing the variable’s truth value in a specific context, rather
than examining the logical condition itself in the clearest possible manner—
specifically, its structural form and the interaction between its logical oper-
ators. Therefore, using a visual representation that made it easy to discern
the truth value of each variable, while still requiring some level of processing,
provided a good balance.

A second reason was our desire to offer a specific input experience, akin to
real-world scenarios, rather than hardcoding the initialization of the variables.
Initializing variables would have resulted in more artificial code, since in real
coding scenarios the code is designed to handle various inputs, and we do not
know the specific input values ahead of time. By providing a visual input, we
emulate the assignment of inputs to variables, and illustrate that the code is
not tied to a specific input instance. This approach reduced artificiality and
made the code more general.

Finally, we also wanted to avoid the possible issue of initialization order. If
we had initialized the truth values of the variables, the order of initialization
could be claimed to be another confounding factor that influences the process
of understanding.

4.2 Part 2: Comprehension

The second part of the experiment aimed to assess a deeper understanding
of logical conditions in code, specifically the comprehension of their meaning.
We define this deep understanding as the developer’s ability to grasp what the
expression would return for all possible inputs. In other words, it refers to the
capacity to determine for which inputs the expression returns TRUE and for
which it returns FALSE. This level of understanding reflects a higher cognitive
process, as the developer is not merely following the processing of a specific
input, but has grasped the deeper logic behind the expression. It demonstrates
an understanding of the semantic meaning of the expression, rather than just
its syntactic structure.

In this part of the experiment, participants were presented with a Boolean
condition alongside a Venn diagram question related to the condition. They
were asked to determine for which regions in the diagram the condition holds
true. The visual representation of the areas in the diagram was consistent for
all the expressions, and used distinct colors from the colors named by any of
the variables. This was to avoid confusing or leading the participants.

The code snippets in this part featured the same 16 expressions that ap-
peared in Part 1. In Part 1 we had 64 questions, because we generated an input
for every possible assignment of the variables. In this part, there was no spe-
cific input, as we were assessing a more generalized understanding. Therefore,
there was only a single question for each expression. An example question is
shown in Figure 2. In this example the correct answer is to mark areas 1, 3, and
4 (note that in this part of the experiments the questions are multiple choice,
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if is_circle or not(is_green):
print("yes")

else:
print("no")

1 2

Which shapes will lead to printing "yes™

[ thoseinareal
[[] those in area 2
(] those in area 3

[J those in area 4

Fig. 2 Example question from part 2 of the experiment.

as was also clarified in the experiment instructions). The first clause, is_circle,
is TRUE for areas 1 and 3. The second, not(is_green), is TRUE for areas 1 and
4. As they are connected by an OR, the final answer is the union of these two
sets. The Venn diagram was always rendered in the same generic way — it
was intentionally not adjusted to reflect the semantics of the expressions (e.g.
coloring an area green if it represents green shapes) to retain its status as an
abstract representation of the input space.

The considerations for creating a visual representation using a Venn di-
agram were as follows. First, had we expressed the answers in long textual
form describing different objects, the structure of such expressions could have
influenced the results due to similarities between some possible answers and
the way the logical condition itself is phrased. This resemblance could have
introduced a bias, leading participants to provide answers not based on deep
comprehension of the expression’s meaning, but rather on syntactic similari-
ties. Therefore, using the visual tool of a Venn diagram helped distance the
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task from such linguistic similarities, enabling us to assess the participants’
internalization of the logical expression’s meaning more effectively, without
this type of bias.

Moreover, crafting verbal answers of varying lengths, instead of concise
uniform-length responses, could have introduced additional bias, which we also
sought to avoid. Using the Venn diagram facilitated the use of multiple-choice
questions, that can also be graded automatically.

We acknowledge that employing diagrams in this way is uncommon, and
may therefore create some “cognitive overhead” for the participants, biasing
the results. However, we believe that in the balance this is a good way to test
a more abstract level of understanding.

4.3 Experiment Design

In both parts of the experiment, participants received only a subset of the
code snippet questions. This was done to avoid less natural and overly focused
reading of the expressions due to familiarity and habitual responses. It also
served practical purposes by simplifying the experiment and preventing it from
becoming too lengthy. Each participant was randomly assigned a subset of the
code snippets, and the order in which they were presented was also randomized
to eliminate any bias related to the sequence of appearance. In the first part,
participants were randomly assigned 16 of the 64 questions. In the second part,
participants were randomly assigned 8 out of the 16 questions.

Note that due to the randomization in assigning questions, each participant
may not receive the same expressions in both parts of the experiment. They
may also not receive pairs of equivalent expressions. As a result comparisons
of results for different expressions are between subjects, and we can not factor
out individual differences between participants.

The parts of the study were designed to be separate from one another, as
our primary goal was to examine the cognitive processes and internalization of
the various expressions. We wanted to avoid any potential mixing that could
influence different types of understanding. When each section consists solely
of similar question types, the thought processes regarding the expressions be-
come consistent and uniform, providing a clearer reflection of the analysis and
comprehension for each type.

In addition, we did not want to position the comprehension section first,
before the tracing part, because the deeper understanding it entails incorpo-
rates the understanding developed in the tracing phase. In other words, we
wanted the first part to represent the more fundamental level of understand-
ing. We suspect that anyone who understood an expression as required in the
comprehension part would also grasp it adequately for the tracing part. There-
fore, we wanted to avoid the danger that participants may develop semantic
understanding and use it during the tracing, as may happen if the compre-
hension questions came first. In contrast, transitioning from the tracing part
to the comprehension part would not allow for the continuation of the same
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understanding approach, as responding to the questions in the second part
necessitates a comprehension that surpasses what is required in the first part.

We recognize that by the time participants reach the second part, they
may be generally more tuned to reading logical expressions. However, if the
experiment reveals that the second part is significantly more difficult than the
first, this would only strengthen our findings.

In both parts of the study, there was an introductory slide before the actual
questions. Before the first part this slide explained that the section would
include code with logical expressions, a visual input, and a question regarding
what the code would print for that input. In the second part, there was a
detailed explanation of the Venn diagram, including the numbering of the
areas within it, and what each numbered area represented. The numbering
was done using numerals rather than letters to prevent confusion with the
standard notation in set theory, where groups are typically denoted by letters
such as A, B, etc.

4.4 Experiment Execution

The experiment began with an introductory page outlining its purpose and
structure. This included details about the number of questions, the estimated
duration, and an overview of the experiment’s objective: “Our goal is to under-
stand the cognitive mechanisms involved in reading various logical expressions
in code.” Participants were also informed that the experiment would measure
their response times, and they were instructed to respond only when fully fo-
cused and free from distractions. Consent to participate was obtained by a
statement indicating that advancing to the questions themselves implies such
consent.

The experiment was conducted through the Qualtrics survey platform.
Invitations were disseminated via WhatsApp groups for developers, as well
as developer forums on Reddit and Facebook groups. Qualtrics facilitates the
measurement of response times, with the primary time metric being the total
number of seconds the question was displayed before the participant submitted
their final response.

A total of 362 developers participated in the experiment. As the experi-
ment deals with the most basic constructs in programming, it was felt that all
developers are valid participants and there is no need for screening. Among
those who reported their educational background, 48% held a Bachelor’s de-
gree, 25% had a Master’s degree, and 6% had a PhD. The others were either
self-taught, had vocational training, or learned programming in high school.
Regarding professional experience, 13% reported having 0-2 years of experi-
ence, 30% had 2-6 years, and 57% had more than 6 years of experience. In
terms of gender, among those who disclosed this information, the participant
group was predominantly male, comprising 95% men and 5% women. While
extreme, this is close to the ratio in the Stack Overflow developer survey?.

2 The question about gender was last included in 2022, and 92% identified as male.
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Table 2 Summary of results for all expressions. Comparisons are between pairs of equiva-
lent expressions (De Morgan). The last comparison is between tracing and comprehension.

tracing comprehension
expression time  good p-value time  good p-value
—pV —q 9.47  91% 0.8059 | 21.61  55% 0.0013*
—(pAq) 8.38  88% 13.68  68%
—p A —q 925 96% 0.0054 | 15.76  95% 0.1608
=(pV q) 8.68  88% 13.68  85%
pA—q 6.39 96% < 10~1°* | 10.77  92% < 10~ '°*
=(=pVq) 11.85  85% 2214 60%
—“pAgq 7.01  96% <10~ 15% | 12.21 89% < 10~ 1°*
=(pV —q) 12.22  86% 19.55  68%
pV g 733 98% <107 1°* | 16.94 56% 0.0348
—(—p Aq) 11.85  85% 22.89  51%
-pVq 719  93% < 10- 5% [ 2094 52% 0.8387
=(p A—q) 12.59  85% 20.05  61%
pVyq 418  98% < 107" | 11.74 81% < 10~ '°*
—(=pA-q) | 13.90 78% 20.16  59%
pPAq 444  97T% < 107 15* 742 95% < 107 15F
—(-pV-q) | 13.89  79% 2236 52%
all AND 854 91% 0.2079 | 13.98  76% 10— 11*
all OR 8.99  90% 17.56  63%
all total 8.81 90% 15.76 70% < 10~ 1°*

time: median of times of correct answers, in seconds
good: percent of answers that were correct
* remains statistically significant after Bonferroni correction

5 Results

For each code snippet we have two results: the fraction of participants who
understood it correctly, and the times it took them to do so. In the figures
we show the CDF (cumulative distribution function) of the times. The time
is on the horizontal axis, and the graph shows the fraction of participants
who solved the problem correctly in up to a certain time. Thus a line that is
more to the right reflects the need for more time to give a correct answer. We
represent incorrect results by assigning them a time of infinity. As a result the
CDF's converge to the fraction of correct answers and not to 1. In other words,
the fraction of incorrect answers can be read off the right end of the graphs as
the gap from the top.

In addition, Table 2 presents a summary of all the results, showing the me-
dian time to achieve a correct answer and the percentage of correct answers
for all the individual expressions and for several groupings of expressions. It
also contains the p-values of comparisons between pairs of equivalent expres-
sions, as further discussed below. As multiple comparisons were conducted, we
employ Bonferroni correction, and mark the results that remain statistically
significant after such a correction.
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Fig. 3 CDFs of the time to correct answers for all logical expressions for the trace questions
(part 1) compared to the comprehension questions (part 2).

5.1 Level of Comprehension

First, we compare between the response times in the tracing part and the
times in the comprehension part, which is the subject of RQ1. In Figure 3
and the bottom of Table 2, you can observe that the results are highly sig-
nificant: tracing expressions is substantially faster and leads to much fewer
errors than comprehension of the expressions. This considerable gap clearly
indicates a fundamental difference between the types of reading and under-
standing. Tracing appears to demand less cognitive effort and is significantly
easier.

Formally, the independent variable has two levels, representing the level of
understanding. The dependent variable is the time of responses. The compar-
ison is between subjects, as explained above. We would like to check whether
the average time needed to process the different levels is equal. For this we
used a t-test, where the null hypothesis is that the times are equal, and the
alternative hypothesis is that the expected values are different. The results of
this test is that there is a statistically significant difference (p-value < 2.2e-16).
The test is performed on the data as presented in the graph of Figure 3, with
the times truncated at 50 seconds, and wrong answers taken as this maximal
value.

Given that tracing appears to be easier, we also looked for a simple model
that can explain the distribution of results for the different expressions. Specifi-
cally, we checked a model of how the median time for achieving a correct answer
depends on the number of negations and the structure of the expression. The
data from Table 2 is shown in Figure 4. As can be seen, for tracing good simple
models are indeed found. When the expression is simple, the model for time is
t = 4.4+ 2.5n, where n is the number of negations. When the expression has a
negation applied to a sub-expression, the model is ¢ = 6.3+2.7n. These models
are excellent, with R? of 0.98 and 0.93 respectively. We can therefore say that
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Fig. 4 Linear models of time to correct answer as a function of the number of negations
and the expression structure. Simple: a simple condition of two literals. Neg-exp: negation
applied to a simple expression.

adding a negation “costs” approximately 2.6 seconds more, and negating the
whole expression “costs” an additional 2 seconds. But when we look at the
data for sematic comprehension, we see that the data points do not line up on
straight lines, and indeed, the trend lines are a poor fit, with R? values of 0.61
and 0.47. Likewise, models for the percentage of correct answers as a function
of negations are relatively poor.

Our conclusions from all these results are twofold. First, developers’ under-
standing during code tracing differs from fully comprehending it. Tracing is on
average determined by the syntactic structure of the expression, and specifi-
cally the negations in contains. Comprehension is considerably more challeng-
ing, as indicated by the increased time it requires and the higher number of
errors. It is also subject to additional factors, as witnessed by the poor fit of
models based only on negations. Second, the metrics of time and correctness
do not measure exactly the same thing. For simple expressions, negations well
predict the time needed to trace them, but not the errors.

5.2 Logical Operators

In this section, we examine the influence of the logical operators AND and OR
on the understanding of logical expressions, in both the tracing and the com-
prehension levels, in order to answer RQ2. For the comprehension questions
we note that summing the number of regions in diagrams for all OR questions
and for all AND questions yields equality, indicating no bias in the number of
clicks needed to answer. Figure 5 shows the results.
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Fig. 5 CDFs of the time to correct answers for AND and OR operators in both tracing
and comprehension levels.

This analysis provides perhaps the most surprising and intriguing result
of the whole experiment. We can observe that while there is no significant
difference between the operators in terms of tracing (p-value = 0.2079), there is
a notable gap between them at the comprehension level, with the AND operator
being significantly easier to comprehend (both faster and fewer errors, p-value
= 1.044e-11). This suggests that while OR is on average not more challenging
syntactically during tracing, it does significantly increase cognitive effort for
comprehension. This testifies that some interesting cognitive process is at work.
We discuss this further below, in Section 6.

Note, however, that the equivalence of the operators under tracing is “on
average”. As we will see below, in certain questions a difference between the
operators was in fact observed, but when taken together these differences can-
cel out.

5.3 Equivalent Expressions

In this section, dealing with RQ3, we compare the difficulty of understanding
equivalent Boolean expressions, based on De Morgan’s laws. A summary of all
the results was given above in Table 2. As before, two levels of understanding
are considered: tracing and comprehension. First, we will examine the following
expressions:

— De Morgan’s first pair: =(p A ¢) and the logically equivalent —p V =g
— De Morgan’s second pair: =(p V ¢) and the logically equivalent —p A ¢

In Figures 6 and 7, we can observe the results for the aforementioned pairs in
each of the understanding levels. Starting with the tracing level, it is evident
that for the first pair there is no difference (p-value = 0.8059), whereas for the
second pair there is a significant albeit slight difference (p-value = 0.005399).
However, at the comprehension level, there are differences in both pairs—but
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Fig. 6 CDFs of the time to correct answers for the equivalent logical expressions —(p A q)
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Fig. 7 CDFs of the time to correct answers for the equivalent logical expressions —(p V q)
and —p A —gq, in both tracing and comprehension levels.

for the second pair, it is only for part of the distribution and therefore not
statistically significant (p-value = 0.001295, p-value = 0.1608). Interestingly,
the pattern is reversed between the pairs: in the first pair the expression with a
NOT applied to a sub-expression is much more readable, whereas in the second
pair, the NOT applied to a sub-expression is less readable. But this aligns with
the previous finding that the OR operator is more complex for comprehension:
in the first pair, expression —(p A ¢) is more readable then —p V —¢, while in
the second pair, expression —p A =g is more readable then —(p V q).

An additional observation is that the first pair of expressions is less readable
than the second pair, both in terms of time for correct understanding and
even more so in terms of errors made. But note that these are not directly
comparable, as the expressions are not logically equivalent.

We also conducted comparisons between equivalent Boolean expressions
that include more negations. We will present only two of these, as the other



Title Suppressed Due to Excessive Length 17

-
o
o

o
~
2

—-Trace p or not q

--Trace not(not p and q)
—-Comprehension p or not q
--Comprehension not(not p and q)
40 60 80
Time in second

Cumulative fraction of results
o o ¢
N w
[¢)] o

0.00,

Fig. 8 CDFs of the time to correct answers for the equivalent logical expressions p V —q
and —(—p A q), in both tracing and comprehension levels.

-
o
o

o
~
o

--Trace p and q

-Trace not(not p or not q)

--Comprehension p and q

B - Comprehension not(not p or not q)

0.00 20 40 60 80
Time in second

Cumulative fraction of results
o o ¢
N [
[¢)] o
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—(=p V —q), in both tracing and comprehension levels.

patterns are similar. In Figure 8, the result for expressions pV—¢ and —(—pAq)
is displayed. It is evident that the expression with both external and internal
negations (a total of two negations) is more complex in both levels of under-
standing: both in tracing and in comprehension (p-value < 2.2e-16, p-value =
0.03484). In fact, it seems that having multiple negations, and especially apply-
ing a negation to a sub-expressions that includes a negation, has a larger effect
than the logical operator. The negations cause more errors to be made also in
the tracing level, and having the AND operator does not fully compensate for
this.
In Figure 9, we see the result for the expressions p A ¢ and —(=p V —q).
There is a wide gap in both levels of comprehension between the expression
with multiple negations and that without any negation (both p-values < 2.2e-
16). This wide gap is the result of the confluence of all three factors:

— The difference between AND and OR
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Fig. 10 CDFs of the time for all logical expressions with AND with possibility of shortcuts
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Fig. 11 CDFs of the time for all logical expressions with OR with possibility of shortcuts
compared to those without this option.

— The difference between multiple negations (3 of them) and no negations
— The difference between a complex expression with a negation of a sub-
expression with negations and a simple expression with no such structure

So in the first pair there is a big difference between understanding levels and
a smaller difference between the pair of expressions, and in the second there
is a small difference between the levels and a larger effect between versions,
because both the effect of the operator and the effect of negations coincide.

5.4 Shortcuts

In the tracing part of the experiment, we covered all possible assignments
for conditions involving two literals—whether the first had a value of TRUE
or FALSE, and whether the second had a value of TRUE or FALSE. Since our
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conditions involve only two literals, each expression resulted in four variations.
Some of these assignments allowed for the possibility of reading shortcuts,
where the truth value of the condition could be determined based on just one
literal, given the logical context of the expression. In order to examine RQ4
we compared the results of cases whether shortcuts could be used or not, and
how significant this was.

Interestingly, we found that using shortcuts also depends on the logical
operator (Figures 10 and 11). When the operator is AND, there is absolutely
no difference (p-value = 0.2079) between the tracing of expressions that allow
shortcuts and those that do not. But for expressions with OR there is a small
but statistically significant difference (p-value = 0.000549) between expressions
that allowed shortcuts and those that did not. Our conclusion is that there is
a tendency to use shortcuts, but only for conditions with OR, and that with
only two literals, the effect size is not very substantial.

The reason OR operators are more frequently subject to shortcuts may lie
in the fact that a shortcut with OR occurs when the first literal evaluates to
TRUE, thereby making the entire expression TRUE. In contrast, for shortcuts
involving the AND operator, the shortcut is applied when the literal evaluates
to FALSE, which makes the entire condition FALSE. This aligns with previous
research suggesting a cognitive bias towards understanding expressions whose
truth value is TRUE [4]. This phenomenon might have an effect on the tendency
to apply shortcuts during evaluation.

The fact that developers sometimes take shortcuts is interesting, even with
the limited impact observed here, for two main reasons. First, in real-world
conditions, a logical condition may contain more than two literals, which could
make the impact of shortcuts more pronounced. Additionally, in this study,
the literals were designed to be easy to process (for necessary methodologi-
cal reasons), but in actual code, a second literal might be more complex to
interpret, potentially making the shortcut more significant.

6 Theories of Common Mistakes

In several of the previous results we observed that many mistakes were made
by participants in the experiment, especially in the comprehension part with
the Venn diagram. There were more mistakes in expressions involving the OR
operator relative to those with AND (Section 5.2). But the mistakes were not
only in expressions with OR, and importantly, they were not random: some
mistakes were much more common than others (e.g. Figure 13 below). In an
attempt to understand these results, we analyzed the common mistakes ob-
served for different expressions. This allows us to suggest theories of what
causes confusion, and of the cognitive processes that influence the compre-
hension of logical conditions in code. In particular, it reveals a pattern of
interactions between the NOT and OR logical operators.

The literature identifies two kinds of errors in processing Boolean condi-
tions in code. The first is the tendency to confuse the logical OR operator with
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Fig. 12 Responses to comprehension of p V q. Numbers refer to the areas in the Venn
diagram of Figure 2. The correct answer is in blue, and mistakes in red. In this case, no
specific mistakes stand out.

the logical XOR operator [26,24]. In natural language, “or” is often interpreted
with the meaning of “either or”, implying that one or the other of the clauses
is true, but not both. In logic terms this means to understand the OR oper-
ator as if it was a XOR, leading novice developers, who are less accustomed
to formal logical thinking, to misinterpret the semantics of different logical
expressions.

The other error discussed in the literature is the confusion between the
logical AND and OR operators [19]. But saying that programmers confuse the
AND and OR operators only describes the error, and does not explain why
this phenomenon occurs, or the cognitive processes that lead to it. Moreover,
it does not clarify why this confusion arises only in certain logical expressions
while being absent in others.

To address this gap, we introduce alternative cognitive theories that pro-
vide a more comprehensive account of common logical errors. These theories
will not only explain additional mistakes that are not accounted for in the
existing literature, but will also clarify why these errors occur specifically in
certain expressions and not in others. By doing so, they will offer what we
believe to be a more precise and complete explanation of these logical miscon-
ceptions.

Given that there were more mistakes in expressions with OR, we start with
these expressions. The simplest one is pV ¢. The distribution of answers given
by participants in the experiment is presented in Figure 12. The labels on the
bars in the figure indicate the different regions in the Venn diagram of Figure
2: 1 represents the region of “pure p”, 2 represents the region of “pure ¢”, 3
represents the intersection of p and ¢, and 4 represents the external region,
which includes elements that are neither in p nor q. The correct answer is 123,
meaning the union of p and ¢ (that is, the areas of pure p, pure ¢, and the
intersection). As can be seen, there are relatively few mistakes, and there is
no single mistake that stands out.
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Figure 13 presents the distribution of responses for the logical condition
p V —g. Importantly, in this case we see that mistakes are not random: there
are just two common patterns of mistakes, and the others are quite rare. The
correct answer is areas 1, 3, and 4, that is all areas except the “pure ¢” area
2. The common mistakes are subsets of these areas: either 1 alone (the “pure
p” area), or 1 and 4 (the “pure p” and the external areas). In both cases, area
3, the intersection of p and ¢, is missing.

A similar phenomenon is observed with the mirror expression —p V ¢, in
Figure 14. Here too the most common errors involve marking ¢ without the
intersection with p, namely area 2, either with or without the external region
4. (In addition, a slightly less common mistake is to mark areas 2 and 3; we
ignore this for the moment).

Finally, the last simple expression with OR is —p V —¢, where both p and ¢
are negated. In Figure 15 it can be observed that the most common mistake
for this expression was to mark only the external region 4, outside of p and gq.
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Comparing Figure 12 with the other three, we can conclude that the diffi-
culty in comprehending these expressions is not due to the OR operator itself,
but to the interaction of OR with negation. This suggests that some cognitive
difficulty is involved when these logical operators are combined. Our goal is to
find the source of this difficulty.

We start with a simple example. Recall that we focus on cases involving
two literals, connected by the logical OR operator, where at least one of these
literals is a variable negated by the NOT operator. An example is the expres-
sion “square OR NOT green”. This expression evaluates to TRUE for various
shapes, including green squares. However, a green square directly contradicts
the negated literal “NOT green”. We suggest that this creates a cognitive dis-
sonance, which manifests itself in a difficulty to include it among the elements
for which the formula is satisfied.

More generally, in expressions with the AND operator the literals have
a cumulative effect. Objects that satisfy the expression also satisfy each of
the literals. But in expression with the OR operator this is not the case. For
such expressions, an object can directly contradict one of the literals, but still
satisfy the expression as a whole. we theorize that when a logical expression
is satisfied for objects that directly contradict a negated variable, there is a
cognitive difficulty to incorporate these objects into the final answer. This
theory explains why the intersection of p and ¢ is sometimes left out in the
expressions p V —q and —p V ¢, and why the “pure p” and “pure ¢” areas are
left out for —p VvV —gq.

Additional common errors can be explained by other theoretical perspec-
tives. Many errors occur in compound expressions, where an external negation
operator is applied to a complete internal expression (e.g. —(p A q)). In these
cases novices may incorrectly apply De Morgan’s laws, by distributing the
negation without properly inverting the internal logical operator. This phe-
nomenon accounts for frequent errors in such expressions. Notably, this expla-
nation serves as a specific instance of the previously noted error of swapping
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Table 3 Common mistakes and their possible explanations. Answers and mistakes are
noted by their areas in the Venn diagram of Figure 2. Common mistakes are those that
occurred in at least 8% of the answers. “—” means the explanation is inapplicable in this
case.

Explained by remain
correct | common | OR as | mix OR | contradict | bad De forget forget | unexp-
Expression | answer | mistakes | XOR AND NOT Morgan | NOT() | area 4 | lained
pAgq 3 — - - — —
-pAq 2 - - - -
pA—q 1 - - - -
—-p AN —q 4 — - —
pVq 123 - - - -
—pVq 234 2,23, 24 2 2,24 - - 2, 23
pV g 134 1, 14 1 1,14 - - 1
-pV g 124 4 4 4 - —
=(pAq) 124 4 - 4 - 4
—(-pAq) 134 1,14, 3 - 1 1 1 14, 3
=(p A —q) 234 2 - 2 2 2
—(=p A —q) 123 4,3,1 - 3 3 4 — 1
-(pVa) 4 -
=(—pVq) 1 14 - 14
=(pV —q) 2 4 - 4
—(—p V —q) 3 4,123 4,123 4,123 123 4 -

the AND and OR operators. However, it provides a more precise account of
why this mistake occurs particularly in expressions of this form.

Another class of errors is attentional errors, where certain elements of the
expression or the answer are mistakenly overlooked. One common attentional
error, in compound expressions with an external NOT operator, involves over-
looking the effect of this external negation altogether. When this happens the
given answer is the correct answer for the internal expression alone — or a
common error made for the internal expression alone. Both these options ap-
pear to have happened in the most complicated equations we used, =(—pA—q)
and —(—p V —q), respectively.

Another attentional error occurs when the expression is satisfied in the
external region in a Venn diagram, i.e., elements that do not belong to either
variable p or g, but these elements are mistakenly overlooked. This error was
common in expressions where one variable was negated and the other was not.

In Table 3 we present all the logical expressions we studied, with all the
common mistakes made in them, and what theory explains each one. Common
mistakes are defined to be those that occurred in at least 8% of the answers
in the experiment.

Surprisingly, the OR as XOR theory from the literature does not account
for any of the common errors identified in our experiment. This may be due
to the fact that the developers who participated in the experiment are not
early-stage computer science students. Consequently, they may have already
developed a more refined understanding of logical operators, reducing their
susceptibility to this specific type of confusion.
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The other thesis from the literature, the substitution of AND with OR,
apparently does explain many of the common errors. However we note that
all these cases can also be accounted for by the theories we propose in this
paper. We argue that the substitution of AND with OR is sometimes merely
a description of a symptom rather than a real explanation of why these spe-
cific cases lead to such confusion. Our proposed explanations clarify why the
tendency to swap logical operators arises in particular cases. For example, the
common errors in the four expressions where a NOT is applied to an expression
with AND can be explained by distributing the NOT, but failing to change the
AND to OR as required by De Morgan’s laws.

Furthermore, our explanation concerning contradictions between the final
truth value and a negated literal accounts for additional errors that cannot
be explained solely by the theory of operator substitution. specifically, in the
logical expressions —p V ¢ and p V —q, the observed common errors 24 and 14
remain unexplained with the thesis of mixing AND and OR. However, they can
be explained with the thesis of a contradicted NOT we proposed. In both of
these cases, the intersection (area 3) is missing from the answer. The reason
for this is that, in the first expression the intersection contradicts the literal
—p, and in the second it contradicts the literal —q.

The expression —p V —¢ suggests an interesting observation about the the-
ories. In this case both explanatory approaches align, since the common errors
fit both interpretations, but we suggest that this alignment may be coinciden-
tal. This is because the AND-OR explanation does not clarify why a similar
substitution does not occur in the parallel expression —p A —q. In contrast, our
contradiction-based theory provides a clear rationale for why the phenomenon
appears specifically in —=p V —g. Similarly, in other expressions involving the
AND operator, there is also no observed tendency to swap logical operators;
the substitution explanation does not account for this asymmetry, whereas our
proposed theory does.

Additional common error patterns are related to the presence of an external
negation. These errors can be classified into three main types:

— The common error observed is identical to the common error observed for
the internal expression, and apparently the external NOT was overlooked.

— The common error observed is the complement of the common error that
occurs in the internal expression, indicating that the error was made and
then the NOT was applied.

— No error was made in the internal expression, but there was a failure to
apply the external NOT.

An example of this can be observed for the expression —=(—p V —¢q). As can
be observed, one of the common errors that occurred is 4, which is the same
as for the internal expression —p V —¢. And the other common error is its
complement, 123, which may be obtained by applying the external NOT to
the first error.

Note that the common error 4 results from an interaction between two
factors: an incorrect computation of the inner expression, following the same
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types of errors previously discussed, and the failure to apply the external NOT.
This suggests an interplay of cognitive processes: first, the inner expression
is miscalculated, and second, the external NOT is overlooked, leading to a
compounding effect that produces the observed mistake.

7 Implications

We now turn to the implications of our findings.

7.1 Writing Readable Expressions in Code

The main conclusions regarding code writing are divided into two parts. The
first conclusion is that code with multiple negations makes understanding more
difficult at both levels, tracing and comprehension. This replicates previous
results, e.g.[4]. However, it is not just a matter of counting negations. Negating
a whole expression is different from negating a single variable, and negating
all the variables may be more readable than negating just a subset (an effect
called “lexical regularity” in [4]). The second significant factor is the logical
connection between the literals. We demonstrated that the OR operator is
more complex to comprehend compared to the AND operator, although at the
tracing level there is no difference between them. This is due to an interaction
between OR and NOT.

The conclusion is that the way a condition is expressed may have a signifi-
cant effect on how easy it is to understand. Therefore, when writing any logical
condition it may be beneficial to consider its different formulations (which are
easily generated using De Morgan’s laws). Then, given the logically equiva-
lent expressions, those with fewer negations are usually preferable, and double
negations (e.g. having a negation that is applied to a sub-expression that also
includes a negation) should be avoided. Furthermore, expressions using the
AND operator are also preferable.

For example, when using De Morgan’s laws to generate alternatives to sim-
ple conditions, we would prefer the expression —(pAq) over over the equivalent
expression —pV —g. At the same time, we would prefer expression —p A —q over
its equivalent expression —(p V ¢), even though the more readable conditions
may appear different. This is due to the logical operator and the semantic
comprehension it demands.

7.2 Methodology of Code Comprehension Experiments

Code tracing is a common task used in program comprehension experiments.
However, such experiments should consider tracing only as a partial approach,
as it reflects a more superficial understanding of the code. It is crucial to
acknowledge the limitations of tracing-based experiments. Specifically, in the
context of logical conditions in code, tracing can be performed using shortcuts,
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which can be applied to logical conditions. As we have seen, there is some
tendency to make these shortcuts. Therefore, experiments based on tracing
should account for the possibility of shortcuts in conclusion-drawing, and also
for the inherent limitations of the level of understanding they evaluate.

It is important to emphasize that code comprehension involves multiple
levels, each more abstract than the other. Experiments should always define
the specific level being assessed. After the tracing level we have comprehen-
sion, which pertains to understanding the behavior of the code for all possible
inputs. Above that is a more abstract level, which is the functional-level un-
derstanding, describing the purpose of the code and what it is intended to
achieve in a wider context. For example, in the case of calculating a purchase
price, one can trace the code and understand its output for a specific input.
The next level is to generalize, which involves understanding the output for
all possible inputs, for example that above a certain threshold you add X%
to the price. Beyond this lies the semantic level, where there is a broader un-
derstanding of the purpose of the code—in our example, perhaps this is the
implementation of a local tax regulation. However, when considering simple
expressions in isolation, as we do here, such a broader purpose does not exist.

When designing code comprehension experiments, it is essential to recog-
nize that the difficulty measured at a particular level may not necessarily reflect
the complexity and differences at higher levels of understanding. Many code
comprehension experiments are limited to the tracing level, perhaps because
this level (“what does the following code print?”) is the easiest to implement
and check automatically. But in many cases it is the higher levels that are
important. For example, when a developer needs to canvas code generated
by an Al tool, it is not enough to verify that the result is correct for a cou-
ple of specific inputs. It is crucial to verify that it is correct for all inputs,
and that it conforms to the domain-level specification. In other words, the
requirement is to achieve semantic understanding—and this is measured only
by semantic-level experiments.

8 Threats To Validity

Construct validity How to measure the difficulty of understanding is subject
to debate. In our experiment this was operationalized by the time needed to
produce a correct answer and by the fraction of wrong answers. Measuring both
the time and correctness of responses is a common practice [40], and in all our
results they were consistent: treatments that took more time also suffered from
more errors. However, while these metrics are a common proxy for difficulty
of understanding, they are not the same as difficulty of understanding. But in
our analysis the measured times are not important in absolute terms, but only
relative to the times measured for other expressions. The results therefore can
indeed give a perspective on the relative hardness of different expressions.
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Internal validity Several decisions concerning the design of the experiment
were taken to improve internal validity. Because tracing reflects a lower-level
of understanding, placing comprehension first could have altered reading and
understanding patterns during the tracing phase, as achieving comprehension
could certainly aid in tasks relevant to tracing. To prevent this, we struc-
tured the experiment so that the comprehension part was always last, ensur-
ing a clean environment to assess tracing. Although tracing does not impact
comprehension (as semantic understanding cannot be achieved solely through
tracing), the consistent placement of comprehension tasks at the end could
introduce bias when comparing results across the levels (for RQ1). This is
particularly relevant because the comprehension part contains questions re-
quiring multiple clicks to answer, whereas each tracing question required only
one click (compare Figure 1 and 2). In addition, participants might experience
fatigue by the time they reach the comprehension part.

Nonetheless, we believe these differences are minimal, as the performance
gap between the sections was substantial and significant, even though com-
prehension tasks might benefit from the logical familiarity developed in the
tracing stage. Regarding the click count, the stark differences in time and er-
rors suggest that the discrepancy is not solely due to the number of clicks.
Moreover, in all comparisons of conditions within the comprehension section,
click requirements were consistent across tasks. For example, in RQ2, the total
number of clicks for all AND conditions equaled those for all OR conditions.
Similarly, when comparing the comprehension of logically equivalent expres-
sions (RQ3), these pairs by definition required the same number of clicks as
they led to identical answers, thus eliminating any click-based bias in our
comparisons. As for the effect of fatigue, previous work indicates that its ef-
fect is more on attrition, where participants may decide not to complete the
experiment, than on measured results [2].

Lastly, encountering the first question in a section might lead to some ini-
tial confusion as participants adapt to the task, potentially skewing results
compared to subsequent questions [2]. However, each section included a pre-
liminary question to introduce the format, structure, and expectations for that
part. Additionally, question order was randomized for each participant, so any
sequence-related bias, if present, did not systematically favor (or harm) any
specific question. Consequently, our results remain unbiased when comparing
questions within the same section.

External validity Research findings are always limited to the circumstances
under which they were derived. There are a lot of possible structures of logical
expressions. Our research examined only a limited number of short, basic for-
mulas, isolated from any surrounding code. This was done as an exploration
of the possible effects of the atomic elements of Boolean expressions and their
basic interactions. But it is important to acknowledge that the results for the
expression we employed may not necessarily generalize to other scenarios or
expressions. There is no alternative to performing additional experiments, with
increasingly complex expressions, to get a fuller picture.
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Another aspect of generalizability concerns the developer population. The
participants in our study were predominantly male, This may raise concerns
about the generalizability of the findings to female developers. However, we
note that developers are indeed predominantly male (as witnessed, for ex-
ample, in the Stack Overflow developer survey). So our results are indeed
representative for the vast majority of developers in this respect.

9 Conclusions

Understanding Boolean conditions is a significant component in grasping the
logic and functionality of code. However, understanding occurs at varying
levels, which we believe this research effectively demonstrates. Our experi-
ment focused on two levels of understanding Boolean conditions: the tracing
level, which involves processing the condition’s value for a specific input, and
the higher comprehension level, which we defined as understanding the condi-
tion’s meaning by identifying all inputs for which the condition holds TRUE or
FALSE. To achieve this, we employed questions specifically tailored to assess
understanding at these distinct levels.

Our findings reveal substantial differences between tracing and compre-
hension in the interpretation of Boolean expressions in code. In addition, a
significant interaction emerges between the level of understanding and the op-
erator used in the expression. While on average there is no notable difference
in understanding the AND versus OR operators at the tracing level, at the
deeper level of comprehension, OR expressions pose a greater cognitive chal-
lenge than AND expressions. This highlights the importance of differentiating
between levels of understanding in code.

We believe that this experiment has broader implications for code compre-
hension studies. Typically, code comprehension experiments focus on a single
level of understanding, or they lack a clear definition of the required level. We
believe it is essential to specify which level of understanding is being tested in
an experiment, not least so because one level of understanding does not neces-
sarily translate to another. For example, our experiment demonstrated cases
where results at the tracing level differed from those at the comprehension
level for the same parameter. Furthermore, although many code comprehen-
sion studies emphasize the tracing level, we contend that examining deeper
levels of code understanding is increasingly important. This is particularly sig-
nificant in contemporary programming practices, where developers frequently
review code generated by Al systems. In these contexts, it is often crucial
to thoroughly understand the implementation, beyond merely tracing specific
inputs.

Understanding Boolean conditions, and specifically also those involving
negation, is integral to the world of code. The comprehension of statements
with negation has long been a prominent focus in cognitive research on natural
language processing, producing a substantial body of work [15,27]. Our work
extends this line of research into the domain of code—a complex realm that
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combines elements of natural language with those of formal language. We
believe this expansion can lead to mutual enrichment of both fields. On the one
hand, it may broaden cognitive research on natural language by introducing
an entirely different context, potentially yielding new insights. On the other, it
could illuminate best practices for writing more readable code and enhance our
understanding of the cognitive processes developers engage in as they interpret
code segments containing certain Boolean conditions.
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2.4 Additional papers

During the course of the doctoral research, two additional papers were written:

e Aviad Baron and Dror G. Feitelson. How A Data Structure’s Linearity Affects
Programming and Code Comprehension: The Case of Recursion vs. Iteration.
PPIG 2023, Lund, Sweden.

e Aviad Baron and Dror G. Feitelson. Why Is Recursion Hard to Comprehend? An
Experiment with Experienced Programmers in Python. ITiCSE 2024: Milan, Italy.

However, they are not included in the dissertation, as they address different topics and

not negation.



66

CHAPTER 2. PAPERS



Chapter 3

Discussion and Conclusions

3.1 Contributions

In this study, we set out to map the impact of negation on the comprehension of Boolean
expressions in code. Our work offers contributions on several levels. First, we extend
the research on negation in the context of natural language into a novel domain—that of
source code. The world of code combines elements of natural language (e.g., in variable
names) with formal mathematical logic. This combination creates a unique context in
which rich cognitive interactions can emerge. For example, due to the formal structure
of code, certain cognitive factors such as regularity are more easily identifiable than in
natural language, thereby allowing us to contribute new cognitive insights regarding the
role of negation. Furthermore, the interaction between different types of negation is a
phenomenon that appears to be unique to code and does not typically arise in natural
language.

A second level of contribution lies in the domain of program comprehension. Boolean
expressions are a central component of the logic and functionality of code. Therefore,
the way in which logical operators are written, how Boolean variables are named, and
how expressions are structured can critically affect code readability. Developers spend a
significant portion of their time reading and understanding existing code—a trend that
is only intensifying with the growing use of generative Al tools. It is highly important
that code be as clear as possible, enabling a deep understanding of its behavior to ensure
functional correctness.

One may claim that actually writing better code is becoming less important, as most
code is—or soon will be—Al-generated. But this stand ignores the fact that Al tools
are based on harvesting huge amounts of existing code. Refactoring generated code and
improving it is therefore a crucial feedback-loop for improving the quality of the next
generation of such tools. Recommendations concerning how to make code more readable

are therefore still important, even when most code is not written from scratch by humans.
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Accordingly, another major contribution of our work is the ability to evaluate higher-
order comprehension of code and to distinguish between different levels of understanding,
with a particular emphasis on deeper semantic comprehension. These findings have prac-
tical implications for code refactoring and for writing new or revised code in a clearer,

more maintainable form.

3.2 Conclusions

This dissertation investigates how developers comprehend Boolean expressions in code,
with a particular focus on the role of negation—a construct known to increase cognitive
complexity both in natural language and formal logic. Through a series of empirical
studies, we examine the cognitive processes underlying this form of understanding, map
out key syntactic and logical factors that influence comprehension, and draw distinctions
between different levels of understanding. Collectively, the work contributes to founda-
tional knowledge in program comprehension and provides practical recommendations for
writing more readable and maintainable code.

We begin by extending insights from the domain of natural language negation to the
domain of programming languages. Unlike natural language, code embodies a hybrid
structure, combining formal logical constructs (e.g., !, =, AND, OR) with natural lan-
guage elements (e.g., variable names such as notDone or isEmpty). This fusion creates
a novel and highly structured context that not only permits the identification of new
cognitive factors—such as syntactic and logical regularities—but also reveals complex
interactions that are less accessible in natural language contexts.

One of the central findings of this dissertation is that negation—regardless of its
form—consistently increases the difficulty of code comprehension, both in terms of time
and error rates. These effects are magnified when multiple forms of negation interact,
such as when negated variable names are combined with explicit negation operators.
These insights are supported by concrete experimental evidence, showing that even sim-
ple transformations (e.g., rewriting !(length == 0) as length > 0) significantly improve
understanding. Furthermore, expressions involving double negation or lack of structural
regularity result in disproportionate cognitive load, highlighting the importance of code
clarity and consistency.

Beyond individual factors, our research also distinguishes between two levels of com-

prehension:
e Tracing, which refers to evaluating a condition for a specific input; and

e Comprehension, which involves generalizing the behavior of the condition across all

possible inputs.
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Our experiments reveal that these levels are not interchangeable: conditions that appear
equally simple at the tracing level can present drastically different levels of difficulty at
the comprehension level. For instance, while no significant difference was observed be-
tween AND and OR expressions in tracing tasks, some OR expressions with negations
were significantly harder to understand in comprehension tasks. These findings empha-
size the necessity for clearly defining the cognitive level under examination in program
comprehension studies, and suggest that current research may over-rely on surface-level
tracing tasks that fail to capture the deeper complexities of semantic understanding.

This work also opens multiple avenues for future research. Potential directions in-
clude examining comprehension of mixed AND/OR expressions, exploring the effect of
programming experience, analyzing conditions involving numerical comparisons (e.g., x
<= 3 vs. I(x > 3)), and investigating how short-circuit evaluation influences cognitive
processing. There is also room for additional work on how negations in variable names
affect comprehension, and how developers reason about these during code reviews or
refactoring. In addition, this study was the first to compare between different levels of
code comprehension. Future work may extend this line of research by refining the def-
initions of these comprehension levels, and by designing experiments that explore their
cognitive implications across diverse contexts, beyond the specific domain of Boolean
expressions.

Finally, this dissertation has practical implications for coding practices and peda-
gogy. It offers actionable guidelines for writing clearer Boolean expressions: avoiding
unnecessary negations, minimizing double negations, emphasizing regularity, and choos-
ing semantically transparent variable names. These insights are especially relevant in an
era where developers frequently interact with Al-generated code, and where maintaining
a high level of code readability and correctness is essential.

In sum, this dissertation not only deepens our theoretical understanding of logical
condition processing in code, but also bridges the gap between cognitive science and
software engineering, suggesting new ways to improve both developer tooling and program

comprehension.
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