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Abstract

This paper explores, from a philosophical perspective, the connection between students’ mental
models of robots and their programming errors in educational robotics (ER). Pea (1986) identified the
“superbug”, a type of programming errors flowing from a misguided attribution of intentionality to
computers. We substantiate, and illustrate with examples, the claim that a connection exists between
students’ mental models of robots and their programming errors, exploring the underlying
assumptions. We then refine Pea’s thesis arguing that the superbug does not result from the
attribution of mental states to the system ‘per se’, but rather from the attribution of ‘incorrect’ ones.
These reflections suggest possible connections between research on the attribution of mental states
to robots, ER and computational thinking and provide insights for the design of teacher training.
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1. Introduction

The use of robots as mediators of learning in education is well established (Bano et al., 2024; Uslu et
al., 2022; Anwar et al., 2019; Benitti, 2012). They can be used to facilitate teaching and learning in
STEAM - Science, Technology, Engineering, Art, and Mathematics (Sapounidis et al., 2024; Gonzalez
et al., 2020), to stimulate scientific thinking (Datteri & Zecca, 2016; 2017), to support the acquisition
of a second language (Mubin et al., 2013). They can be used to foster the acquisition of cross-
disciplinary social-relational and emotional skills and to develop and enhance cognitive skills, such as
those related to problem solving and computational thinking (Ching & Hsu, 2024; Zhang et al., 2021).
Typically, educational robotics (ER) activities involve the use of robots as programming platforms. In
this context, students are invited to program robots so that they display certain behaviors or exhibit
certain capacities. To effectively guide these activities, assess their outcomes and understand their
dynamics, it is essential to analyze the nature and causes of the programming errors made by
students.

Building on the tradition of the psychology of computer programming (Weinberg, 1971; Sheil, 1981),
this paper presents a philosophical reflection on the relationship between students’ programming
errors and their understanding of robots. Following the insight that computer programming activities
should be studied from a psychological perspective, programming errors have been conceptualized
in literature as the result of “faulty mental models” - to this respect see, for example, the literature
review by McCauley and colleagues (2008) on learning and teaching debugging - a perspective that
has been revisited and developed in more recent work, such as that of O'Dell (2017).

In this framework, we start from the consideration that programming errors may be caused by
students’ conceptions, or mental models, of robots and computer systems: ‘poor’ mental models of a
system can lead to errors that result in system malfunctions. Pea (1986) introduced the concept of
“superbug”, a category of programming errors arising from a misguided attribution of intentionality to
computers. This attribution causes programmers to assume that a machine can go “beyond the
information given” in the code. He identified three forms of superbug that can be often observed
among novice programmers: the “parallelism bug”, the “intentionality bug” and the “egocentrism bug”,
and argued that all these three forms of superbug arise because programmers unconsciously assume
the presence of “a hidden mind” within the programming language, endowing the computer with
intelligent interpretive capabilities it does not possess (Pea, 1986).

This paper has two goals. The first one is to substantiate, and illustrate with examples, the claim that
a connection exists between students’ mental models of robots and their programming errors,
consistent with Pea’s thesis. In doing so, we introduce and discuss three assumptions possibly
underlying the superbug: the global view assumption, the rationality assumption, and the mind-
reading assumption. The second goal is to challenge Pea’s claim that the attribution of intentionality
to robots necessarily causes the superbug. Instead, we propose that the superbug arises from the
attribution of incorrect mental states and capacities to computers, not from the attribution ‘per se’.
Addressing these goals, this paper aims to suggest that Pea's insight can shed light on the cause of
programming errors and foster a connection between the emerging research on the attribution of
mental states to artificial systems (Thellman et al., 2022) and the research on computational thinking
(CT) (Denning & Tedre, 2019) and ER. More specifically, the reflection proposed aims to contribute to
the development of theoretical frameworks that can inform the empirical study of programming
errors made by novice programmers in CT and ER activities. A deeper understanding of the
relationship between individuals’ conceptualization of robots and Al technologies and their
programming errors may offer valuable insights into how this dimension can be integrated in teaching
and learning models and how teacher education programs should be designed to address it.

The paper is structured as follows. In Section 2 we discuss how people model robots, focusing on
mentalistic modeling and the attribution of mental states to the system. In Section 3 we address the
first goal, discussing the relationship between the attribution of mind to robots and programming
errors, and examining three assumptions that may be underlying the “superbug”. In Section 4 we
address the second goal, arguing, in accordance with Dennett (1971, 1987) that the ‘hidden mind
assumption’ is not necessarily an obstacle to learning how to program. In Section 5 we draw some
conclusions, provide considerations on the possible connection between research on mental state
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attribution to robots and research on ER and CT, and outline potential implications for the design of
teacher training programs.

2. The attribution of mind to robots

Research in human-robot interaction suggests that individuals may adopt different modeling
strategies when interacting with robots, ranging from taking non-mentalistic to mentalistic stances.
Taking a non-mentalistic stance towards a robot implies the adoption of an explanatory and predictive
strategy which does not refer to the system's mind, often relying on the theoretical vocabularies of
physics or electronics (e.g., “the system is malfunctioning because the battery is low"). In contrast,
taking a mentalistic stance entails the attribution of mental states and mental capacities to the
system.

Thellman and colleagues (2022) provide a review on the attribution of mental states to robots
exploring how the phenomenon has been investigated through various angles. One of these is based
on the concept of Theory of Mind (ToM) (for a general discussion, see Carruthers & Smith, 1996;
Premack & Woodruff, 1978). The possession of a ToM implies the ability to represent oneself and others
as entities with mental states, characterized by Griffin and Baron-Cohen (2002) as intentional,
content-bearing and representational. Mental states, in this perspective, are typically expressed in
the form of propositional attitudes, such as “believing that p” or “knowing that g". Several studies have
investigated whether humans develop a ToM towards robots and other artificial agents (e.g., Banks,
2020; Zhang, 2019).

Another fundamental perspective orienting empirical research on the attribution of mental states to
robots is Dennett's intentional systems theory (1971; 1987). Dennett identifies three possible stances
that individuals can adopt to explain and predict the behavior of a system: the physical stance, where
explanations and predictions are based on the laws of physics, the design stance, which refers to the
system’s design and the intentional stance. Taking the intentional stance towards a system consists
in adopting an explanatory and predictive strategy that attributes to the system beliefs, desires, and
other propositional attitudes, assuming it will act in the most rational way given its current beliefs and
desires. Awide number of studies have explored whether people adopt an intentional stance towards
robots of various types, and under what conditions this phenomenon occurs (Perez-Osorio &
Wykowska, 2020).

Empirical research on the attribution of mental states to robots shows that the phenomenon can be
influenced by both human factors and robot related factors. Among human factors there are age,
motivation, cultural and socioeconomic background, interaction history; robot related factors are
typically related to the robot’s behavior and appearance (Thellman et al., 2022).

3. Mind attribution to robots and programming errors

3.1The psychology of computer programming

Gerald M. Weinberg's book “The Psychology of Computer Programming,” first published in 1971,
explored the psychological, social and organizational aspects of programming by analyzing not only
the technical processes involved in writing code, but also the interpersonal and cognitive dynamics
that influence the work of programmers. The message was that the very activity of computer
programming should be studied from a psychological perspective, envisioning “computer
programming as a human activity” as a new field of study (Weinberg, 1971). Sheil's review on “The
Psychological Study of Programming" (1981), summarized and evaluated the psychological research
on programming available up to that time, offering a basis for the study of programming from a
psychological perspective.

More recent studies approach the topic from various perspectives, through a variety of methods. For
example, Lin and colleagues (2015) study students' cognitive processes during program debugging
using an eye tracker. Storjak and colleagues (2022) explore the mental models that primary school
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children develop in relation to robots and programming. According to 0'Dell (2017), programmers rely
on approximations of the system’s behavior (i.e., mental models of the system) to guide the
development. Mental models help programmers in reasoning about the system’s behavior, however,
as approximations, they can sometimes be incorrect, leading to software failures.

A central idea, in the framework of the psychology of computer programming, is that mental models
formed by programmers about the system, as well as about the programming language - for example
the attribution to the system of beliefs, desires, intentions, in case a mentalistic modeling strategy is
adopted - may influence the cognitive mechanisms triggered during the programming process. The
resulting program may be impacted by the assumptions on the system made by the programmer and
‘wrong’ mental models may produce programming errors. Understanding programmers’ mental model
is therefore essential to make sense of their programming errors.

3.2 The superbug and the underlying assumptions

In ER activities, programming errors may be caused by students’ conceptions, or mental models of
the robot or of the complex system represented by the syntax and semantics of the programming
language. Students, programming robots, may adopt either mentalistic or non-mentalistic strategies
to model the system. In the following, we explore the idea that the adoption of a mentalistic modeling
strategy may lead to programming errors in novice programmers. This idea has been initially voiced
by Pea (1986). Pea (1986) identified the “superbug”: a type of programming error flowing from a
misguided attribution of intentionality to computers.

«The ‘superbug’ may be described as the idea that there is a hidden mind somewhere in the programming
language that has intelligent, interpretive powers. It knows what has happened or will happen in lines of the
program other than the line being executed; it can benevolently go beyond the information given to help the
student achieve her goals in writing the program. This “hidden mind superbug” interpretation provides a
deep explanation of the various misconceptions that plague the novice programmer. » (Pea, 1986, pp. 32-
33).

In line with Pea's thesis, we present some examples (derived from real student programs) that suggest
the existence of a connection between students' mentalistic modeling of robots or programming
languages and the programming errors they make. Programmers’ mental models of a system include
a set of assumptions about the system, reference to which can be used to explain and predict its
behavior. Some of these assumptions may underlie the “superbug” (i.e. the idea that there is a hidden
mind in the system). Consider a Braitenberg vehicle (Braitenberg, 1986) equipped with two lateral light
sensors (Figure 1: sensor 1 is mounted on the left, and sensor 2 on the right) and programmable.
Students are tasked with the following request: “Program the robot to exhibit the following behavior:
the robot must move forward, avoiding the lights.”

wQ

Figure 1: Braitenberg vehicle equipped with two lateral light sensors.
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FOREVER {
IF (left-sensor == light) THEN turn right
IF (right-sensor == light) THEN turn left
IF ((left-sensor == light) and (right-sensor == light)) THEN

go backwards

go forward

Figure 2: A student provides the following program (pseudocode).

This implementation presents two major issues. First, it results in an unconditional forward
movement: the robot moves forward regardless of whether it detects light or not. Second, there are
sequential execution limitations: the sequence of <<if - then>> conditions may not function as
intended in dynamically changing environments. The first instruction executed is the test of the <light
on the left> condition. If, for example, a light source is near the right sensor (Figure 2), the first <<if>>
condition might fail to detect it (resulting in no avoidance). The <light on the right> condition is tested
when the second <<if>> condition is executed, sequentially after the first one. However, when the
second <<if>> condition is executed, the light might, in the meantime, have shifted position (Figure 3),
causing the left sensor to fail to detect it as well, again resulting in no avoidance.

Figure 3and 4

At the basis of this programming strategy there might be the idea that all instructions are ‘considered’
simultaneously, without taking into account that they are executed sequentially according to how the
program is written, what we call the global view assumption. The programmer attributes to the system
(or to the programming language) the ability to ‘choose’ the ‘right’ instruction to execute, assuming
its knowledge of its internal state and external conditions. What would the ‘right’ instruction be?
Linked to the global view assumption there is the rationality assumption: the programmer assumes
that the robot (or the programming language) is able to autonomously select the most rational <<if -
then>> structure based on the given circumstances and its implicit goals. The programmer attributes
a goal to the system (not explicitly defined in the code) that guides its choice of the most appropriate
action. Attributing rationality to the system is tantamount to taking the intentional stance. In
Dennett's framework (Dennett, 1971, 1987), adopting the intentional stance towards a system consists
in adopting an explanatory and predictive strategy that attributes beliefs, desires, other intentional
states to it, and assuming that the system will consistently act in the most rational way based on its
current beliefs and desires. To address the above issues, the student proposes the following program.
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FOREVER {
IF (left-sensor == light) THEN turn right; OTHERWISE
IF (right-sensor == light) THEN turn left; OTHERWISE
IF ((left-sensor == light) and

(right-sensor == light)) THEN go backwards

Figure 5: the student proposes the following program to address the above issues.

This revised implementation introduces what might be called the mind-reading assumption. Here, the
system lacks an explicit “move forward” command. Instead, the student assumes that the robot (or
the programming language) has an implicit understanding of the goal of the programmer - avoiding
light - and acts accordingly, beyond the explicit instructions provided. The programmer attributes to
the system the possession of a theory of the programmer’s mind (a second order mental state), where
the programmer ascribes to the system the capability to think to what the programmer themselves is
thinking (i.e., what is their goal in developing the program).

The examples discussed above' aim to illustrate that a possible connection between students’
mentalistic modeling of robots or programming languages and their programming errors may exist.
The global view assumption, the rationality assumption, and the mind-reading assumption offer
potential explanations for the observed programming choices; however, further systematic studies,
such as those employing think-aloud protocols, student interviews, or analyses of debugging
practices, would be necessary to determine whether these programming decisions are genuinely
influenced by the assumptions discussed or arise from other factors.

4. Robots can be usefully modeled as mental agents

We try now to refine Pea’s thesis by developing the idea that the superbug is not the attribution of
mental states and capacities to the robot or to the programming language per se, but rather the
attribution of the wrong mental states and capacities to it.

On the one hand, as we discussed in the previous section, the attribution of intentionality and
rationality to robots and programming languages could result in systematic programming errors
(superbugs). On the other hand, however, the tendency to mentalize may prove to be a useful strategy,
especially in the early stages of programming learning. Attributing goals, intentions or beliefs to the
robot can help students to effectively predict the behavior of the system. As Dennett (1971, 1987)
points out, the intentional stance can be predictively useful, and in some circumstances offers
significant advantages over other ways of conceptualizing the system. According to Dennett, the
tactic of adopting the intentional stance is likely to be effective when there is reason to believe that
the assumption of optimal design is justified, and when predicting behavior from the design or
physical stance is impractical. The intentional stance (which involves treating a system as an
‘intentional agent’, assuming that it possesses beliefs, desires, and intentions) works because it provides
a pragmatic and effective approach to explaining and predicting the behavior of complex entities,
whether they are humans, animals, or artificial systems (Dennett, 1971; 1987).

It is possible to identify a link between the three assumptions described, the global view assumption, the rationality assumption and the
mind-reading assumption, with the three types of ‘superbug’ identified by Pea (1986), respectively the “parallelism bug”, i.e. the mistaken
belief that sequentially ordered lines of code can execute simultaneously, the “intentionality bug” which consists in attributing the ability
to go “beyond the information given” to the computer or program itself, taking an intentional stance towards the system (Dennett, 1971),
and the “egocentrism bug”, based on the assumption that the programming language is able to understand the programmer’s goals without
those goals being explicitly represented in the code.
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The key to avoiding the programming errors that Pea refers to is for the programmer to attribute to the
system goals (beliefs, desires, intentions) that the system actually has; the superbug arises when the
mental model of the system'’s mind is, in some sense to be clarified, wrong.

For example, suppose the programmer is faced with a Python function that implements a bubblesort
algorithm designed to operate on arrays of integers. There is a clear sense in which the programmer can
bypass the computational language and attribute to the function the goal of ordering integers. If the
programmer calls this function on an array of integers, no programming error is made. Now suppose the
programmer mistakenly assumes that the program has a theory of their mind and is therefore able to
‘understand’, beyond the information given, what types of values the programmer wants to order. They
will call the Python function on, say, an array of characters, causing an execution error. Following Pea's
intuition, we could argue that, in novice programmers, this decision could be caused by misattributing
mental and interpretive capabilities to the program. The point here is that this attribution would not be
mistaken because it attributes mental capacities to the system, but because it attributes to it the ‘wrong’
mental capacities. There is nothing wrong in reconstructing a program in mentalistic terms, provided that
the reconstructionis ‘right’ in some sense of the term, for example it is explanatory, predictively adequate
and mirroring the algorithmic structure of the program.

5. Conclusions

We argued that a connection exists between students' mental models of robots (and programming
languages) and their programming errors, in line with Pea's thesis, and explored the assumptions that
may underlie the emergence of the superbug. Moreover, we argued that attributing intentionality to
robots need not necessarily cause the superbug. Instead, the superbug arises from the attribution of
incorrect mental states and capabilities to the system. The key to avoiding the superbug is for
programmers to attribute to the system goals (beliefs, desires, intentions) that the system actually
possesses. To sum up, mentalizing can be useful, provided that mental models are accurate.

The discussion presented in this paper highlights a possible intersection of two distinct, yet
interrelated research domains: the research on the attribution of mental states to robots and the
study of ER and CT. On the one hand, insights from research on ER and CT could enhance the
understanding of mental state attribution to robots addressing critical questions such as: what
coghnitive abilities do programmers attribute to computers? How are these attributions influenced by
their background and prior experience? On the other hand, research on the attribution of mental
states to robots may offer new perspectives on learning and teaching processes in ER and CT. For
example, it can inform the research on learning and teaching of programming and debugging and
provide insights on how teacher education programs should be designed to integrate the dimension
of mental state attribution to machines.

Understanding how novice programmers conceptualize robots (and programming languages), and
whether and how these conceptualizations could lead to systematic programming errors, has direct
implications for teacher education. If teachers and educators are to effectively support students in
ER and CT activities, they need to be able to recognize the cognitive assumptions and mental models
that may underlie students' programming errors. This implies developing diagnostic pedagogical skills
that allow educators to identify whether a student’s programming error may stem, for instance, from
a ‘global view’' or ‘mind-reading’ or ‘rationality’ assumption, or, more broadly, from a misguided
attribution of intentionality to the robot (or the programming language). Teacher training programs
should therefore include training that familiarizes teachers and educators with possible mentalistic
modeling strategies of robots (and programming languages). Moreover, integrating knowledge and
reflections on the mentalization of machines into teacher education may help teachers and educators
to understand how and when the attribution of mental states to machines can be either an effective
strategy in ER and CT activities or become misleading.

In conclusion, the reflections proposed suggest that the integration of perspectives from research in
human-robot interaction could foster valuable insights for contemporary studies on ER and CT.
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