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Preface

The edited volume explores the concept of intentional forgetting within the context
of organizations and intelligent systems. To begin, it is instructive to reflect briefly
on the etymology of the key terms. The verb “to forget” originates from the Old
English “forgietan,” combining the prefix “for-" (in the sense of “away” or “amiss”)
with “gietan” (“to grasp”). The literal meaning is thus “to un-grasp,” indicating a
loss of mental hold or access. Cognates in other Germanic languages, including Old
High German (“firgezzan”) and modern German (‘“‘vergessen”), support this way of
interpretation. !

But this book is not about forgetting — it is in particular about intentional forgetting.
“Intent” derives from the Latin “intentio,” referring to “a stretching out” or “effort,”
rooted in the verb “intendere”—"“to direct one’s attention.” In Middle English, it
represents purpose, aim, or mental effort.! In its contemporary usage, “intentional”
implies a directed and controlled cognitive or behavioral act.

These origins point to an important distinction: forgetting is typically associated
with loss or decay, while intent refers to deliberate control. The concept of intentional
forgetting thus denotes a deliberate reduction of memory accessibility, rather than
passive decay or malfunction. The chapters in this book contribute to the empirical
research on intentional forgetting- in a special context, namely in organizations. In
an 8-year research project, funded by the DFG (SPP 1921 “Intentional forgetting
in organizations”), researchers form several discipline in psychology and computer
science worked on answers to the question, how organizations can be supported in
their effort to intentionally forget.

! https://www.etymonline.com/word/forget
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The Cognitive View: Cognitive Foundations of Intentional
Forgetting

Recent research in cognitive neuroscience (Anderson & Hulbert, 2021) provides
empirical evidence for the active regulation of memory accessibility. This line of
research frames forgetting not as a failure, but as a goal-directed process that supports
adaptive behavior. Central to this idea is inhibitory control—the capacity to suppress
or modulate internal processes such as memory retrieval. This control serves to
resolve interference, prevent the intrusion of irrelevant or unwanted content, and
support goal-oriented cognition.
Three forms of such inhibition have been identified:

1. Memory Inhibition: Targeted suppression of specific memory traces, e.g., during
selective retrieval (leading to retrieval-induced forgetting) or intentional stopping
of intrusive thoughts (suppression-induced forgetting).

2. Process Inhibition: Disruption of encoding or consolidation processes, which
can lead to more generalized effects, including temporary amnesic states (e.g.,
amnesic shadow phenomena).

3. Context Inhibition: Suppression of mental contexts that serve as retrieval cues,
reducing access to context-dependent memories without deleting them (e.g., in
list-method directed forgetting paradigms).

These inhibitory mechanisms can operate dynamically and flexibly, often
engaging in interplay depending on task demands and cognitive goals. They are not
mutually exclusive but can be combined to optimize adaptive forgetting in complex
environments. Moreover, the efficacy of inhibitory control varies across individuals,
situations, and can be influenced by factors such as attention or motivation, high-
lighting the intricate regulation of forgetting as an active and adaptive cognitive
function. The prefrontal cortex, particularly the lateral regions, has been identified
as a key neural substrate for these inhibitory functions.

The Organizational Vie: Organizational Relevance
of Intentional Forgetting

In organizational contexts, forgetting has received comparatively little system-
atic attention (Mull et al., 2023). Most theories and practices focus on organiza-
tional learning, knowledge acquisition, and memory-building. However, contempo-
rary organizations are increasingly confronted with a continuous accumulation of
information—supported by digital systems and data infrastructures—without corre-
sponding mechanisms for information reduction. In this respect, intentional forget-
ting becomes relevant as a complementary organizational process. It can contribute
to reducing complexity, freeing up cognitive and technical capacities, and supporting
adaptation under dynamic conditions. This volume proposes that forgetting, when
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intentionally designed and operationalized, can support the development of dynamic
capabilities—that is, the ability of an organization to adapt and reconfigure its
resources and routines in response to environmental change.

Unlike in humans, forgetting does not occur automatically in organizations. Tech-
nological infrastructures preserve information indefinitely, unless active deletion or
abstraction strategies are implemented. The design of forgetting mechanisms in orga-
nizations therefore requires conceptual, technical, and practical frameworks that go
beyond existing theories. In this volume, Kluge and Roling (2026) explore organiza-
tional unlearning and intentional forgetting as crucial for adaptation and innovation.
They propose that unlearning is a radical, strategic process linked to double-loop
learning, focused on questioning mindsets and enabling radical innovation during
the ideation phase. It involves discarding outdated routines and knowledge. Inten-
tional forgetting, in contrast, is an incremental, operational process tied to single-loop
learning, refining processes and behaviors during the evaluation phase.

Psychology & Computer Science Collaboration to Enhance
Extraordinary Research in Intentional Forgetting
in Socio-Digital Systems

Psychology and computer science—particularly research in artificial intelligence—
offer numerous points of collaboration on the topic of forgetting. Psychological
models of forgetting provide a valuable conceptual foundation that can be transferred
to Al systems (Ellwart et al., 2018; Ellwart & Kluge, 2019). This interdisciplinary
exchange holds potential for the implementation of functional mechanisms of human
forgetting into digital systems, opening new opportunities for the development and
application of intelligent technologies.

A central area of collaboration is the transfer of psychological concepts to
Al systems. psychological models of individual forgetting offer insights into how
learning systems can adapt to environmental change—for example, when parts of
a trained knowledge base become outdated or uncertain. Such transfer can inform
non-monotonic reasoning and belief revision in Al systems. Applications include
robotics, navigation, or the coordination and self-organization of logistic networks,
where forgetting curves can be implemented. Additionally, these psychological
models offer approaches to information filtering and data reduction, which can help
address challenges related to algorithmic complexity in planning and reasoning. For
instance, Beierle et al. (2026) identify kinds of forgetting, axiomatically formalize
belief change operators involving forgetting, and elaborate their interrelationships.
Their developed general abstract framework is instantiated with conditional beliefs
and realizations of forgetting operators employing ranking functions.

Team-level models such as transactive memory systems (TMS) can also be applied
to multi-agent systems. These models emphasize the distribution and specialization
of knowledge within teams and can enhance cognitive efficiency in agent-based
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architectures. In the context of future work, where humans increasingly interact
with artificial agents, there is growing support for integrating human-like cogni-
tive processes—such as memory decay—into digital systems. This is intended to
increase user acceptance of long-term partnerships between humans and machines.
Practical examples include systems that mimic human forgetting curves to remove
unused desktop icons, identify and explain when digital information becomes irrele-
vant, and support product development by reducing unnecessary constraints. From a
technical perspective, such applications require advanced Al methods in knowledge
representation, pattern recognition, belief revision, and reasoning.

For example, Berndt et al. (2026) argue that organizationally successful forgetting
means striking a balance between these opposing poles: whether a team assigns its
tasks to predominantly specialist members or whether all team members are general-
ists having the same responsibilities. Their chapter introduces an agent-based social
simulation approach for designing and evaluating the distribution of responsibilities
in teams. Their approach helps identify which amount of forgetting is required and
feasible to reduce cognitive workload and avoid mistakes. Berndt et al.’s chapter inte-
grates a psychological measure for workload as well as heuristic decision-making
into the Beliefs-Desires-Intentions agent architecture as a technological foundation.

An example of such interdisciplinary implementation is the development of assis-
tive systems that support intentional deletion in everyday digital work. These systems
operationalize psychological models of forgetting and inhibitory control to help users
manage redundant or outdated information. By combining explainable Al with adap-
tive classification, they aim to reduce cognitive effort and foster deliberate disengage-
ment from irrelevant content—particularly in contexts where deletion decisions are
ambivalent or cognitively demanding. As an interdisciplinary collaboration between
artificial intelligence (AI) research and work psychology, Schmid et al. in this volume
developed and evaluated an intelligent assistant system to support the identification of
irrelevant files. The Al-assistant Dare2Del combines explicit knowledge representa-
tion and machine learning. To allow for human control and oversight, Dare2Del relies
on explanatory interactive methods. Julek et al., in this volume, present a compact
overview of a decade of research on self-organizing personal knowledge assis-
tants in evolving corporate memories inspired by real-world problems and resulting
in Managed Forgetting and Self-organizing Context Spaces (cSpaces) as a novel
approach to Personal Information Management (PIM) and Knowledge Work (KW).
Finally, Reiner et al., in this volume, offer a scientifically grounded definition of trust
relationships, providing a foundation for classifying current and future research on
trust. The proposed model distinguishes three actors and five trust directions between
them.

Another important area is the configuration of cyber-physical-social systems. A
key task for both psychologists and computer scientists is to design these systems
in alignment with principles of human-centered work design. Knowledge of human
information processing and its relevance for enabling engaging, meaningful, and
autonomy-supportive work must be integrated into the design of socio-digital teams.
For instance, first attempts have implemented these cognitive foundations into arti-
ficial neural networks (Grum, 2023). Here, neural structures are prepared to take
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ownership of tasks of a higher cognitive level. Their output is used to inhibit memo-
ries, traces, processes, and artificial mental contexts of subordinate structures that
would have served as retrieval cues. Additionally, Grum (2026) developed an Al Inter-
action Instrument (A31) that enables interaction modelling of learning and forgetting
human workers with learning and forgetting Als. He illustrates in initial experi-
ments with a focus on Al trust, Al frustration, and variations in Al reliability in an
Industry 4.0 context. In a design science-oriented manner, the A3 was developed
as a research tool that enables the quantification of the influence of forgetful Als on
forgetful humans in experiments using empirical data analysis tools.

In the chapter by Schiiffler and Kluge (2026), the nature of switching costs in
forgetting affordances in cyber-physical systems is investigated, highlighting their
impact on efficiency and psychological well-being. A newly developed Subjective
Switching Cost Scale is introduced for measuring workers adaptation in a controlled
production environment. They showed that subjective switching costs correlate with
objective measures, particularly in tasks that remain unchanged, suggesting that
awareness of change influences performance outcomes.

Methodological synergies also arise from a interdisciplinary collabora-
tion. Psychological research methods—particularly empirical and experimental
approaches—can be supported, replicated, or extended through simulations with
Al models. This makes it possible to overcome common limitations of psycholog-
ical studies (e.g., sample size, duration, complexity), contributing to model testing
and theory development. In this respect, Weyers et al. (2026) introduces a user-
centred approach to designing persuasive systems that help people change their
work-related habits. The proposed development pipeline transforms user insights
into formal models, making it possible to create personalized and adaptive inter-
ventions. The process starts with collecting data through interviews, where users
describe their habits and desired changes. These insights are turned into semi-formal
models using “Business Process Model and Notation” (BPMN) models and then
refined into formal reference nets, a special type of Petri nets.

Objectives and Contributions of the Volume

With this book, we emphasize the need for interdisciplinary collaboration, arguing
that the development and implementation of intentional forgetting in socio-digital
work systems requires expertise from cognitive psychology, team and organizational
research, human-automation interaction, and computer science.

This edited volume addresses intentional forgetting from an interdisciplinary
perspective, integrating insights from psychology, cognitive science, information
systems, computer science, and organizational theory. The contributing chapters
pursue three main objectives:

e To analyze mechanisms of forgetting in humans and explore their relevance for
organizational and technical systems.



< Preface

e To connect organizational theory—particularly perspectives on the alignment of
processes, structures, people, and technologies—with the design of information
systems capable of intentional forgetting.

e To present methodological approaches and transfer strategies for managing
the balance between information accumulation and reduction in organizational
contexts.

The book is situated within a broader research agenda that treats human forget-
ting not as a cognitive deficiency, but as an adaptive function valuable in terms of
modern knowledge management. This perspective is transferred to socio-technical
systems, where forgetting is conceived as a deliberate and functional capability, rather
than a loss or failure. It respects humans as well as technical systems as knowledge
carriers. In doing so, the book proposes a shift in perspective: away from viewing
human cognition as inferior to machine memory and toward viewing human forget-
ting as a model for designing organizational systems that are capable of intentional
information reduction and adaptive change. It contributes to considering the team of
human and Al-based systems in a symbiotic relationship that needs to be monitored,
controlled, managed, and brought into action.

The contributions in this volume underscore the relevance of intentional forgetting
as a functional principle for adaptive behavior in individuals, organizations, and
intelligent systems. Forgetting is not merely the absence of remembering—it should
be treated as an actively shaped process that helps reduce complexity, maintain focus,
and support reorientation in dynamic environments.

As socio-digital systems continue to evolve, the challenge will be not only to
accumulate and preserve knowledge, but also to implement selective and purposeful
forgetting. This volume lays a foundation for further interdisciplinary work in this
emerging field and aims to stimulate new approaches to designing systems that are
capable of both remembering wisely—and forgetting well.

Trier, Germany Jan Ole Berndt
Potsdam, Germany Marcus Grum
Erlangen, Germany Kyra Gobel
Bochum, Germany Annette Kluge
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Perspectives on the Relationship Between | m)
Unlearning and Intentional Forgetting Sheshse
in Organizations

Annette Kluge® and Wiebke M. Roling

1 Introduction: Organizational Adaptation Requirement

You cannot dig a hole in a different place by digging the same hole deeper. (de Bono, 2014)

The literature on organizational theory and science demonstrates that organiza-
tions can evolve, develop, and learn over time. They can grow, shrink, rise, decline,
or even cease to exist. Understood as open systems, organizations interact with their
environment and ideally strive to align with environmental requirements and affor-
dances. These factors influence aspects such as the organization’s purpose, its strat-
egy, the technology it employs, and the structures and processes used to enhance
efficiency.

Efficiency is a very relevant and inward-looking goal for organizations. In organi-
zational learning, efficiency is enhanced by single-loop learning (“Doing the things
right,” Argyris & Schon, 1978). This describes, for example, in the sense of total qual-
ity management or the continuous improvement process (e.g., the Deming Cycle),
perfecting one’s own processes along the value chain more and more. In what you
do and what you offer, you become better and better, more perfect, faster, and more
error-free. The aim of single-loop learning is to leverage efficiency potential. But
what do organizations do if they offer perfect products or services, but the market
and customers no longer accept them? Or when the global community or parts of it
realize that the way these products are produced is exploiting or polluting resources
irresponsibly in the long term? Then, organizations have to ask whether they are doing
the right things (double-loop learning: “Doing the right things,” Argyris & Schon,
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1978). Double-loop learning adds the questioning of action reasons and underly-
ing mindsets (Argyris & Schon, 1978). As a result, organizations may realize that
digging the hole deeper will not be successful in the medium and long term, and
instead decide to change their own products, services, and processes (digging the
hole elsewhere). This transition phase between single- and double-loop learning is
addressed by the concepts of unlearning and intentional forgetting, as organizations
have to move from the idea to dig the hole elsewhere to an implementable solution
and the realignment of the organization.

Over the past decades, scholars from various perspectives in organizational the-
ory and science, such as Tsang and Zahra (2008), de Holan and Phillips (2004), and
others, have emphasized the importance of organizational unlearning and forgetting
as necessary processes for successful development and achieving alignment between
external demands and internal capabilities (Kluge & Gronau, 2018). For example,
markets with competitive intensity and turbulence (Huang et al., 2018), as well as
newly introduced EU regulations, available new materials and technologies force
organizations to unlearn and forget (Kluge, 2023; Kluge et al., 2019). Unlearning
results in cross-boundary innovation, positive organizational development and per-
formance, and develops knowledge creation capability in innovative and innovation
performance (Kluge, 2023).

2 Theoretical Reflections on the Relationship Between
Unlearning and Intentional Forgetting

It is increasingly recognized that, for organizations to successfully learn and adapt,
unlearning and forgetting are essential alongside knowledge acquisition and dissem-
ination (Fiol & O’Connor, 2017b, 2017a; Grisold et al., 2017; Klammer & Guelden-
berg, 2019; Morais-Storz & Nguyen, 2017). The term “organizational unlearning”
was introduced almost simultaneously with the concept of “organizational learning”
in management research (Hedberg, 1981; Howells & Scholderer, 2016; Nystrom &
Starbuck, 1984). Since then, unlearning changed its meaning going beyond replac-
ing outdated routines to a radical form of change that is particularly relevant when
organizations reflect their business models and core processes in terms of asking
“are we doing the right things” (double-loop learning). Unlearning is in terms of
creativity and transformation of an organization’s core aspects a more radical form
(Mumford et al., 2012). It can be understood as an antecedence for radical innovation
(Leal-Rodriguez et al., 2015; Sharma & Lenka, 2022b, 2014; Yang et al., 2022a).

In the early days, unlearning has been defined as the process of discarding and
replacing outdated routines (Huber, 1991; Tsang & Zahra, 2008).

The concept of “organizational forgetting” entered the business and manage-
ment literature somewhat later, around the turn of the century (e.g., Argote, 2013;
Easterby-Smith & Lyles, 2003, 2011; de Holan & Phillips, 2004; de Holan et al.,
2004; Martin de Holan, 2011). In analogy to the individual human brain, forgetting is
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not a malfunction of human information processing (Roediger Il et al., 2010; Wixted,
2004), but rather a crucial adaptive function that enables overwriting, suppressing,
and sorting out outdated information (Bjork et al., 1998). Human memory does not
erase obsolete knowledge but can suppress it and make it inaccessible. When the
environment changes, adaptability becomes essential, requiring the abandonment of
previous goals to focus on those currently relevant (Altmann & Gray, 2002; Roediger
IITetal., 2010). Forgetting impedes the retrieval of obsolete knowledge in individuals
(Schooler & Hertwig, 2005). The adaptive function of human information processing
supports decision making and evaluation for the future (Klein et al., 2010).

The concept of “intentional forgetting” refers to the processes through which
humans regulate and deliberately control their memories (Bjork et al., 1998; Lehman
& Malmberg, 2011; Payne & Corrigan, 2007). Forgetting is equally relevant as learn-
ing for organizations in dynamic environments. Organizations adjust their goals and
strategies in response to changes in markets, customer needs, technology, and regula-
tions and must subsequently forget prior objectives and solutions to prioritize current
ones. We propose that intentional forgetting is especially relevant in phases of incre-
mental innovation, describing improvements in existing products, core processes and
services (Mumford, 2012), and in terms of process and routine adaptation when these
are highly overlearned and executed mindlessly (Kluge et al., 2024; Roling et al.,
2024a). To achieve currently relevant goals, previous organizational goals need to be
dropped. Organizations use intentional forgetting to support decision making and to
regulate and control organizational memory.

Organizational Intentional Forgetting is defined as the regulation and deliberate
control of memory items and includes deliberately reducing the influence of outdated
knowledge on cognitive and behavioral processes (Grisold et al., 2017; Kluge &
Gronau, 2018).

Common characteristic of unlearning and intentional forgetting is the goal of
deliberately reducing the influence of organizational memory elements or items that
hinder adaptation to a changing environment. This can be knowledge about former
failure and success and mindsets of decision makers and new product development
teams or behavioral patterns and highly overlearned routines. However, we also see
relevant differences between these two concepts:

Unlearning: We conceptualize unlearning as part of a double-loop learning pro-
cess, that is radical, with a strategic focus, and of episodic nature. Unlearning
addresses the mental set of decision makers, aims at improving mid- and long-term
results, and can be seen as part of an ideation process being the first phase of innova-
tion. An example is an organization’s transformation toward servitization as a new
business model.

Intentional forgetting: In contrast, intentional forgetting addresses single-loop
learning processes, that are incremental, with an operational focus and of continuous
nature. Intentional forgetting addresses the behavioral set of employees with a short-
term focus on improving implementation processes and is part of the evaluation
process being the second phase of innovation. An example is the implementation of
a new routine as a result of an innovation-related decision based on unlearning.
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Commonalities and differences between unlearning and intentional forgetting are
illustrated in Fig. 1.

3 Why Is Unlearning and Intentional Forgetting Easier
Said Than Done?

Although the need for an organization to change and adapt to changes in the envi-
ronment for the bystander seems obvious, organizations do not adapt and change as
expected. A possible explanation for not changing is borrowed from cognitive and
learning psychology. An organization’s history and the reinforcement of its actions
or products through success often lead to a “mental set” (Schultz & Searleman,
2002). Reinforcement learning—Ilearning based on (past) success—tesults in being
rewarded and reassured that the organization is doing the right things which have
brought market success. According to self-regulation theory (Hellervik et al., 1992;
Kanfer, 2005; Kanfer & Hagerman, 1987), signals from the environment could pro-
vide cues relevant to change to avoid unwanted and undesired outcomes. However,
early and initially weak signals indicating market changes are not strong enough
to prompt reflection and questioning of what is happening in the market. From an
organizational psychology perspective, a long tradition and established identity as
well as a strong culture in an industry can lead to clinging too long to practices or
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patterns) hinder adaptation in light of change
affordances. The organization wants to reduce their
influence on its own decisions and actions.

Fig.1 Unlearning and intentional forgetting—Commonalities and differences
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strategies that are no longer successful. A strong organizational culture, in this sense,
can unintentionally suppress fresh perspectives (Buchanan et al., 2005; Choi, 2011;
Kuipers et al., 2014).

Generally speaking, organizations show “inertia,” even in cases of substantive
adaptation affordances (Hannan & Freeman, 1984; Omidvar et al., 2023). Inertia is
described as the inability to enact internal change in the face of significant external
change (Gilbert, 2005). Such inertia is a result of path dependency due to organiza-
tional success, based on a formula that shapes processes, competencies, relationships,
values, and resource investment patterns (Omidvar et al., 2023). Inertia is usually
conceptualized as reduced rate of change (i.e., slow and/or insufficient response)
relative to the occurrence of opportunities and threats in the task environment (Yi
etal., 2016).

Scholars also use the term rigidity to explain, why organizations don’t change. On
an individual level, rigidity is the tendency of an individual not to change (Schultz &
Searleman, 2002). For example, organizational decision makers can be constrained
by existing cognitive frames that prevent them from either observing or effectively
responding to a changing environment (Omidvar et al., 2023). Rigidity involves
the formation of a mental or behavioral set, which is a learned mental or behav-
ioral pattern being formed through repeated organizational experience situations
(Luchins, 1942). Mental sets are expectations about future events (including atti-
tudes, beliefs, expectancies, and schemas), whereas behavioral sets are patterns of
observable responses. Rigidity involves the preservation of these sets. Preservation
means the continuation of the set in the face of pressure to change. Rigidity is the
tendency to develop and perseverate in the use of mental or behavioral sets.

A mental set (also called “Einstellung” or fixation; Blech et al., 2020; Luchins,
1942) describes the phenomenon where established routines or evaluating the use-
fulness of a situation can prevent finding other, possibly more efficient or more
creative solutions. An organizational member or team is simply not aware of a new
and promising option due to strong mental sets. If someone prefers a well-known
routine although a simpler, more economic approach to a task or problem would
be applicable, this might be a “blindness” toward alternative solutions (Blech et al.,
2020; Luchins, 1942). It describes the idea that organizational members develop pro-
cedures for dealing with standard organizational situations while becoming blind to
alternatives and changes. Thinking procedures and collections of rules to be applied
in certain situations are a common way of dealing with affordances that become
stronger with every application, resulting in an increased fixation of teams or team
members on that particular way of dealing with a problem (Bilali¢ et al., 2008).
The old procedure is readily available and, in many cases, works satisfactorily, thus
giving no feedback that something else could be a more valuable solution.

Several cognitive theories assume that memory activation is behind the mental
set-effect as the usually used solution is the first one that comes to mind (Bilali¢
& McLeod, 2014; Bilali¢ et al., 2010). In that respect, a subsequent search for new
solutions (the ideation process) is influenced by the initial idea. Memory activation
is just the beginning of a pernicious cycle where subsequent attention leads to further
perceptions of the elements related to the initial idea (Blech et al., 2020). This in



6 A. Kluge and W. M. Roling

turn feeds back the initial memory activation. Although people believe that they are
looking for new solutions, they will inevitably be trying to refine the initial way of
dealing with the situation. Additionally, empirical evidence shows that individual
intentional forgetting is facilitated by person-related variables such as the ability
for critical reflection, the use of cognitive control strategies, retentivity as a facet of
intelligence, the ability to suppress thoughts, and goal orientation, while it is impeded
by defensive routines (Kluge, 2023).

At the organizational level, rigidity comes in two distinct forms: (a) resource rigid-
ity, which is the failure to change resource investment patterns (e.g., following estab-
lished organizational resourcing patterns that fail to prioritize investments in new
technologies or capabilities (Omidvar et al., 2023)), and (b) routine rigidity, which is
the failure to change the organizational processes that use those resource investments
(Gilbert, 2005). Routines are defined as repeated patterns of response involving inter-
dependent activities that become reinforced through structural embeddedness and
repeated use (Gilbert, 2005).

Habits and so-called overlearned routines lead to the automatic execution of
actions (mindlessness), a consequence of single-loop learning. While these pro-
cesses may have once driven efficiency, they can now act as obstacles, preventing the
organization from redirecting efforts to new opportunities. Long-standing processes
and routines create a robust organizational memory and a routine rigidity. Rou-
tines are associated with a strong drive toward organizational stability and inertia
(Yi et al., 2016). Organizational processes that are tightly aligned with one environ-
ment can be difficult to change, because they are self-reinforcing and are not built to
adapt to discontinuities (Volberda et al., 2021).

4 Ideation-Exploration and Evaluation-Exploitation
Processes in Innovation

As introduced above, we propose processes of unlearning as relevant for radical
innovation and strategic change, and intentional forgetting as relevant for incremental
innovation and the implementation of adapted routines. In the following section, we
elaborate on these propositions focusing on unlearning and intentional forgetting
as well as on two subsequent phases in an organization’s innovation process: the
ideation and evaluation process (Puccio & Cabra, 2012). For an overview, please see
Fig. 2.

Generally, creativity and innovation need the process of idea generation and idea
evaluation (Puccio & Cabra, 2012). Idea generation describes the development of new
ideas while idea evaluation refers to the judgment of those (Basadur, 1995). At the
organizational level, unlearning is required in the ideation phase to adapt strategically
to a changing and turbulent environment and exploring new ideas. It takes place
in top management teams, new product development teams, and other forms of
team settings. Intentional forgetting focuses on adapting operational processes and
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exploiting the results of the ideation process to achieve the new strategic focus in the
evaluation phase. Therefore, it takes place on the operational shopfloor level (Ellwart
& Kluge, 2019; Kluge and Gronau, 2018).

The goal of unlearning for double-loop learning is to impede the retrieval and
remembrance of beliefs about the company’s failure and success and to detach itself
from the old solutions to become open to the combination of novel and useful ideas
(Plucker et al., 2004). At the organizational level, heterogeneous top management
teams, guidelines on what should be unlearned, and impeding the reinforcement of
outdated knowledge and routines are supportive for unlearning. Empirical evidence
shows that team-level unlearning needs, e.g., supporting leadership exploration activ-
ities, encouragement for breaking patterns, creating space for experimentation, pro-
viding time, encouraging failure, and risk aversion (Kluge, 2023). These facilitating
factors are important in the phase of ideation.

The ideation process in organizations might take place in creativity workshops,
Design Thinking sessions, meetings, or new product development teams, in which
individual members combine their knowledge about the organizational affordances,
requirements, and possible solutions, which is called the problem space. From a
psychological perspective, unlearning affects a team’s cognitive representation of the
problem space (Simon & Newell, 1971; Ward, 2012). The problem space contains
states of knowledge (problem states) as well as means of moving from one state to
another (operators). The way how organizational members construct the problem
space is an important aspect of problem solving. Ward (2012) shows that, e.g., the
recent exposure and frames in which organizational knowledge and operators are
presented prohibit or facilitate problem solving and unlearning, respectively.

Unlearning in the ideation phase can be supported by techniques such as divergent
thinking. Divergent thinking allows original, varied, and unconventional ideas and
solutions. It is a process of merging disparate elements to develop a new and useful
combination. Divergent thinking is the ability to combine and reorganize memories
related to the aspired solution (Kilgour, 2006). The creative process of ideation and
evaluation is the process of merging thought categories or mental images across and
within domains in ways that have not been done before, to develop an original and
useful solution to a situation or problem.

The ideation process requires the creation of new memory structures through the
combination of distinct concepts or the new combination of elements of existing
concepts. We propose that divergent thinking is a means of unlearning as learned
combination of concepts and mental images need to be unlearned, e.g., the use of
material, techniques, technical parts.

Subsequently, novelty generation must be followed by the evaluation and exploita-
tion of novelty. The evaluative component of creativity is important because only
ideas that are applicable, useful, and feasible as well as novel are likely to lead to a
concrete contribution in a market or organization. Evaluation is required as not all
novel ideas in organizations can be accepted. Overabundance of novel ideas may
become distracters, and evaluation helps to identify options and solutions with note-
worthy potential (Acar & Runco, 2012). The evaluation process is also viewed as a
process of convergent thinking or conceptual foresight (Guilford & Hoepfner, 1971),
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Fig. 2 Unlearning content in the ideation-exploration phase and intentional forgetting in the
evaluation-exploitation phase

which includes to forecast the possible implications of a new idea as possible out-
comes are projected. Regarding the forecast, research showed that in the evaluation
process, teams might need to question former success beliefs (what makes us suc-
cessful?) as well as failure beliefs (what was not successful in the past?) (Guilford
& Hoepfner, 2023).

5 Unlearning for Radical Innovation: The Case
of Servitization

An illustrative unlearning example is the process of servitization. Industries like
mechanical engineering face significant challenges in servitization due to deeply
ingrained product-centric practices (Poppelbuss & Kluge, 2024). Servitization has
been defined as a “transformational process of shifting from a product-centric busi-
ness model and logic to a service-centric approach” (Kowalkowski et al., 2017,
p. 7) that requires a company to redefine its business model and strategy, reconfig-
ure its resource base, and transform its routines as well as shared norms and val-
ues (Kowalkowski et al., 2017). The transformation toward a service-oriented and
increasingly digital business model leads to challenges in industries like mechanical
engineering that have previously followed a predominantly product-centric approach
to innovation (Ebel et al., 2022; Paiola & Gebauer, 2020). With customer-centricity
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as a key attribute of new (digital) service offerings, companies from such industries
need to adapt their previous product-centric and technology-driven ways of thinking
(Toytiri et al., 2018), as well as their capabilities (Castka et al., 2024; Kanninen
et al., 2017).

Poeppelbuss and Kluge (2024) argue that it is overlooked that most organizations
have well-functioning, highly overlearned routines and operational capabilities that
possibly impede the organizational transformation and need to be unlearned and
forgotten parallel to the servitization process. The need to cope with such product-
oriented legacies is particularly apparent from paradoxes that companies typically
face during servitization, e.g., “building a customer orientation vs. maintaining an
engineering mindset” (Kohtamiki et al., 2020). In the transition phase, organizations
try to explore the “new”” while unlearning the “old,” while exploiting new learnings
and disciplining the “new” knowledge and routines.

The pace and the smoothness of servitization in companies depend on their
ability to unlearn previously successful ways of doing business and to unlearn
highly overlearned routines, e.g., those that resemble a strong orientation toward
products and their technical features. Poeppelbuss and Kluge (2024) combine the
concepts from servitization and unlearning research into an integrated framework
(see Fig. 3). Servitization is assumed as a transformation that is achieved through
interventions that help both build capabilities relevant to service-based business
models and abandon obsolete knowledge.

At the organizational level, unlearning for servitization relates to the emphasis on
product features and traditional product services (former success beliefs), unlearning
of failures to monetize new service offerings due to the lack of willingness to pay,
unlearning of beliefs about customer satisfaction based on product quality, unlearning
of core processes regarding the interpretation of market indicators, product develop-
ment, production/assembly, quality control and delivery, and unlearning of beliefs
about the product-engineering mindset.

At the team level, unlearning includes the mere attention on product performance
and the installation of management metrics to facilitate customer-focused and data-
driven solutions, unlearning of product-only-related knowledge toward service-based
offerings, and unlearning of knowledge sharing activities that optimize products
instead of understanding and discussing customer needs and services.

Finally, at the individual level, this requires unlearning of the engineering and
product-oriented mindset toward a service and solution-oriented and problem-
solving attitude, while unlearning a “selling a product” attitude. When new routines
are established, employees need to intentionally forget the production handling and
replace it by error-free handling of service and solution delivery process.

Understanding unlearning requirements might be promising for better understand-
ing and potentially reconciling the paradoxes in the process toward servitization
experienced in product-oriented manufacturing companies (Kohtamiki et al., 2020).
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6 Intentional Forgetting for Incremental
Innovation—Adapting to New Routines

As outlined earlier, intentional forgetting plays a key role in single-loop learning pro-
cesses, focusing on gradual improvements aligned with operational goals. It shapes
employee behaviors with a short-term emphasis on refining implementation pro-
cesses and represents a critical part of the evaluation phase within the broader inno-
vation cycle. Established processes and routines often build a strong organizational
memory but can also lead to rigidity. At an organizational level, routines are closely
tied to stability and can foster inertia (Yi et al., 2016).

Organizational routines differ in their content, structure, timing, degree of for-
malization, and the knowledge required for their execution. They not only stream-
line coordination and guide human actions but also optimize the use of cognitive
resources. Parallels can be drawn between organizational routines and individual
procedural knowledge, as well as group-level distributive knowledge (Cohen & Bac-
dayan, 1994), as they are defined as “multi-actor, interlocking, reciprocally triggered
sequences of actions” (Cohen & Bacdayan, 1994, p. 554).

Procedural knowledge comprises condition-action units that link specific cues
to corresponding cognitive actions (Anderson & Schunn, 2013). Routines serve to
standardize transformation processes, converting inputs—such as materials, energy,
or client orders—into outputs like products, services, or employee skills (Cyert &
March, 1963). They are characterized by repetition, recognizable patterns of action
(Becker, 2004), and the interdependent contributions of multiple actors (Becker,
2004; Pentland & Haerem, 2015). In manufacturing, routines transform workflows
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into efficient systems, offering clear instructions to ensure consistent and effective
product creation (Mor et al., 2019).

The degree of routinization depends on the extent to which tasks lack variety
(Perrow, 1967), involve minimal exceptions over time (Daft & Macintosh, 1981),
and promote predictability and consistency (Ahuja & Carley, 1999; Kluge, 2014).
Research on organizational routines (e.g., Becker, 2004; Gersick & Hackman, 1990;
Helfat & Karim, 2014; Miller et al., 2012; Pentland & Harem, 2015) consistently
highlights their stabilizing influence but also their resistance to change.

Highly practiced routines, executed repetitively and without variation, become
overlearned. This automaticity reduces cognitive effort, leading to smoother, goal-
directed actions performed almost effortlessly (Proctor & Dutta, 1995). Such “mind-
less” execution, as Pentland and Haerem (2015) describe it, is a hallmark of
well-rehearsed routines.

However, when organizations face change, deeply ingrained routines can hin-
der adaptability by narrowing focus and reinforcing past behaviors (Gilbert, 2005).
Intentional forgetting becomes crucial in overcoming this inertia. As Miller et al.
(2012) note, adaptation requires deliberately letting go of outdated routines (Miller
et al., 2012). This process involves deliberate interventions, such as halting unnec-
essary steps, modifying existing ones, or incorporating new actions into established
workflows.

Roling et al. (2023) and Schiiffler et al. (2020) identify three types of routine
adjustments: (1) executing actions differently (e.g., measuring in inches instead of
centimeters), (2) omitting obsolete steps (e.g., delegating them to a robot), and (3)
adding new steps (e.g., calibrating machinery). During such transitions, “mindful”
execution becomes essential (Pentland & Harem, 2015), as employees must actively
monitor and adjust their actions to ensure smooth integration of changes.

To empirically investigate, what is needed to intentionally forget parts of routines,
we conducted several studies at the Research and Application Center for Industry
4.0 (RACI) at the University of Potsdam and Ruhr University Bochum to explore
the effects of intentional forgetting on change management within the context of
Industry 4.0. The RACI provides a hybrid production simulation environment that
integrates hardware components such as transport systems, robots, and QR scanners
with advanced software tools (Gronau et al., 2023; Schiiffler et al., 2020).

The research focused on the simulated production of highly individualized prod-
ucts by teams of two participants. The participants were assigned distinct worker roles
on the assembly line and executed a manufacturing routine. At the first measurement
point in the RACI, the participants learned and trained the specific work steps of
the production process. After this, they further practiced their work steps using an
online training app. At the second measurement in the RACI (which occurred either
one or three weeks after the first), participants expected to execute the previously
learned production process again. Unexpectedly, they were informed that specific
steps of the production process would be subject to change. They had to adapt their
routinized work steps, requiring learning and intentional forgetting (Fig. 4). Several
contextual factors were varied to investigate their impact on intentional forgetting
and adaptation (for details, see Kluge et al., 2024; Roling et al., 2024b).
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e The impact of clarity on the need for intentional forgetting when changes to a
previously learned production routine are required. Clarity was operationalized
through job aids and posters displayed at the workplace, which either (a) showed
and visualized the steps of the original routine, (b) showed and visualized the steps
of the adapted routine, (c) showed both the original and the adapted routines, or
(d) showed information unrelated to any routine.

e Time pressure experienced by the groups. During the production process, the
production times for each participant, as well as for the team, were measured per
workpiece. These times were displayed by timers on each workpiece. One group
was not subjected to time pressure, and the timers mirrored those used during the
initial laboratory session. The required production time did not influence outcomes,
allowing teams to operate without time constraints. The other group faced time
pressure, with the timers now displaying countdowns instead of counting upwards.
When the timer expired, a signal tone sounded. Participants were informed that
meeting the time requirements would result in an additional bonus.

e Convenience and effort reduction versus decreased convenience and increased
effort. The newly introduced steps in the procedure were either noticeably more
cumbersome and, therefore, less appealing or significantly more convenient and,
thus, more attractive to execute. These changes either facilitated the routine’s
application or made it more challenging.

e Episodic versus continuous change. Changes were introduced either stepwise dur-
ing the processing of multiple workpieces or all at once during the processing of
a single workpiece. If participants did not adapt to the new requirements and still
focused on the obsolete work steps, adaptation errors were counted.

To measure adaptation and forgetting, we utilized system log files to track par-
ticipants’ performance. Additionally, video data and participants’ written documen-
tation were analyzed in some of the sub-studies to gain insights into participants’
observations and reflections.

The studies revealed several key findings. First, highly proceduralized actions—
those that had been well rehearsed—were considerably harder to forget than less
practiced actions (Schiiffler et al., 2020).

Second, we found that all groups experienced an increase in production time after
routine adaptations (Kluge et al., 2024). The mere modification of routines affected
production time, with medium to large effect sizes. This effect persisted even when
the number of actions was reduced, which theoretically should have saved time.
The execution speed of the modified actions slowed down and became less smooth,
independent of other experimental variables. Therefore, the most influential factor
for increased production time was the introduction of the change itself. In contrast,
the total number of general errors remained unaffected and stayed constant.

We also observed that explicitly highlighting the differences in how the adapted
routine should be executed (“Do not do this—now do that”) through posters, which
indicated the steps no longer performed, facilitated the intentional forgetting process
and supported the phase of mindful execution and re-learning (Kluge et al., 2024).
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Fig. 4 Example of instructional material to support intentional forgetting (Kluge et al., 2024)

Additionally, regarding the impact of convenience changes, we observed a signif-
icant reduction in errors for both groups (Kluge et al., 2024). This result was unsur-
prising for the group experiencing increased convenience, as the actions became
more intuitive and “natural.” However, it was unexpected for the group with reduced
convenience, as they had to perform more effortless and somewhat illogical actions.
We suggest that the actions assigned to the reduced convenience group were so
unconventional that they were memorized more easily despite their questionable
rationale.

Change introduction in a stepwise manner led to significantly faster task execu-
tion time compared to change introduction all at once (Roling et al., 2024b). At the
descriptive level, stepwise change introduction also indicated a lower number of adap-
tation errors. This is in line with our assumption that stepwise change introduction
reduces cognitive load and facilitates behavioral adaption.

Furthermore, change introduction in a stepwise manner led to higher frustration at
the descriptive level (Roling et al., 2024b). This result was surprising, as we assumed
that stepwise change introduction would not only enhance adaptive performance but
also decrease frustration. However, the results indicate that too frequent change
implementation might have negative effects on frustration.

Lastly, Roling et al. (2024a) showed that the type of change content (addition of
new actions, omission of old actions, changes in the manner of action execution) had
an impact on adaptive performance.

We also identified effects of person-related variables, independent of other factors
(Kluge et al., 2024). The level of intentional forgetting, as measured by errors, was
influenced by retentivity. The higher the individual’s retentivity, the fewer the errors
(Kluge et al., 2024) and the faster the task execution time (Roling et al., 2024b).
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This was also true for the perceived “switching costs,” which refer to the perceived
effort required for intentional forgetting and mindful execution of the adapted rou-
tine during its initial trials (Kluge et al., 2024). Individuals with higher retentivity
experienced greater self-efficacy, lower perceived adaptation/switching costs, and
made fewer errors overall (Kluge et al., 2024). Specific self-efficacy was signifi-
cantly negative correlated with frustration (Roling et al., 2024b). In the condition
of stepwise change introduction, the number of pre-change errors was significantly
negative correlated with specific self-efficacy (Roling et al., 2024b).

The results from Kluge et al. (2024), Roling et al. (2024a; 2024b), and Schiiffler
etal. (2020) outline the importance of individual, environmental, and task-related fac-
tors for adaptive performance at the individual level. If organizations aim to change
and adapt, they must consider employees’ individual characteristics, design new tasks
in a precise and detailed manner, and create a supportive environment for individual
intentional forgetting (see Fig. 5). Intentional forgetting helps to detach from inef-
ficient behavioral sets and facilitates adapting to new tasks. Supporting intentional
forgetting at the individual level can be seen as precondition for successful forgetting
at the organizational level (Zhao et al., 2013) and essential for overcoming inertia.

7 Intentional Forgetting as Incremental Change:
The Case of New Communication Guidelines in Public
Administration

A case for intentional forgetting outside the manufacturing context is illustrated by
Roling et al. (2026). In public administration, work is characterized by routinized
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office work, e.g., when citizens’ concerns are dealt with. Many administrative pro-
cesses, such as the processing of identity card applications or issuing birth certifi-
cates, always contain the same steps that must be done. High levels of bureaucracy
and standardization result in recurring tasks and repetitive task execution. Like man-
ufacturing, public administration is another example for an organization strongly
shaped by organizational routines.

Often, the public sector is considered less innovative than the private sector (Wil-
son & Mergel, 2022). In Germany, rigid hierarchical structures and low levels of
revitalization, agility, and flexibility characterize many public sector organizations.
However, public sector organizations must overcome those structures and processes
to keep up with the times. Digital transformation is strongly needed to become a
future-oriented organization that is able to offer the best possible services for citi-
zens and is seen as attractive employer (Mergel et al., 2019). At the operational level,
digital transformation comes along with specific task changes. Digital technologies
automatically lead to specific work step changes, e.g., when all requests from citizens
are processed using an online tool instead of in paper form.

The relationship between reflecting on previous work processes and relapsing
into them was empirically examined through a longitudinal field study conducted in
collaboration with a local public sector authority in Germany (see Roling et al., 2026).
The study was framed around the implementation of new communication guidelines,
using pre- and post-surveys. In the post-implementation survey, participants self-
assessed their tendency to think about old work steps and their frequency of relapsing
to them.

The findings revealed a significant positive correlation between these two vari-
ables: individuals who frequently thought about outdated work processes were more
likely to relapse into them. This underscores a direct link between memory recall
and behavior, suggesting that retaining outdated routines increases the likelihood of
errors tied to those routines.

Additionally, both reflecting on former work steps and relapsing to them showed
significant negative correlations with the perceived convenience of new tasks. This
highlights the critical role of task design in supporting organizational change. When
required adaptations are perceived as convenient and satisfying, they appear to pro-
mote intentional forgetting, which is essential for successful change. However, as
the study is based on cross-sectional data, further research is needed to deepen our
understanding of this assumption.

Another noteworthy finding was that intentional revitalization readiness signif-
icantly predicted reverting to old work steps, whereas cognitive and emotional
change readiness did not explain additional relapsing variance. This suggests that
the intention to embrace change is a key driver of behavioral adaptation.

This study specifically explored intentional forgetting at the individual level,
emphasizing its importance for performance during organizational change. Individ-
ual perceptions and attitudes emerge as critical factors influencing intentional for-
getting in such scenarios. To foster effective change, organizations should focus on
the operational level, closely examining individual task execution. By doing so, they
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can better support single-loop learning, incremental improvements, and intentional
forgetting as part of their change management strategies.

8 Discussion

Before discussing the implication of our proposed differentiation between unlearn-
ing and intentional forgetting, we acknowledge that understanding the phenomenon
comprehensively, country-specific regulations and protective mechanisms, such as
tariffs or subsidies, can enable a “business as usual” approach, even when the market
has already shifted and the need for adaptation has been understood and realized. We
understand that re-learning or transforming an entire organization as a social or socio-
technical system is a significant challenge. Sometimes, we wish we could change
an organization simply by installing a new “operating system.” At other times, we
dream of using the “neuralyzer” from Men in Black to make everyone forget what
they’ve seen or done in the past. But we know: it’s not that simple—not even for an
operating system.

Unlearning and intentional forgetting have been considered as relevant constructs
in the context of knowledge management during organizational change. However,
past literature did not clearly distinguish between the two terms and often used
them nearly interchangeably to describe the letting go of outdated memory ele-
ments (Kluge, 2023). This chapter elaborated the commonalities and differences of
unlearning and intentional forgetting to shed light on these two concepts.

Both concepts have in common that they facilitate memory reorganization dur-
ing a change. Unlearning and intentional forgetting support adaptation and help to
overcome inertia which makes both concepts being crucial for organizational flex-
ibility and future orientation (Klammer & Gueldenberg, 2019; Kluge & Gronau,
2018). However, unlearning and intentional forgetting differ regarding their foci and
underlying principles.

We conceptualized unlearning as specifically addressing radical changes and
strategic shifts while intentional forgetting is focused on incremental change at the
operational level. Unlearning is seen as relevant when new ideas are generated and
explored. Intentional forgetting specifically focuses on the evaluation of those ideas.
However, based on the conceptual distinction outlined in this chapter the following
questions arise:

Are there temporal and causal relationships between unlearning and inten-
tional forgetting? Does intentional forgetting always follow unlearning?

When strategic changes are broken down to the operational level, modifications
in work steps and routines are a natural consequence. Abernethy et al. (2021) stated
that strategic change is followed by operational change, which in turn leads to perfor-
mance change. Based on this assumption, one could argue that intentional forgetting
must inevitably follow unlearning after a strategic shift. Changes in an organiza-
tion’s strategy require unlearning obsolete mindsets, while intentional forgetting
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subsequently becomes necessary to adapt behaviors to the new strategic orientation
at the operational level. However, strategic change is influenced by multiple actors
and antecedents, such as institutional or tech-related factors (Acciarini et al., 2024).
The complexity of strategic change, shaped by numerous influencing factors, might
also impact its temporal dynamics and sequential order.

Are unlearning and intentional forgetting distinct concepts, or do they form
a continuum?

The considerations of temporality and causality suggest that organizations are not
simply faced with either unlearning or intentional forgetting. Rather than being dis-
tinct categories between which organizations must choose, the two concepts should
be viewed as a continuum. In many cases, both unlearning and intentional forgetting
play a role in adapting to change. Both processes are essential for organizational
flexibility, and play together during organizational change. Depending on the spe-
cific focus of change, either one or the other may be of greater importance. However,
unlearning and intentional forgetting are not automatically mutually exclusive. Future
research should further develop this perspective to better understand the interplay
between unlearning and intentional forgetting.

Can we develop methods to actively support individuals and teams in the
unlearning endeavor, e.g., equivalent to methods for divergent thinking and
creative thinking?

De Bono stated that “It is not the ideas we do not have that block our thinking but
the ideas that we do have” (Edward de Bono)—but how can organizational members
use ideas, they did not have yet? We should elaborate on thinking techniques for
individuals and teams, that can be trained and used in discussions about future direc-
tions and strategies of the organization. Methods designed to inhibit the automatic
activation of frequently used memory patterns and solutions should be developed.
For this purpose, identifying triggers for unlearning would be beneficial in designing
supportive techniques. One example of such a technique could be the generation of
new ideas through reverse brainstorming. Considering how to make a problem worse
forces individuals to approach it from a different perspective, which may help detach
from outdated solutions.

Which implications for change management can be derived? The results on
routine adaptation showed that important insights arise from looking into the different
ways routines may change. Regarding an organizational diagnosis, change teams in
production management might be equipped with checklists, that help to identify the
most critical steps facilitating intentional forgetting (e.g., designing new tasks more
convenient) or hindering it (e.g., introducing too many changes at the same time).
These must be integrated into the design of change processes to create supportive
environmental conditions for adaptation.

Additionally, change managers should be supported in knowledge about the
importance of time needed for intentional forgetting as a cognitive process in addi-
tion to commonly learned knowledge about resistance and emotional states in the
first place. Furthermore, they should be aware of the individual differences people
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have regarding their ability to adapt to changes (e.g., the impact of retentivity). This
emphasizes the need for well-tailored change management approaches rather than
one-size-fits-all solutions.

Overall, organizations must consider knowledge management as an essential part
of change management, as the two are strongly intertwined with each other. There
is a need for an increased awareness of the critical role of unlearning and intentional
forgetting during organizational change. This message must be transported into every
organization to reach the goal of successful development and adaptation.
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1 Introduction

The growing number of digital objects—digital hoarding—results in rising costs for
companies, negative environmental effects, and can also impair individual employees
who often feel overwhelmed by the information overload due to the ever growing
amount of files and emails (Arnold et al., 2023; George, 2024; Schmid & Niessen,
2022). In private as well as in working life, a large amount of files stored on personal
desktops as well as in the cloud are outdated and are never again opened. A central
challenge of digital hoarding on a personal level is distinguishing relevant from
irrelevant information, filtering out irrelevant information, and developing efficient
self-regulating work strategies. Cognitive inhibitory control, the ability to suppress
irrelevant information, plays a crucial role in this (MacLeod, 2007).

Structuring and systematically deleting irrelevant information can reduce dis-
tractions and enable focused work (Dabbish & Kraut, 2006). However, such strate-
gies are often associated with uncertainty and not systematically applied (Gobel &
Niessen, 2025; Niessen et al., 2019). Especially in work contexts, employees fear
that decisions to delete might be wrong and cannot be revoked. Research has fur-
ther shown that individuals who struggle to inhibit distractions and manage their
attention are more likely to experience reduced well-being, cognitive overload, and
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reduced performance (Feliu-Soler et al., 2019; Gobel & Niessen, 2021; Toh & Yang,
2024). For these individuals, assistive Al technologies can provide significant sup-
port, enhancing the person-environment fit by accommodating cognitive limitations
and optimizing task demands (Vleugels et al., 2023).

A crucial requirement for an assistive Al tool which can support employees
to identify irrelevant digital objects is that it is perceived as trustworthy (Schmid,
2024). Core requirements for trustworthy Al systems are that they are performant
and robust, transparent and explainable and that they allow human oversight and
control. To address these requirements, we designed and realized an intelligent assis-
tant Dare2Del (Siebers et al., 2017) which combines knowledge representation and
machine learning (Deng et al., 2020; Gromowski et al., 2020) to allow for compli-
ance with regulations and at the same time can adapt to individual user preferences.
Furthermore, the system classifications of irrelevance of specific files are made trans-
parent to the user by explaining the features which have been used to classify a file
as irrelevant (Atzmueller et al., 2024). Finally, the user can correct system classifi-
cations as well as explanations (Schmid, 2022). Both types of information are used
for adaption of the machine learned model.

In the following, we first introduce the general architecture of Dare2Del. After-
wards, we present details of our approach to explainable interactive machine learning.
We present results of an experiment, investigating how users can benefit from such
an assistive system in terms of performance and mental load. We conclude with a
summary of main results and an outlook.

2 Architecture of Dare2Del

Dare2Del is an intelligent assistant which supports users to identify irrelevant files.
We assume that users profit from support of this data management task because it
can reduce cognitive load as well as anxiety involved in the decision that files are
irrelevant and therefore can be deleted. The core of Dare2Del is realized in Prolog
(Sterling & Shapiro, 1994). Files are classified by rules such as

irrelvant (A) :- samePrefix(A,B), sameFolder (A,B), older(A,B).
protect (A) :— isContract(d), endtime(A,Tl), currenttime(T2), T1 > T2.

where the head of a rule is given by a predicate which can evaluate to true or false
for a given instantiation of the variable. The predicate irrelevant is true—that is,
classifies a file as irrelevant—if the first part of the file name is identical to the name
of another file, both files are in the same folder, and the file under consideration
is older than the other file. Typically, a predicate like irrelevant is defined by a set
of rules and the predicate is evaluated to true if one of the rules can be evaluated
to true. The rule set for predicate irrelevant can be modified by machine learning,
specifically by Inductive Logic Programming (ILP).
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ILP is a family of approaches to learn Prolog programs from examples (Cropper
& Dumancié, 2022; Muggleton & De Raedt, 1994). Currently, we use the ILP system
Aleph (Srinivasan, 2001). Alternatively to Prolog, answer set programming (ASP)
could be considered (Brewka et al., 2011) where the irrelevant rule set could be
modelled as a default with exceptions. However, there is only limited work on learning
ASP programs (Law et al., 2014). An ILP algorithm which allows to learning default
rules with exceptions has been proposed by Siebers and Schmid (2018).

For our domain of application, examples are files which are classified as being
irrelevant (positive training example) or not irrelevant (negative training example).
Information about these files is given as background knowledge. In Dare2Del we
use meta-information of files, such as file name, name of the folder in which the file
is located, size, creation time, last access time, and file type. This information can
be used in the body of rules. Additionally, definitions of relations, such as older, are
provided as background knowledge.

The predicate protect specifies characteristics of files which should be protected
from deletion. For instance, it should be guaranteed that contracts which are still run-
ning are never be considered as possibly irrelevant. The protect rules are predefined,
based on regulations and general policies of a specific company. In contrast to the
irrelevancy predicate, the rule set characterizing which files are protected cannot be
changed by learning.

A general overview of the Dare2Del system is given in Fig. 1. The core of the
system is the ILP learned model for classifying files as irrelevant or not. The model
is generalized from training data which are augmented with background knowledge.
Initially, a first, plausible set of irrelevancy rules might be given. An arbitrary set
of files can be classified according to these rules. Each irrelevancy classification is
checked against the protection rules and files for which the protected predicate holds
are filtered out. The remaining files are then presented to the user. In addition, for
each file, an explanation why the file is considered to be irrelevant is generated (see
Sect. 3). The user can now correct the label of each presented file according to their
personal preferences.

For some files, the decision of the user whether this file is irrelevant or not can
be obvious. For other files, the user might be uncertain. In these cases, Dare2Del
supports decision making by (1) showing the file in the file system browser, allowing
the user to see the file in context and to inspect its content, and (2) providing two forms
of explanations. The first explanation is a verbal description of the instantiated body
of that irrelevance rule which evaluated to true for this file (Siebers & Schmid, 2019).
The second explanation is a verbal description of a file which is similar to the current
file with respect to its meta-information but which is not classified as irrelevant with
respect to the current rule set (Rabold et al., 2022). Such near miss explanations have
been empirically shown as helpful in the domain of concept learning (Markman &
Gentner, 1993) and have also been proposed as efficient strategy in the context of
rule learning (Winston, 1970).

The number of files which are presented to a user at one time can be determined by
the user. Furthermore, Dare2Del allows for different strategies to select which files
are to be classified at one time. For instance, files in the same or neighbouring folders
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Fig. 1 Overview of the Dare2Del intelligent assistant

of the last used file might be prioritized. For more efficient learning, it is helpful to not
only present files which are classified as irrelevant but also such which are classified
as relevant. Currently, Dare2Del only relies on meta-information of files. In addition,
similarity of content of text (Pradhan et al., 2015) or images (Shrivastava et al., 2011)
might be considered. That is, a file might be classified as irrelevant if it has a similar
content to another file but has an older creation time and probably smaller file size.
However, incorporating similarity matching algorithms makes the approach more
complex with respect to computational effort and also introduces another layer of
uncertainty. Whether a text, table, or image is similar to another one and therefore
might be irrelevant is a non-trivial decision problem which would require to extend
the explainability methods currently realized in Dare2Del (Landthaler et al., 2018;
Plummer et al., 2020).

The user interface of Dare2Del is shown in Fig. 2. DareDel is shown on the right
hand as an extension to the file system browser. On top the user can select how many
files they want to examine. In this case, three files which are classified as irrelevant
and three files which are classified as relevant by the current ILP model are presented.
The user can keep or change the classification. Currently, the first file is selected for
closer inspection. It is highlighted in the file system browser and explanations for
the current irrelevancy rating are shown.

3 Explainable Interactive Machine Learning with ILP

Research in explainable artificial intelligence (X AI) has resulted in a growing number
of approaches to make machine learned models more transparent (Atzmueller et al.,
2024; Schwalbe & Finzel, 2024). Most approaches address post hoc explanations for



Dare2Del—An Explanatory Interactive Learning Assistant to Support ... 27

olel=

Fig. 2 Dare2Del user interface

black-box classifiers such as deep neural networks. In contrast, models learned with
ILP are in principle interpretable by humans because they are represented in symbolic
form (Muggleton et al., 2018; Rudin, 2019). However, in practice, interpretable
models also might require additional explanation mechanisms—either because the
model is too complex to make inspection easy or because the person interacting with
the model is an non-expert user. For this reason, we incorporated two explanation
methods in Dare2Del: a template-based method for translating a specific irrelevancy
rule into a verbal description (Siebers & Schmid, 2019) and a method to create near
miss explanations (Rabold et al., 2022).

A learned model for irrelevancy classification of files consists of a set of rules
defining the predicate irrelevant(A). To classify a file, the variables in the head and
body of a rule are instantiated with the file specific information (substitution ® of
variables by constants). Such a rule is also called a ground clause (Muggleton &
De Raedt, 1994). If the rule evaluates to true, the instantiated rule and possibly
additional rules defined for predicates occurring in the body of this rule (the trace of
the classification) constitute the explanation for the classification decision. Such an
explanation of a specific instance is called a local explanation in XAI (Schwalbe &
Finzel, 2024).

For ILP, alocal explanation can be defined based on a given clausal theory 7', which
here is a set of Prolog rules where each rule corresponds to a clause (a disjunction
of predicates). Each Prolog rule consists of a rule head and a rule body. The head of
a rule for our application is the target predicate irrelevant(A). Theory T can consist
of several rules defining the target predicate where each rule body defines specific
conditions for which the target predicate can be true. Rules are defined over variables
as shown above. A rule can be instantiated by replacing variables with specific values
which can be described by a substitution 6. For instance, in rule irrelevant(A) shown
above, variable A can be replaced by the name of a specific file and the variable B
used in the body predicate samePrefix(A,B) can be replaced by the name of another
file. With these constituents, a local explanation can be defined as (Rabold et al.,
2022):
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Definition 1 (Local Explanation) A local explanation for a positive example P is
a ground clause C6 where C € T such that P = head(C6) and T = body(C9).

An example of such a local explanation is shown in Fig. 2. This rule can be rewritten
into a natural language sentence (Siebers & Schmid, 2019). In the current version
of Dare2Del, we present the Prolog rule with highlights of its specific components
which the user can edit by interaction.

The local explanation should be helpful to the user to comprehend why the ILP
model classified a specific file as irrelevant. For better understanding the scope of
the learned classification rules, it also can be helpful for the user to see what kind of
similar instance (in our case file) would not be classified as irrelevant by the model.
Therefore, we also provide a near miss explanation (Rabold et al., 2022):

Definition 2 (Near Miss Explanation) Let C6 be a local explanation, C’ a min-
imally changed clause, and 6’ a minimal substitution. We call C'6’ a near miss
explanation if T |= body(C’0’) and T [~ head(C'6"). Using the operator A to mark
near miss examples, AL is a near miss example if L = head(C'6").

That is, we compute a minimal change of the local explanation for which an input
instance will not be classified as belonging to the concept “irrelevant file.” The
algorithm for generating near miss explanations together with proofs of complexity,
termination, and correctness is given in (Rabold et al., 2022). An example for a near
miss explanation is given in Fig. 2.

XAI methods focus on explaining to better understand why a learned model
gives a specific output. In the context of the Al assistant Dare2Del, explanations are
additionally helpful to support the user to revise the model by interaction (Finzel
et al., 2024). Accordingly, novel methods for explanatory interactive learning have
been proposed (Slany et al., 2024; Teso & Kersting, 2019). These methods extend
interactive machine learning for model revision by label correction (Berg et al., 2019;
Fails & Olsen Jr., 2003) with the additional opportunity to correct the explanation.
An explanation might uncover that the model has been overfitted to the training data
(Lapuschkin et al., 2019) and correction of explanations can give guidance for model
adaptation in cases where the model computes the right class but for the wrong reasons
(Teso & Kersting, 2019). In the context of Dare2Del, corrections of explanations are
used for cases where the model returns a classification which is contradictory to
the user preferences. That is, explanation corrections are given together with label
corrections. We also apply this strategy for text classification (Kiefer et al., 2022)
and for image classification tasks in medical (Schmid & Finzel, 2020; Slany et al.,
2022) as well as industrial (Herchenbach et al., 2022) applications.

There are two strategies for revision of ILP models with explanatory interactive
machine learning: First, all data for which labels have been confirmed or corrected by
the user can be used to train the model again from scratch making use of the corrected
explanations to constrain rule induction. This approach has been realized for health-
related classification tasks by Schmid and Finzel (2020) and also been explored
for Dare2Del. The ILP system Aleph (Srinivasan, 2001) offers the possibility to
include constraints to guide model induction. Another possibility, which we are
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currently investigating, is to incrementally modify the learned rules based on the
corrections given by the user. This strategy has been already proposed for revision of
propositional rules (Coste-Marquis, & Marquis, 2023). Here the main challenge is to
identify possible inconsistencies in the model introduced by such modifications. A
first approach for an interactive system for exploring and editing logic-based machine
learning models has been proposed by Deane and Ray (2023).

The current version of Dare2Del incorporates the generation of local explana-
tions and near miss explanations based on meta-data of files. Explainable interactive
machine learning is realized by a preliminary approach to incremental model revi-
sion based on user input concerning label changes as well as modifications of the
given local explanations.

4 Empirical Evaluation of Dare2Del

In the work context, the ability to control and inhibit distracting or unwanted thoughts
is crucial for maintaining focus and meeting job demands. Employees need to manage
both physical distractions (e.g. unstructured work environments) and mental distrac-
tions (e.g. off-task thoughts) in order to effectively focus on their goals and remain
productive (Astle & Scerif, 2009; Ma et al., 2017). The assistance Al tool Dare2Del
described above has been designed to support employees in managing physical dis-
tractions resulting from an ever growing number of irrelevant files. We assume that the
explanatory interactive machine learning approach of Dare2Del has positive effects
on the trust users have in file deletion recommendations. While Dare2Del is designed
to support all users, it can be assumed that specially such users profit from Dare2Del
which have low cognitive inhibitory control.

Cognitive inhibitory control, the ability to suppress activated, but outdated or
inappropriate representations or processes (MacLeod, 2007; Wessel & Anderson,
2024), is a fundamental mechanism for adaptive behaviour and cognition that allows
individuals to direct their attention to relevant tasks while filtering out distractions. In
this sense, cognitive inhibitory control strategies complement physical activities such
as sorting or filing documents by not only removing potentially distracting cues but
also enabling the mental discarding or organizing of unnecessary, outdated, or false
information (Niessen & Lang, 2021; Niessen et al., 2020; Ngrby, 2015). However,
there are individual differences in cognitive inhibitory control that can influence the
effectiveness of these strategies in the workplace. While some individuals are suc-
cessful in banishing distracting objects, others may struggle with controlling and
navigating through them, which can hinder their focus on work tasks. These differ-
ences can be explained by variations in underlying executive control mechanisms,
cognitive abilities such as working memory capacity, and prior experience in manag-
ing distractions (Anderson & Green, 2001; Anderson et al., 2004; Levy & Anderson,
2008). Relying on the idea that cognitive inhibitory control is an important and
functional mechanism in navigating unstructured work environments, we derive the
following hypotheses:
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H1: Cognitive inhibitory control is positively related to task performance.
H2: Cognitive inhibitory control is negatively related to mental effort.

The concept of Person-Environment fit (PE fit) (Caplan, 1987; Caplan & Van
Harrison, 1993; Kristof-Brown & Guay, 2011; Vleugels et al., 2023) describes the
extent to which an individual’s needs align with environmental conditions. Two
key aspects are (1) supplementary fit, referring to the alignment between person
and environment in terms of traits and values, and (2) complementary fit, where
the environment complements an individual’s needs and abilities (Muchinsky &
Monahan, 1987). Research indicates that individuals with lower cognitive inhibitory
control may find it more challenging to ignore irrelevant information and focus on
core tasks (Hasher et al., 2007; Munakata et al., 2011; Van Moorselaar & Slagter,
2020; Wessel & Anderson, 2024). In unstructured environments, assistive systems
that guide attention and actively help to regain focus—for example, by suggesting to
delete specific irrelevant data like Dare2Del—can offer great benefits. Following the
idea of complementary PE fit (Muchinsky & Monahan, 1987), these systems could
improve the fit between individual abilities and environmental demands, thereby
reducing cognitive load and enabling higher task performance. More specifically, we
anticipate that individuals with high cognitive inhibitory control will find it easier to
navigate unstructured environments and implement their own structuring and deletion
strategies. In contrast, individuals with low cognitive inhibitory control will benefit
more from assistive systems like Dare2Del, which are designed to guide them through
unstructured digital environments. The system’s deletion support should adapt the
task demands to the user’s cognitive abilities, rather than adding an additional burden:

H3: Compared to individuals with high cognitive inhibitory control, individuals
with low cognitive inhibitory control benefit more from deletion support in terms
of task performance.

H4: Compared to individuals with high cognitive inhibitory control, individuals
with low cognitive inhibitory control benefit more from deletion support in terms
of mental effort.

4.1 Method

Participants and Procedure. The sample comprised 94 students from different
academic disciplines with a mean age of 22.13 years (SD = 3.30). Seventy-five par-
ticipants reported being female, and 19 described themselves as male. They received
course credits or 30 Euro for participation. The study consisted of two laboratory
sessions with a one-week interval. In the first session, we assessed participants’ indi-
vidual levels of cognitive inhibitory control using the Think/No-Think task (TNT)
(Anderson & Green, 2001). In the second session, participants had to complete a com-
plex, digital medical data review task. Finally, they answered a short questionnaire
containing demographic information and brief questions about their experiences in
the experiment.
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Think/No-Think Task (TNT). The TNT is a structured laboratory paradigm
designed to assess retrieval suppression, a form of cognitive inhibition that helps con-
trol unwanted thoughts and memories (Anderson & Green, 2001; Nardo & Anderson,
2024). It is conducted in individual test sessions and lasts approximately two hours
per participant. In the experiment’s first phase, participants study 58 weakly asso-
ciated cuedl“response word pairs (6000 ms). After assessing how well these have
been learned, they enter the main phase of the experiment: In this phase, cue words
are either presented in green (think) or red (no-think) for 3000 ms. Depending on the
colour, participants are instructed rehearse (green) or suppress (red) the associated
response word. Some of the words do not appear during this phase, serving as control
items for passive forgetting (baseline). In the final recall phase, all word pairs are
then tested again—regardless of prior instructions (for more details of the procedure
see Gobel & Niessen, 2025).

The suppression effect then is calculated by comparing recall performance across
conditions. Specifically, retrieval suppression is inferred from the difference in recall
rates between the no-think and baseline conditions: Successful suppression is indi-
cated by reduced recall for no-think items relative to baseline items. This suppression-
induced forgetting provides a measure of cognitive inhibition, reflecting participants’
ability to intentionally suppress unwanted memories.

Evaluation of Dare2Del: Medical Data Review Task. In their second laboratory
appointment, participants completed a medical data review task that lasted about an
hour. It was designed to simulate real-world challenges in a complex administra-
tive setting, where the participants needed to identify relevant information, disre-
gard irrelevant details, and make informed choices under time constraints. Thereby,
the environment was intentionally unstructured to mirror the information overload
often experienced in digital work settings. The task was designed as a three-level
between-person experiment. Participants were therefore assigned to one of three
experimental conditions: (1) A control condition where they received no instruction
regarding deleting files (n = 29), (2) a self-initiated deletion condition where they
were encouraged to structure the digital environment and delete irrelevant data by
themselves (n = 32), or (3) an Al-assisted deletion condition where the deletion sup-
port system Dare2Del was introduced and provided specific deletion suggestions at
four timepoints during the experiment (n = 33). Nevertheless, the final acceptance
and implementation of these deletion suggestions was always up to the participants.
However, to ensure that participants actually had to engage with the unstructured
file system, the search function was disabled. The cover story involved reviewing
medical data for a hospital. Participants had to process 24 trials that required mak-
ing decisions based on specific patient information and medication rules—both of
which they had to identify and evaluate in an unstructured digital environment. For
example, they were asked to evaluate Patient A’s medication according to rule set
X—whereby each rule set comprised four distinct medication rules. Participants
then had to search the medication and the rule set documents in the unstructured
system, compare and cross-check them before entering their response. As each trial
encompassed four rules, participants processed a total of 24 x 4 = 96 evaluations.



32 U. Schmid et al.

Table 1 Means, standard deviations, and correlations for all study variables

Variable M SD 1 2 3 4 5 6
1. Age 22.13 3.30

2. Gender 0.20 0.40 0.25%

f=0,m=1)

3. Cognitive 0.07 0.13 0.02 | —0.12

inhibitory control

4. Number of 7.29 | 13.28 | —0.01 |—-0.12 | —0.05

deleted files

5. Task performance;  92.59 359 | 0.05 | —0.06 0.23*%| 0.00
accuracy

6. Task performance: 2123.87 |368.94 | —0.10 | —0.07 |—0.02 0.12 | —-0.03
speed (in s)

7. Mental effort 3.00 0.58 | —0.05 | —0.02 0.08 | —0.13 |—0.08 |0.15
Notes N = 94; *p < 0.05 (two-sided)

To induce time pressure, participants were instructed that it was important to work
quickly: The fastest 10% of participants were promised a performance bonus of 20
Euro.

The following measures have been assessed:

o File Deletion. We assessed the number of files participants had actually deleted
during the task by analysing the digital trash bins.

e Task Performance. Task performance was assessed by evaluating (a) the accu-
racy and (b) the processing speed of task completion. Specifically, accuracy was
measured by the number of correct vs. incorrect medication evaluation decisions
across the 24 trials. As each trial encompassed four decisions, the maximum score
was 4 x 24 = 96. Processing speed was measured by the total time participants
took to complete the 24 trials. Any time required for restructuring and deleting
activities was not included in the calculations.

e Mental Effort. Mental effort was assessed in the questionnaire administered after
task completion. Participants evaluated the item ‘“During the task, I had to putin a
lot of effort” (adapted from Zijlstra et al., 1990) on a five-point scale ranging from
1 = strongly disagree to 5 = strongly agree.

4.2 Results

Table 1 shows the means, standard deviations, and correlations between all study
variables.

Think/No-think Task. The final recall rates for previously learned word pairs
were 0.98 (SD = 0.04) for think, 0.87 (SD = 0.14) for no-think, and 0.94 (SD
= 0.08) for baseline words. To check whether suppression generally worked, we
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Table 2 Descriptive statistics for file deletion, accuracy, processing speed, and mental effort across
three conditions

Control condition! Self-initiated deletion? Al-assisted deletion?
M SD M SD M SD

File deletion 0.00 0.00 10.56 15.79 10.51 14.19
Accuracy 92.00 3.59 92.66 3.64 92.85 3.63
Processing | 2044.75 340.12 2197.90 384.31 2121.60 374.34
speed (in s)
Mental 2.72 1.12 291 0.96 291 0.98
effort

Notes 'n = 29;2n = 32;3n = 33

used a repeated-measure analysis of variance (ANOVA). We found significant dif-
ferences between these conditions, which account for a general suppression-induced
forgetting effect, F(2, 145) = 45.97, p < 0.001, nf, = 0.34. Consecutive contrast
analyses showed a significant difference between no-think and baseline items (mean
difference = 0.07, F(1,91) = 25.50, p < 0.001, r/f, = 0.22), which confirms that
participants were generally able to actively suppress word associations for no-think
items beyond the recall threshold. Moreover, think items were significantly better
recalled than baseline items (mean difference = 0.04, F(1,91) = 33.50, p < 0.001,
nf, = 0.27). This suggests that strengthening the association during the think/no-
think phase resulted in additional learning. To obtain a measure for individual cogni-
tive inhibitory control, we subtracted no-think from baseline recall rates (M = 0.07,
SD = 0.13). Thus, higher values indicate higher inhibitory control.

Medical Data Review Task. Across conditions, participants deleted 7.29 files
(SD = 13.28) on average, achieved a medium accuracy 92.59 (SD = 3.59), needed
around 35 minutes to complete the evaluation of the medical data (M = 2123.97
seconds; SD = 368.94), and reported a mental effort of 2.85 (SD = 1.04). The values
separated by experimental condition can be found in Table 2.

Hypothesis Testing to test H1 and H2, which assumed direct linear effects of cog-
nitive inhibitory control on task performance and mental effort across experimental
conditions, we calculated linear regression analyses. The predictor was z-transformed
before being entered into the analyses. Results show a significant positive effect of
cognitive inhibitory control on accuracy, B = 0.23, #(92) = 2.28, p = 0.025, R? =
0.05. However, there was no effect on processing speed, g = —0.02,7(92) =
—0.21, p = 0.834, R? = 0.00. Moreover, cognitive inhibitory control was not able
to predict mental effort, 8 = 0.08, #(92) = 0.75, p = 0.454, R? = 0.01. Thus, H1
could be confirmed partly, whereas H2 was not confirmed. To test H3 and H4, which
assumed that individuals with low cognitive inhibitory control benefit more from
deletion support in terms of task performance and mental effort than individuals
with high cognitive inhibitory control, we again conducted hierarchical linear regres-
sion analyses. In the first step, we entered the z-transformed predictors cognitive
inhibitory control, deleting behaviour (number of deleted files), and experimental
condition (self-initiated deletion coded as 0 and Al-assisted deletion coded as 1), as
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well as their interactions (second step: three two-way interactions, third step: one
three-way-interaction). Participants in the control condition were not included in the
analysis, as they did not delete any files (thus, there was no variance in this variable).
Therefore, the sample size for these analyses was 65. To examine how the combina-
tion of cognitive inhibitory control, deleting behaviour, and experimental condition
influenced task performance and mental effort, we focused on the three-way inter-
actions in the interpretation of results. The full regression models are depicted in
Table 3 .

With regard to task performance, the three-way interaction showed no effect either
for accuracy, B = 0.19,1(63) = 0.97, p = 0.335, AR? =0.02, or for processing
speed, B = 0.17,1(63) = 0.89, p = 0.378, AR? = 0.01, not confirming H3. How-
ever, the three-way interaction did support our considerations in terms of mental
effort, B = 0.44, ¢ (65) = 2.43, p = 0.018, AR? =0.09, indicating that individuals
with low cognitive inhibitory control benefitted more from deleting with deletion
support, whereas those with high cognitive inhibitory control benefitted more from
self-initiated deletion (see Fig. 3). H4 was thus confirmed.

4.3 Discussion

Our findings demonstrate that individuals with high cognitive inhibitory control
consistently perform better in disorganized environments, regardless of the degree
or type of deletion support: They achieved higher accuracy than individuals with
lower inhibitory control. This suggests that high-ability individuals can effectively
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3.5 —— (1) High inhibitory control,
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Fig. 3 Interaction plot showing the three-way interaction cognitive inhibitory control x number
of deleted files x experimental condition on mental effort
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navigate disorganization, making them less dependent on external structuring mech-
anisms. However, regarding the different levels of external structuring, results align
with the complementary fit (Muchinsky & Monahan, 1987) perspective: Individuals
with lower cognitive inhibitory control experienced lower mental effort when they
received Al-assisted deletion support, whereas those higher in cognitive inhibitory
control experience lower mental effort when they self-structured their file systems.
This suggests that external structuring can compensate for internal difficulties in
navigating in and managing unstructured digital environments.

Interestingly, these interaction effects were found for mental effort but not for task
performance, indicating that while structured assistance can help to reduce mental
load, it does not necessarily translate into an immediate improvement of outcomes.
The findings are particularly relevant for designing tailored cognitive support in
work environments. They highlight that assistive systems should be adapted to indi-
vidual needs rather than uniformly applied. By identifying who benefits from which
type of support, employers can enhance efficiency without overloading employees
cognitively.

There are, however, some limitations that need to be mentioned. One of them
is study’s rather small and specific student sample, which restricts both power and
generalizability of the findings. Additionally, the lack of variance in the assistive
system’s support prevents conclusions about whether different forms or degrees of
deletion support could have differential effects. Ceiling effects may have further
influenced the results, as overall task performance was close to the maximum. This
could have masked potential benefits of the support system.

Despite these limitations, the findings provide valuable insights for designing
tailored cognitive support in work environments. They highlight that individual
inhibitory control is a key predictor of task performance in unstructured environ-
ments, suggesting that targeted training of cognitive inhibition skills and strategies
to minimize distractions could improve workplace efficiency (Anderson & Green,
2001; Soucek & Moser, 2010). When considering mental effort, the fit between
the individual and the type of support emerges as a crucial factor: Individuals with
high cognitive inhibitory control benefit more from self-initiated deletion—a find-
ing which was also found by Gobel and Niessen (2025)—whereas those with lower
inhibitory control experience reduced mental effort when using Al-based structuring
support. This underscores the need for assistive systems that are flexible and adapt-
able to individual needs rather than applying a uniform solution. By identifying who
benefits from which type of support, employers can optimize workplace efficiency
without unnecessarily increasing cognitive strain. Future research should explore
whether different structuring approaches influence not only mental effort but also
long-term performance outcomes. Additionally, investigating how different levels
of support complement not only the individual, but also different levels of environ-
mental chaos could provide further insights into the conditions under which tailored
support is most effective.
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5 Conclusions and Outlook

We presented the intelligent assistive system Dare2Del which supports users to
counteract digital hoarding. Dare2Del is designed as a human-Al partnership sys-
tem. For many domains, hybrid intelligence (Dellermann et al., 2019) can result in
more efficient problem solving by combining human reasoning and Al methods in
such a way, that the resulting performance is higher than by human or Al system
alone (Schmid, 2024; Schmid & Finzel, 2020). We could empirically show that the
explanatory interactive approach of Dare2Del supports calibrated trust in file deletion
recommendations (Gobel et al., 2022).

Dare2Del supports employees to identify irrelevant files which could be deleted.
We could empirically show that especially persons with low cognitive inhibitory
control can profit from DareDel by being relieved from mental load. Because deletion
of files is a critical task, often associated with anxiety that a specific file might
be needed in future, it is important that an assistive system supports humans in
their decision-making process. Dare2Del realizes this by showing the files under
consideration in context of the file system browser and by giving reasons why a
file can be considered as irrelevant in form of rich explanations. It has been shown
empirically that this kind of concept-level explanations can increase trust as well as
performance (Thaler & Schmid, 2021).

Dare2Del has been designed with a focus on application in work contexts as an
assistive tool to support intentional forgetting of digital objects. At the same time, it
inspired the development of novel Al methods to realize human-Al partnership sys-
tems. The approach underlying Dare2Del combines knowledge representation and
machine learning (Muggleton et al., 2018; Von Rueden et al., 2021). Furthermore,
it provides rich explanations based on novel concept-based methods of explainable
Al (Rabold et al., 2022; Ramaswamy et al., 2023). Finally, it realizes explainable
interactive learning (Schmid, 2022; Teso & Kersting, 2019). All three aspects of
Dare2Del contribute to the trustworthiness requirements addressed in the European
Al Act (Laux et al., 2024; Schmid, 2024): Combining explicit knowledge repre-
sentation with machine learning allows to incorporate safety criteria—in the case of
Dare2Del a guarantee that specific files will never be classified as irrelevant. Explana-
tions support transparency of the learned model and explanatory interactive machine
learning is a way to realize human agency and oversight.
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Objective and Subjective Switching Costs | M)
on Individual, Team, and Organizational | @@
Levels

Arnulf Schueffler and Annette Kluge

1 Introduction

Change means stopping practicing old behavior, especially routines, and quitting
using structures, at least modifying or substituting them on individual, team, and
organizational levels in a period of adaptation. At the end of this period, old behav-
ior, routines, and structures should no longer be executed. They should be forgotten.
Instruments of intentional forgetting can support those necessary processes of for-
getting [24].

During this period of adaptation switching costs must be accepted. These costs
arise due to uncertainty and conflicting new and old patterns [22]. Even though old
patterns are no longer executed, they are still present in the minds of the people in
charge. Here, old and new patterns cause conflicts until the old ones are forgotten.
Solving those conflicts may lead to errors until the new, adapted patterns replace the
old ones. This will lead to slower behavior during adaptation anyway.

Therefore, developing awareness and an understanding of such changing situa-
tions may enable the introduction of implications for reducing such switching costs
onindividual, team, and organizational levels, at least to save resources such as money
and time but more importantly to reduce frustration and enhance feelings of success
and achievement for the people undergoing a change. Instruments to reduce switch-
ing costs are methods of intentional forgetting. Measuring the switching costs can
provide information about how successful such methods are, how far the adaptation
process has already progressed, and where significant challenges remain.
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We can differentiate between objective and subjective switching costs. Objective
switching costs are the observable costs of errors and increasing working time [1,
12, 29]. They are the observable results. If we observe them, everything that led to
those results has already happened.

Therefore, the protagonists causing those switching costs might be the key to
coming much earlier into the loop and understanding what causes those costs and
how to prevent them. The resulting question is how far and precisely the protago-
nists experience possible reasons for switching costs, and how far something like
consciousness exists for them or their underlying reasons. This we call subjective
switching costs.

Suppose we can understand which reasons for switching costs exist in conscious-
ness and which do not. In that case, we can develop more potent interventions, i.e., in
terms of intentional forgetting, to prevent protagonists from causing and experiencing
them and to help them adapt more successfully to a given change.

Even a single person can be understood as the last acting instance, contributing
to an organizational outcome through their behavior. Switching costs can occur not
only on an individual level. They can occur differently on the team and organiza-
tional levels. Therefore, team cognition and organizational cognition, understood as
interacting processes between teams and at least across the whole organization, must
be analyzed and differentiated.

The chapter reviews what we already know about switching costs. Then, the devel-
opment of the first questionnaire is described, and the first results are reported. This
is followed by an outline of measuring switching costs at the team and organizational
levels. Finally, a critical appraisal is conducted, followed by practical implications
and a conclusion.

2 What We Already Know

In history, psychological research has investigated switching costs as a matter of costs
that occur due to task switches or situations, where familiar tasks conflict with unusual
ones, such as the Stroop task [8, 9, 37]. In the typical Stroop task, participants must
name the font color of a word that itself names a different color. The task involves
suppressing the urge to read the word’s meaning, which is what humans are used
to, and instead naming the font color, which is less natural. Results are compared
with trials with identical font color and word meaning, leading participants to show
a non-conflicting outcome.

From this research, we understand that suppressing (intentionally forgetting) one
highly trained behavior (reading) and executing a non-trained behavior (naming the
font color) results in costs, which can be measured in terms of increasing errors and
work time. However, participants reported that naming the font color and suppressing
reading was more effortful than just reading or naming the font color in a consistent
condition [29].
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The consciousness people show in this traditional and not too complicated research
about their cognitive effort gives hope that, when asked, they can name cognitive
effort even in other changing situations where adaptive behavior is needed [30, 32].
The most important question is how detailed and differentiating those results might
be and how specific they are in measurable terms in more complex work contexts.

Research on adaptation to changing rules shows that participants who suppress
(intentionally forget) a prior behavior in favor of a new behavior pay attention to
understand the situation and prepare their cognition for retrieving the new correct
behavior. Besides suppression and activation, awareness, clarity, orientation, and
preparation are also necessary factors [3, 30].

Finally, subjective switching costs result from an increasing number of cognitive
operations necessary to adapt to a given change [2, 17, 28]. Here, intentional for-
getting can reduce the cognitive workload, preventing information regarding the old
from being processed [22].

3 Questionnaire Development

In the working context, switching costs result in cognitive effort in managing adap-
tation to a given change of actions within a work routine or process.

Not every action will be changed, mainly within a work routine change. Some
actions remain unchanged, whereas others are changed. Knowing that clarity con-
cerning the condition under which to fulfill a task or action is relevant to preparing to
fulfill the action correctly, we have to generally differentiate between the subjective
effort needed to perform actions according to their changing condition, changed vs.
unchanged.

Under changing conditions, effort increases even to fulfill unchanged, used actions
because there must be clarity that this upcoming action is unchanged. Also, uncer-
tainty may conflict with this knowledge about the action change state because every
action had to be executed unchanged before the change. Dealing with an unchanged
action is not unique but risky because deciding to deal with an action in the used
manner might be the wrong decision, overseeing the necessary adaptation whereas
knowing that an action has to be executed in an adapted manner provides the safety
that it is a changed action because one has the idea of the specific change.

When designing the Subjective Switching Cost Scale, we first differentiated
between dealing with changed and unchanged actions and addressed dealing with
unchanged actions as problematic as dealing with changed actions in the same man-
ner.

Next, we structured the occurrence of switching costs by time and by execution
phase. We started with the preparation phase before the execution, then continued
focusing on the execution phase itself, and finally, the subjective experience and
judgment of the results.
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In the preparation phase, we differentiated between general feelings of confidence
and orientation and specific feelings of clarity and effort according to the changing
state of an upcoming action.

Addressing the execution phase, we asked for perceived subjective and personal
feelings of ease, effort, and confidence.

According to the results, we asked to recall the subjective judgment on work time
and correctness in executing an action. This should explicitly address the components
of objective switching costs on a subjective level to draw a comparison. Specifically,
regarding changing actions, we asked for possible conflicts requiring cognitive effort
to differentiate between the old and used manner of executing a changed action and
the new adapted way, respectively, the awareness of the effort needed to suppress the
old manner in favor of the new one.

When constructing the items, we also paid attention to the fact that we did not
always ask for either a negative or positive experience, but mixed reporting both.
Therefore, we want to measure costs, so we gave the negative perspective the way,
so the polarity of all positive formulated items must be changed for analysis.

Finally, we decided to provide a 5-point Likert scale for answering (ranging from
1 =not at all true, to 5 = exactly true).

4 Experimental Review of the Subjective Switching Cost
Scale on an Individual Level

The questionnaire was validated as part of a larger experimental series involving
multiple experiments and surveys designed to replicate the necessary change-setting
practically. Participants underwent an actual change in a production routine and were
subsequently asked to report their experienced subjective switching costs.

4.1 Experimental Setup

To adequately validate the developed questionnaire, it was implemented in an experi-
ment in which participants first learned a production routine during an initial session.
This routine was then modified as part of a predefined change in a second session,
conducted either after seven or 21 days.

In groups of 2 or 3 workers, the participants learned how to produce knee joint
prostheses. The product selection to be manufactured was primarily based on the
requirement that the production process should be unfamiliar to all participants (this
was also controlled for), while maintaining a certain level of complexity and requiring
meticulous and precise work.

The research was conducted at the Research and Application Centre Industry
4.0 (RACI) at the University of Potsdam and simultaneously in a twin laboratory at
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Table 1 Subjective Switching Costs Scale—items

scales in brackets

and subscales with abbreviations for the sub-

Subscale

No

Polarity

Item

1 Changed actions (CA)

2 Unchanged actions (UCA)

3 Effort recalling action’s
change state (ECS)

4 Effort solving
conflicts (ESC)

5 Clarity recalling action’s
change state (CCS)

10

11

13
14

15
16

20

21

22

23

+

I was able to perform changed actions fast

I found it difficult to remember how to perform
the changed action

I was able to perform changed actions confident
Before beginning to perform a changed action, I
was confident how to perform the changed action
1 found it difficult to perform a changed action

I was able to perform changed actions without
errors

I found it easy to perform a changed action

I was able to perform unchanged actions fast
Before beginning to perform an unchanged
action, I first had to think about what to do

I found it difficult to remember how to perform
the unchanged action

I was able to perform unchanged actions
confident

Before beginning to perform an unchanged
action, I was confident how to perform the
unchanged action

I found it difficult to perform an unchanged action
I was able to perform unchanged actions without
errors

I found it easy to perform an unchanged action
Before beginning to perform an unchanged
action, I had to think about whether it was a
changed or unchanged action

Before beginning to perform a changed action, I
had to think about whether it was a changed or
unchanged action

Before beginning to perform a changed action, I
first had to think about what to do

Before beginning to perform a changed action,
the old action came to my mind

While performing a changed action, the old
action came to my mind

I found it difficult not to perform the old action
when performing a changed action

Before beginning to perform an unchanged
action, it was clear to me whether it would be an
unchanged or a changed action

Before beginning to perform a changed action, it
was clear to me whether it would be an
unchanged or changed action
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Ruhr University Bochum. The settings on both locations were established as equal
as possible.

As a laboratory-based special-purpose setting [23, 36], the Research and Appli-
cation Centre Industry 4.0 provides a hybrid production simulation. Industrial hard-
ware equipment (e.g., transportation systems, manufacturing robots, QR scanners) is
enriched with software components. Participants can experience their interaction’s
physical, visual, and auditory effects. Using industrial components and footage from
a real production environment makes it possible to re-enact modified real-world
processes [5, 13, 26].

The data were collected along different experimental conditions, which do not
conflict with the evaluation of the Subjective Switching Costs Scale (for further
information about the experimental settings see [21-24, 33, 34]).

The study was approved by the Ethics Committee of the Faculty of Psychology
at Ruhr University Bochum (Ethics vote No. 243). The participants were informed
about the general setup of the study and assured that they could discontinue their
participation at any time (informed consent). All participants were novices in learn-
ing the multi-actor routine and received 60 EUR for their participation. They were
recruited through online postings and flyers handed out on campuses.

4.2 Experimental Design

During their first visit, the participants were welcomed and informed. After com-
pleting questionnaires, each participant was randomly assigned to a specific worker
position. They received a booklet that introduced the required actions for their posi-
tion. Each participant was allowed to produce three products without time pressure,
followed by 40min of production time. They were instructed to create prostheses
as accurately and quickly as possible. After the production phase, the participants
answered additional questionnaires.

During their second stay at the RACI, they felt expected to demonstrate what they
had learned and produce as many products as possible using their trained routine.
However, the welcome message revealed that the production process had changed
due to a merger between a German and an American company. As a result, nearly
half of the actions in the routine had been modified (e.g., measurements shifted from
centimeters to inches and from degrees Celsius to degrees Fahrenheit). After com-
pleting a short questionnaire, the participants received another booklet tailored to
their worker position, outlining the updated actions. After producing one workpiece
using the booklet, the participants had 40 min to carry out the revised production
as accurately and quickly as possible. This 40-minute production phase, conducted
without the booklet, was the basis for collecting performance data. Finally, the par-
ticipants completed additional questionnaires.

In the routines, each action was designed and described to align with the definition
that actions are the most minor individually detectable units of behavior that can be
sensibly delimited. According to [15], actions are units of activities characterized by
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specific objectives. An action is a temporally structured unit of activity and represents
the smallest psychologically significant unit of deliberately controlled activities. The
delimitation of actions occurs through conscious goals. A goal embodies the men-
tal anticipation of an event (anticipation) connected to the intention of realization
(intention). The design of the actions was specific at a micro level and comparable
at a macro level [34].

The specific definition of each action on a micro level enabled a clear interpretation
of its execution, which is a precondition for measuring behavior-based performance
variables, especially objective switching costs [23, 33].

4.3 Experimental Variables
Subjective Switching Costs

As the central focus of this contribution, we collected the Subjective Switching Cost
Scale in the version presented in Table 1 after the completion of the production phase
in the second laboratory session.

Objective Switching Costs

We measured the objective switching costs in terms of work time and errors, as
defined by [25, 29, 38], and [30].

After understanding how the modified production routine should be executed dur-
ing the second stay at RACI 4.0, we examined data from the production process of
the first workpiece produced without the learning material.

Working time

The working time was logged through entries in log files generated during interac-
tions with the machines for each workpiece produced. Each individual’s working
time for the first workpiece produced without a booklet was measured in seconds.

Errors

Errors were assessed in a preliminary qualitative evaluation that compared the
observed behavior with the defined ideal outlined in the booklet. We could distinguish
the mistakes made based on the actions change condition.

We measured errors by assessing the relationship between incorrect actions per-
formed in each category and all actions within that same category (Table 2).
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Table 2 Change conditions of actions, error descriptions, and designations

Change condition of an action

Description of possible error

Error designation

Changed action to be
performed in a modified
manner

Action that needs to be omitted

Added action to be performed

Action to be performed
unchanged

General wrong execution of a
changed action but not in the
way as in its original version
Unchanged execution of a
changed action to be executed
in a modified manner

Continuation of the execution
of an action that is no longer to
be performed

The execution of the new
action was not learned
correctly

General wrong execution of an
unchanged action

Unspecific incorrect execution
of an action that needs to be
modified

Maintained execution of an
action that needs to be
modified

Maintained execution of an
action that needs to be omitted

Incorrect execution of an
added action

Incorrect execution of an
unchanged action

Further Person-Related Variables

Retentivity and self-efficacy were assessed as further person-related variables. Pre-
vious studies have demonstrated that retentivity is an important individual-related
variable [14]. Self-efficacy is particularly relevant in this context due to the con-
struct’s proximity to potential subjective switching costs.

Retentivity

At the end of the second production phase, retentivity was measured using a subscale
of the Wilde-Intelligenz-Test 2 (WIT 2) [19].

Self-efficacy

Self-efficacy was measured in general [35] at the very beginning of the experiment,
as well as domain specific [20], at the end of the first production phase, and again
after the change was announced at the beginning of the second production phase.

4.4 Sample

A total of 390 participants rated the subjective switching costs. Due to participant
dropouts, performance data were available for analysis from only 201 participants
(overall age M = 23.78, SD = 4.42; 90 females, age M = 24.3, SD =4.71; 111
males, age M = 23.35, SD = 4.15).
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4.5 Results

First, the scale itself was validated. Subsequently, the relationships between the
entire scale and its identified subscales with actual working time and errors made
were examined. Additionally, the correlations with the control variables retentivity
and self-efficacy were analyzed.

The Subjective Switching Costs Scale

An exploratory factor analysis was conducted on the items with varimax rotation. The
Kaiser-Meyer-Olkin measure verified the sampling adequacy for the analysis (KMO
= 0.9, which is recommended as marvelous. [10, 18]). Five factors had eigenvalues
over Kaiser’s criterion of 1, which combined explained 54.9% of the variance, which
is recommended as acceptable [11].

The five dimensions found in the exploratory factor analysis could be confirmed
by a confirmatory factor analysis with sufficient results (corrected model: Scaled
x? (215) = 399.169, p < 0.01; Robust CFI = 0.940; Robust TLI = 0.930; Robust
RMSEA = 0.054; SRMR = 0.065 [4]).

The overall Subjective Switching Costs Scale reached a Cronbach’s Alpha of 0.89,
which is recommended as good [31]. The following sections address the identified
subscales individually. Therefore, the study was conducted at German universities.
The items were developed in German and are only translated for publication (the
data refer to the German version of the questionnaire in this publication).

Changed Actions

The Changed Actions subscale consists of seven items that focus on perceived ease,
effort, and confidence in managing changed actions, as well as the subjective sense
of correctness and working time. Cronbach’s Alpha for this subscale reached 0.9,
which is recommended as excellent [31], and it correlates with the overall scale with
r =0.81 (p < 0.01), which is recommended as large [7].

Unchanged Actions

The subscale Unchanged Actions consists of eight items that focus on perceived ease,
effort, and confidence in managing unchanged actions, as well as the subjective sense
of correctness and working time. Cronbach’s Alpha for this subscale reached 0.88,
which is recommended as good [31] and it correlates with the overall scale with
r = 0.75 (p < 0.01), which is recommended as large [7].
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Effort Recalling Actions Change State

The subscale Effort Recalling Actions Change State consists of two items address-
ing the cognitive effort required to determine, before initiating action, whether it
involves a changed or unchanged action. This subscale’s Cronbach’s Alpha reached
0.71, which is recommended as acceptable [31], and it correlates with the overall
scale with r = 0.55 (p < 0.01), which is recommended as large [7].

Effort Solving Conflicts

The subscale Effort Solving Conflicts consists of four items that measure the effort
required to solve cognitive conflicts between the previous and the modified execu-
tion when actions have changed. This subscale’s Cronbach’s Alpha reached 0.76,
which is recommended as acceptable [31], and it correlates with the overall scale
with » = 0.48 (p < 0.01), which is recommended as medium [7].

Clarity Recalling Actions Change State

The subscale Clarity Recalling Actions Change State consists of two items addressing
the clarity before initiating action, whether it involves a changed or unchanged action.
This subscale’s Cronbach’s Alphareached 0.66, which is recommended as acceptable
for research in an early state [31], and it correlates with the overall scale withr = 0.53
(p < 0.01), which is recommended as large [7].

Objective and Subjective Switching Costs

The following section examines the relationship between objective and subjective
switching costs to address how accurately switching costs can be measured subjec-
tively and how precisely employees can assess them themselves (Table 3).

Working time

Overall, there is a positive correlation between the total Subjective Switching Costs
Scale and working time (r = 0.24, p < 0.01), which is recommended as small [7].
The highest significant positive correlation exists between working time and the sub-
scale Unchanged Actions (r = 0.31, p < 0.01), which is recommended as medium
[7]. Lower correlations exist as well between the subscale Effort Recalling Action’s
Change State (r = 0.15, p < 0.05), which is recommended as small [7], and Clarity
Recalling Action’s Change State (r = 0.15, p < 0.05), which is recommended as
small as well [7].

Among the two specific items that capture the subjective perception of working
time for both changed (item 1) and unchanged actions (item 8), only the item address-
ing working time for unchanged actions shows a significant positive correlation with
actual working time (r = 0.24, p < 0.01), which is recommended as small [7].
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The results indicate that, according to working time, the items related to subjective
switching costs, which refer to unchanged actions, can be answered more accurately
and yield more reliable results.

Errors

In total, the overall Subjective Switching Costs Scale correlates with the overall rela-
tion of measured errors significantly (r = 0.24, p < 0.01), which is recommended
as small [7]. In detail, only the subscales Unchanged Actions (r = 0.29, p < 0.01)
and Clarity Recalling Action’s Change State (r = 0.23, p < 0.01) show small [7]
significant correlations.

According to the specific items addressing the subjective feelings of errors made,
the item addressing changed actions (item 6) correlates with r = 0.14 (p < 0.05).
The item addressing unchanged actions (item 14) correlates with r = 0.21 (p <
0.01). Both correlations are recommended as small [7].

These results indicate that employees generally seem aware of their errors, sug-
gesting that this awareness can be measured. However, the results appear more robust
concerning unchanged actions than unfamiliar, modified actions, as observed already
with the working time. They also emphasize the importance of clarity about the
change condition before initiating an action.

Unspecific incorrect execution of an action that needs to be modified

In total, we find the smallest significant correlation with the overall Subjective
Switching Costs Scale (r = 0.17, p < 0.05), which is recommended as small [7].
Further significant correlations with subscales exist with the subscale Clarity Recall-
ing Action’s Change State (r = 0.20, p < 0.01) and Unchanged Actions (»r = 0.16,
p < 0.05). Both correlations are recommended as small [7]. The specific items
addressing the subjective feelings of errors made do not correlate significantly. But
the specific items addressing the subjective feelings of work time do (according to
changed actions (item 1) r = 0.15, p < 0.05, according to unchanged actions (item
8)r =0.17, p < 0.05). Both correlations are recommended as small [7].

Maintained execution of an action that needs to be modified

Here, we find no significant correlation with the overall scale (r = —0.07, p > 0.05)
and only a negative significant correlation with the subscale Changed Actions (r =
—0.16, p < 0.05), which is recommended as small [7]. Also, the specific items do
not have any significant correlation.

The negative correlation is striking. Individuals who report higher subjective
switching costs according to changed actions tend to make fewer errors while main-
taining the execution of an action that requires modification. This further suggests
the significance of awareness of the modification and its clarity. The awareness of
those switching costs might be decisive.



Objective and Subjective Switching Costs on Individual, Team ... 55
Maintained execution of an action that needs to be omitted

With this kind of error, we cannot find any significant correlation. The correlations
we find are close to zero. This may suggest that there is almost no awareness of this
type of error when it occurs.

Incorrect execution of an added action

Here, we identify only one significant correlation with the Unchanged Action sub-
scale (r = 0.15, p > 0.05), which is recommended as small [7], and no significant
correlation with the overall scale or the specific items that address the subjective
feelings regarding errors made.

Incorrect execution of an unchanged action

As expected, we find that this error has one of the highest correlations with
the Unchanged Actions subscale (r = 0.33, p < 0.01), which is recommended as
medium [7]. Additionally, there are correlations with the Changed Actions sub-
scale (r = 0.21, p < 0.01), the Clarity Recalling Action’s Change State subscale
(r =0.21, p < 0.01), and the overall Subjective Switching Costs Scale (r = 0.28,
p < 0.01). All three correlations are recommended as small [7]. The specific items
that address the subjective feelings of errors made also correlate significantly (the
item addressing Changed Actions (item 6) r = 0.16, p < 0.05, the item addressing
Unchanged Actions (item 14) r = 0.29, p < 0.01). Both correlations are recom-
mended as small [7].

Further Person-Related Variables

Since measuring subjective switching costs relies on assessing individual selfper-
ception and evaluation, the relationship with already well-established person-related
variables—retentivity and self-efficacy (both general and specific)—which have been
shown to correlate with objective measures such as error rate and working time [14]—
can serve as an additional validity criterion for the scale.

Retentivity

In the current sample, retentivity correlates significantly negatively with the general
error rate (r = —0.35, p < 0.01), as expected, which is recommended as medium
[7].

The overall Subjective Switching Costs Scale goes along with this finding
with a correlation r = —0.21 (p < 0.01). The subscales, Changed Actions (r =
—0.16, p < 0.05), Unchanged Actions (r = —0.23, p < 0.01), and Clarity Recall-
ing Action’s Change State (r = —0.20, p < 0.01) contribute to the confirmation of
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fitting relationships. Those four correlations are recommended as small [7].
Self-Efficacy

In this sample, the participants’ overall self-efficacy does not show any significant
relationship with the error rate or working time; however, production-specific self-
efficacy, particularly measured immediately after the announcement of the change,
does demonstrate such a relationship (error rate r = —0.23, p < 0.01, working time
r = —0.20, p < 0.01). Both correlations are recommended as small [7]. This means
that as a person’s self-efficacy score increases, the number of errors made decreases,
and less working time is required.

For general self-efficacy, we do not observe significant correlations with the over-
all Subjective Switching Costs Scale, but we do find significant negative correlations
for the subscales Changed Action (r = —0.22, p < 0.01) and Effort Solving Con-
flicts (r = —0.15, p < 0.05). Both correlations are recommended as small [7].

For production-specific self-efficacy, we find negative correlations with the over-
all scale (r = —0.35, p < 0.01), which is recommended as medium [7], and with
the subscales Changed Actions (r = —0.21, p < 0.01), which is recommended as
small [7], Unchanged Actions (r = —0.46, p < 0.01), and Clarity Recalling Action’s
Change State (r = —0.32, p < 0.01). Both correlations are recommended as medium
[7].

Those findings fit in with the overall context of the results and support the validity
of the Subjective Switching Costs Scale, which measures subjective switching costs
at the individual level.

In addition to the individual level, subjective switching costs can also arise at the
team and organizational levels.

5 Perspectives on Team and Organizational Levels

Switching costs involve errors and working time spent at both the team and organiza-
tional levels, too. The smallest unit where switching costs can arise is the individual
action of a single person. However, change-induced switching costs are not fully
overcome in a team setting until the last team member has completed the necessary
adaptation. Therefore, adaptation during a change process is a conjunctive task that
all members must effectively manage [6].

Unlike individuals acting independently, switching costs at the team level can also
emerge through parallel or sequential collaboration.

When considering the measurability of subjective switching costs at the team level,
which extends beyond an individual’s perception of their performance, the question
arises as to whether team members develop a collective awareness of switching
costs—one that may occur independently of their own contributions and outside
their immediate perception.
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Switching costs at the team level can easily go unnoticed because they do not
necessarily need to be perceived equally by all team members. Therefore, switching
costs are also a matter of the team’s shared mental model, meaning that exchange
and reflection are necessary to establish an everyday awareness of their existence
within the team [27] provide an initial idea.

At the most fundamental level, this exchange can occur through mutual observa-
tion among team members. Still, it can only be reliably ensured if integrated into
daily routines as a formal debriefing and reflection mechanism.

Well-established, high-performance teams are usually capable of managing this
process autonomously. They are highly mutually performance sensitive and have
established mechanisms for performance-related exchanges.

For less experienced teams, ensuring the necessary exchange becomes more of
a leadership responsibility. Initiating discussions about prevalent switching costs
during adaptation to change can be a role-specific task within the team.

In this context, teams do not require every member to be initially aware of switch-
ing costs. Instead, at the beginning of the exchange, it may be sufficient for only
a few team members to identify and highlight existing switching costs. However,
switching costs can also escalate within teams, particularly when no team member
acknowledges them. This allows them to be unknowingly reinforced among several
members or even the entire team.

Beyond team maturity and the direct influence of leadership, the prevailing orga-
nizational climate is another crucial factor. How an organization deals with mistakes
shapes how individuals handle their own errors, how teams collectively address
errors, and how openly and learning-oriented improvement potentials are discussed.

The organizational climate surrounding error management influences the devel-
opment of a shared, subjective awareness of switching costs.

At the organizational level, the likelihood of switching costs going unnoticed
increases further, as direct observation and interaction among all participants in a
cross-team process are often impractical. Additionally, the direct influence of lead-
ership diminishes because individual leadership spans no longer directly encompass
all process participants.

To answer the question of what basis remains for a subjective awareness of existing
switching costs, an analysis of individual subjective switching costs provides insight
into aspects of uncertainty and situational clarity.

This analysis reveals that, alongside immediate awareness of errors and working
time, perceptions of uncertainty and ambiguity are closely linked to objectively
existing switching costs.

These change-related characteristics of subjective switching costs can also be
measured across different departments and at the organizational level, providing at
least an approximate assessment of the potential existence of switching costs.

This potential is further supported by the strong relationship between subjective
and objective costs and their connection to particular self-efficacy expectations.

Therefore, focusing on perceived uncertainty during adaptation to change can
serve as an early and subjectively measurable indicator of potentially hidden switch-
ing costs at the individual, team, and organizational levels.
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Research into subjective and objective switching costs, especially at the team and
organizational level, is still in its beginning.

6 Practical Implications and Possible Interventions

Results on an individual level show that subjective switching costs are in line with
objective ones. Even so, there might still be some potential for improvement, espe-
cially in precision. This means that workers have a sense of their change-related
effort, uncertainties, errors, and work time needed.

Reported subjective switching costs associated with unchanged actions correlate
better with errors and work time than those tied to changed actions. This could
be because workers find it easier to compare their experiences executing the same
action before the change instead of during the change, which may give them a sense
of security in evaluating their cognitive effort.

This may lead to two conclusions. First, even unchanged actions, which one might
assume are unaffected during a change, incur switching costs. Second, workers who
report higher rates of switching costs also tend to incur higher objective switching
costs.

While we may not be as precise in measuring subjective switching costs at the
level of specific actions, the general findings suggest that inquiring about subjective
switching costs could lead to personal identification and help identify workers who
require additional support and experience greater uncertainty.

The results indicate that felt uncertainty may be understood as the underlying
factor influencing the entire scale and becomes evident in the subscale Clarity in
Recalling Action’s Change State. This subscale also demonstrates the importance of
orientation and preparation before executing an action.

The cognitive preparation phase for executing an action [16] is an opportunity to
introduce cues that alter the condition of an action and support adaptive behavior.
This idea aligns with the principles of many management initiatives aimed at drawing
attention to nearly automated behaviors performed with low awareness. Concepts
known from workplace safety (e.g., stop before start) could also be beneficial in
situations where it is not the surroundings but the actions that change.

The lack of correlation between subjective switching costs and errors related to
maintaining actions that should be omitted also indicates a lack of awareness of
certain changes. The first productive step must be identifying these actions in a
specific change and increasing awareness of the errors made. Otherwise, altering a
behavior whose misleading nature goes unnoticed may be nearly impossible.
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7 Conclusion

Switching costs are an inherent challenge in organizational change, impacting indi-
viduals, teams, and entire organizations. They are a measure of success in forget-
ting the old and applying the new. This chapter highlights the distinction between
objective switching costs, such as errors and increased working time, and subjec-
tive switching costs, encompassing cognitive effort and uncertainty. Validation of
the Subjective Switching Cost Scale demonstrates that employees can perceive and
report individual switching costs, particularly regarding unchanged actions. At the
team and organizational levels, shared awareness and structured reflection processes
are crucial for minimizing these costs. Practical interventions, such as leadership
support, adaptive training, error management strategies, and applying methods of
intentional forgetting, can facilitate smoother transitions, enhance change readiness,
and success. Recognizing and addressing both objective and subjective switching
costs is essential for improving efficiency, reducing frustration, and fostering long-
term organizational adaptability. Measuring subjective and objective switching costs
provides information about the success of the change, how methods of intentional
forgetting were successfully applied, and the extent to which beneficial forgetting
processes were successful on individual, team, and organizational levels.
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Trust Matters: The Role of Trust and )
Intentional Forgetting for Information Sheshse
Systems in Organizations

Sebastian Reiners(®, Lea Sophie Miiller®, Jorg Becker, and Guido Hertel

1 Introduction

In organizational settings, Information Systems (ISs) typically process central infor-
mation for the execution of user tasks. Hence, ISs are seen as triggers of inten-
tional forgetting in organizations. They provide users with relevant material so that
less relevant information can fade into the background. However, engaging with
ISs introduces a certain degree of vulnerability [18]. Users relinquish control and
open themselves up to unexpected (consequences) sourced from (semi-) automated
decision-making performed by these systems [40, 53]. To tolerate these circum-
stances and to forget non-relevant information safely, users need to trust technology.
For ISs, trust describes a user’s willingness to depend on and be vulnerable toward
the system in uncertain and risky situations [18]. Users need to believe ‘a specific
technology has the attributes necessary to perform as expected in a given situation
in which negative consequences are possible’ [41].

Recognizing the importance of trust in this context, recent years [24, 47, 63] have
seen a culmination of research building on the extensive history [12, 20, 37] of inter-
personal and organizational trust studies. Notably, findings shed light on the intricate
trust between individuals and IS within organizational settings [44]. However, the
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character of trust poses a big challenge for organizations trying to govern user trust
in ISs. One must consider the factors that influence the development of trust in ISs
(antecedents), effects that result from trust in technology (outcomes), and aspects that
alter the strength of antecedents/outcomes on/of trust (moderators) simultaneously.
At the same time, trust dynamics between individuals and ISs within organizational
settings lack sufficient empirical validation for theoretical assumptions [33, 41, 44].
There is an opportunity to enhance our understanding by investigating the temporal
dynamics of trust from IS adoption to routine operation [59]. This can help in mak-
ing informed predictions and decisions regarding trust-building processes as well as
governing the ISs adoption process [41, 44].

In this book chapter, we contrast two research papers [48, 49] featuring lon-
gitudinal case studies in five distinct organizations [68]. Doing so, we unveil the
positive impacts of trust in IS relationships, offering valuable insights for trust in
organizational environments. We pay special attention to the longitudinal perspec-
tive on the antecedents, outcomes, and moderators of trustful IS usage in organiza-
tions. Sourcing from the comparison, we discuss the idea of managing of trust in
employee-technology relationships from an organizational perspective [8, 13, 55]. A
contribution in this regard supplements the understanding of trust as a dynamic con-
struct within the life cycle of an IS, further aggregating the knowledge of antecedents
and outcomes of trustful IS usage.

2 Background

2.1 Trust

Trust touches on seemingly all aspects of life. It is the foundation upon which societal
structures are built—including the physical and digital worlds [ 12]. Numerous studies
and in-depth discussions have contributed to robust concepts of trust in specific
domains [18, 42, 65]. Being ‘somewhat mystical and intangible’ [20], it brings many
ambiguities and difficulties when describing its conception. Fellow researchers have
illustrated this maze by describing it as ‘a bewildering array of meanings’ [61] or
even ‘a conceptual morass’ [7].

In its essence, trust encompasses a specific mental state experienced by the trustor
(the actor who trusts) concerning the trustee (the actor who is trusted) [56]. Histor-
ically, trust was primarily investigated between individuals. This type of trust is
referred to as interpersonal trust. Key aspects among leading definitions of interper-
sonal trust [18, 40, 57] highlight pivotal characteristics that contribute to a general
definition of trust: It is a psychological state of willingness to be vulnerable and
positive expectations about another party’s intentions or behavior.

One can identify three distinct actors that assume trustor and trustee roles in trust
relationships: individuals, organizations, and technology. In this particular work, we
focus on ‘Trust of Individuals and Organizations in Technology’. Numerous studies
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have explored the development of trust between users (as trustors) and technological
artifacts (as trustees), such as e-commerce systems [17] or websites [42]. As a result,
trust has been established as the object of dependence in ISs research and psychology,
although as a rather abstract construct. A special focus is given to the relationship
between employees and ISs as a manifestation of an employed technology within an
organization. In organizational contexts, the handling of technology by individuals is
not always of a voluntary nature [63]. In such environments, ISs are frequently asso-
ciated with diverse assignments and characterized by high complexity, uncertainty,
and personal accountability [26, 63].

For the subsequent parts of this work, a technology is considered a trustee, and
users, i.e., individuals using the technology, are considered trustors. Furthermore, a
particular technology upon which trust can be developed is defined as an IS. There-
fore, an individual’s general propensity toward technology is distinct to a specific IS
upon which trust is developed [41].

2.2 Trust Dynamics in Information System Adoption

The relationship of trust in technology is defined and conceptualized in several theo-
ries, each focusing on specific particularities and settings [33, 41, 44]. A widespread
perspective identifies trust beliefs as specifically associated with a particular technol-
ogy [41]. Furthermore, it is highlighted that trust in technology cannot be examined
in isolation. Figure 1 illustrates the antecedents, outcomes, and moderators of trust
in ISs as it is used in this work. Initially, the model was proposed to conceptualize
trust in organizations [40] and later adapted to depict trust in management ISs [44].

We define trust in an IS as an employee’s willingness to rely on and be vul-
nerable to an IS used to fulfill occupational tasks according to organizational
demands [18, 40, 44]. Extending this definition with time-related dynamics, trust
is the experienced state of an individual user shaped by that individual’s disposition
to technology, contextual factors, and the perceived trustworthiness of the IS [44].
As a result, the experienced state of trust encompasses both affective and cognitive
dimensions [44, 63].

Perceived trustworthiness refers to an individual’s subjective appraisal of an IS’s
characteristics (e.g., credibility) [44, 63]. It is distinct from trust, with the latter
delineated as an emergent state in which an individual is willing to become vulnerable
to an IS by depending on it [40].

The concept of trust disposition, sometimes propensity [41], originates from
interpersonal trust in which it represents an individual’s willingness to trust oth-
ers in general [40]. For trust in technology, trust disposition refers to an individual’s
tendency to rely on technology in various situations and with different technolo-
gies [41]. The concept of intentional forgetting in organizations refers to the delib-
erate omission or suppression of information that is no longer relevant to a specific
task, goal, or context [30]. This strategy is increasingly recognized as essential for
maintaining organizational agility and individual cognitive efficiency in complex
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Disposition to trust
technology

Well-being
Intentional forgetting

Perceived
trustworthiness of IS

Trustin IS

Experience with IS

Fig. 1 Trust model of antecedents, moderators, and outcomes

and dynamic work environments. Individuals can engage in intentional forgetting
when explicitly instructed or prompted by contextual cues, which enables them to
discard obsolete knowledge and redirect their cognitive resources toward more perti-
nent and time-sensitive tasks [3, 24]. This selective unlearning supports adaptability,
fosters innovation, and helps prevent cognitive overload. In contrast, the accumula-
tion and retention of outdated or irrelevant information can contribute to mental
clutter, reduced decision-making quality, and decreased task performance. Here,
the concept of strain becomes relevant, as it describes the negative psychological
and emotional consequences of prolonged exposure to stressors such as excessive
workload, time pressure, and high accountability demands [46]. Strain can manifest
in various forms, including fatigue, decreased motivation, and burnout, ultimately
impairing employee well-being and organizational productivity. ISs when thought-
fully designed and implemented offer significant potential to reduce such work-
related strain. By structuring, filtering, and prioritizing information, ISs can help
employees focus on what is most relevant while minimizing distractions caused by
outdated or excessive data [23, 64]. Moreover, ISs can support intentional forgetting
through automated archiving, context-aware notifications, and adaptive workflows
that align information presentation with the evolving needs of users. In this way, dig-
ital systems not only enhance task efficiency but also contribute to healthier, more
sustainable work environments.

Within an organizational context, trustful ISs usage has been recognized for its
potential to improve employee performance in recent empirical studies [63]. This is
done by simplifying tasks and expediting task completion [5, 50]. However, higher
levels of task performance are contingent upon the trust users place in the system.
When employees lack trust in an IS, they may engage in inefficient behaviors such
as double-checking information.

Considering trust as an experienced state of an individual user entails that early
trust in an IS is influenced by factors other than information about specific system
characteristics. Hence, the concerns and anxieties of users are more prevalent in the
beginning stages of IS usage [21]. Limited knowledge can make trust disposition
a crucial determinant of trust in the early stages [47, 57]. The user’s experience
utilizing an IS can be considered a moderator for the factors contributing to trust in



Trust Matters: The Role of Trust and Intentional Forgetting ... 67

ISs [45]. Evaluating factors such as reliability will become more refined as users gain
specific experience with a particular IS. If a system consistently exhibits unreliability,
such as displaying incorrect calculations, the system’s trustworthiness will likely be
evaluated more negatively. As users gain more experience over time, they acquire
the necessary information to make informed trust decisions based on their first-hand
encounters [44, 47]. This makes for a case in which the strength of the relationship
between the trustworthiness of an IS and user trust is also moderated by experience.

2.3 Intentional Forgetting

The concept of intentional forgetting is particularly evident in the role of ISs as
external memory, providing relevant information for users’ tasks that employees
theoretically do not need to retain in their own memories. Hertel et al. (2019) [24]
highlight the potential of IS to serve as cognitive aids, relieving employees of cogni-
tive load and thereby releasing capacities for other tasks. Drawing on early research
on individual-level memory [3], recent research suggests that trust in the IS is a
prerequisite for experiencing the beneficial effects of intentional forgetting [24, 47].
In an information-rich environment, forgetting can be advantageous for organiza-
tions and employees facing increased volumes of data [11, 15]. ISs that process and
analyze data, e.g., to support decision-makers, can be seen as structural triggers for
intentional forgetting [24].

The significance of trust in this context is underscored by the nature of ISs pro-
cessing central information for users’ task execution [54]. To fully benefit from the
cognitive offloading potential of information systems, employees must trust the sys-
tem enough to entirely rely on it. Conversely, in the absence of trust, employees may
be less inclined to forget information processed by the system, consequently releas-
ing fewer cognitive capacities. Trust, therefore, emerges as a critical factor not only
in optimizing task execution but also in unlocking the cognitive benefits associated
with ISs reliance.

3 Method

Leveraging the strengths of diversity in IS research methods, we apply a concurrent
mixed methods approach [34, 58, 68]. Mixed methods research involves utilizing
the duality of qualitative insights with quantitative data analysis to simultaneously
address exploratory and confirmatory research inquiries [60, 68]. In this work, we
combined survey data and interview data collected in case studies with respect to
the research objective of this work. Case studies are particularly valuable for under-
standing how ISs interact with organizational structures, processes, and people. They
pose an excellent opportunity for studying socio-technical effects in a real-world
context [27]. In this work, two case studies are presented. In case study #1 [48],



68 S. Reiners et al.

we examined antecedents, outcomes, and moderators of trust in a newly introduced
IS. Following a longitudinal design, data collection was done over four time points
to compare short-, mid-, and long-term attitudes toward the IS. The examination
included an individual’s disposition to trust, the perceived trustworthiness of the IS,
and the context (e.g., support structures). The survey questions were designed in
close collaboration with the project team responsible for introducing the IS. Exem-
plary questions are presented in Table 1. Participants rated all items on a 7-point
Likert scale, ranging from 1 (fully disagree) to 7 (fully agree), unless otherwise
indicated. All items were presented in the German language. For the reliability of
the scales, we calculated Cronbach’s alpha for scales with three or more items and
Spearman-Brown correlations for two-item scales.

A multiple case study approach was carried out in case study #2 [49]. Four
cases were investigated, featuring four distinct organizations and three different ISs.
Notably, two organizations introduced the same ISs. In all organizations, the surveys
were done over four time points. The initial survey (TO) was issued shortly before
the system’s launch. Further data were collected approximately one month after the
launch (T1), about four months after launch (T2), and about eight months after launch
(T3) following the measurement schedule of case study #1. A flowchart of the sched-
ule is presented in Fig. 2. Qualitative interviews with project managers from each
organization delved into the organizational strategies behind the IS introductions after
T3 to complete the data collection. Following the naming in the publication, we refer
to the investigated ISs using ‘system 1°, ‘system 2’, and ‘system 3’. Furthermore,
to be consistent in this work, we continue the enumeration for the IS investigated in
case study #1. Hence, the system is referred to as ‘system 4’ in the following. An
overview on the case studies is given in Table 1.

4 Antecedents, Outcomes, and Moderators of Trust

4.1 Case Study Results

Trust relations presented in the theoretical model were subsequently investigated. In
the following, the results are presented while paying special attention to the dynamics
of trust. Building on the IS success model [9] and later research [63], the investigation
of case study results revealed that different system properties are indeed (positively)
related to trust. We found that the system’s reliability significantly predicted trust at
T1 and T2, credibility at T2 and T3, and usability at T1 and T3 [46]. Hence, we found
a system’s reliability, credibility, and usability to predict trust significantly [46, 49].
However, although all named properties significantly predicted trust, at least in one
of our measurements, there are differences. That is, their influence was not enduring
but shifted between time points (for time-related specifics, see relations (6)—(9)).
Table 2 presents the results from different measurement points.
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Table 1 Exemplary measures of trust, its antecedents, and outcomes
Target Description / Item Scale / Measure | Source (if
applicable)
Trust (1) I completely trust the IS 5-/7-point Likert | [49] (Thielsch et
(2) I heavily rely on the IS scale al., 2018)
(3) I feel comfortable relying on the IS Calculate mean
score
Trust How do you rate your current trust in the IS? 1-7/1-10/1-1|/
100
Trust What are the reasons for your current level of trust in open text [49]

the IS?

Trust disposition

(1) T usually trust computer technology until it gives me
break a reason not to trust it.

(2) I generally give computer technology the benefit of
the doubt when I first use it.

(3) My typical approach is to trust new computer
technologies until they prove to me that I shouldn‘t
trust them.

5-/7-point Likert
scale

Calculate mean
score

[33] (Lankton et
al., 2015)

Trustworthiness (1) The IS is a very reliable piece of software 5-/7-point Likert | [41] (Mcknight
(reliability) (2) The IS does not fail me scale etal., 2011)
(3) The IS does not malfunction for me Calculate mean
score
Trustworthiness (1) The IS has the functionality I need 5-/7-point Likert | [41] (Mcknight
(functionality) (2) The IS has the features required for my tasks scale etal., 2011)
(3) The IS has the ability to do what I want to do Calculate mean
score
Trustworthiness (1) I found the IS unnecessarily complex 5-/7-point Likert | (J. R. Lewis et
(helpfulness) (2) I thought the IS was easy to use scale al., 2013)
(3) I found the various functions in the IS were well Calculate mean
integrated score
Trustworthiness (1) I find the information provided on the IS to be authen- | 5-/7-point Likert | [62] (Thielsch &
(credibility) tic scale Hirschfeld,
(2) The information provided on the IS is reliable Calculate mean | 2019)
(3) I can trust the information on the IS score
Trustworthiness (1) If problems with the system occur, support is avail- | 5-/7-point Likert | [63] (Thielsch et

(support structures)

able.
(2) The support is helpful.

scale

al., 2018)

Trustworthiness
(abilities)

(1) The qualification of persons involved is sufficient.
(2) I trust in the professional competence of the people
responsible for the system.

(3) I think I can rely on the skills of persons involved.

yes/no

(Hertel et al.,
2004)

Well-being 5-point smiley (Jager, 2004)
scale
How do you feel at this moment?
Well-being (1) I find working with the IS demanding 5-/7-point Likert | (Stanton et al.,
(2) I find working with the IS stressful scale 2001)
(3) I find working with the IS onerous Calculate mean
score
Performance (1) Using the IS increases the quality of my work 5-/7-point Likert | (Etezadi-Amoli

(2) Using the system makes my job easier

(3) Using the IS saves me time

(4) Using the IS helps me fulfill the needs and
requirements of my job

scale
Calculate mean
score

Farhoomand,
1996)
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Table 2 Case study information

Research method Case study #1 Case study #2
Data source Survey Survey / Interview
Sample 313 15774
Measurement points 0: 07/2020; 0: before launch;
1: 08/2020; 1: one month;
2:01/2021; 2: few months;
3: 06/2021 3: eight months
Interview after ’3’
Organization University Four private companies
TO T1-T3

Perception of old system:
Frequency of use,
purpose, trust, [...]

New system properties:
Reliability, credibility, usability, design

}

Expectations towards Organizational context and service structures:
new system Support, participation, abilities of involved persons

: !

Perception of the new information system:
Knowledge, trust, satisfaction

}

Specific metrics:
Performance, strain, frequency of use

! l

Individual characteristics:
Trust disposition, technology competence

! I

Consent and feedback

Fig. 2 Flowchart of surveys for longitudinal case studies

We measured the significance of various trust factors at different stages of system
adoption as perceived by individuals. Given that our initial measurements took place
prior to the system’s launch (T0), we found that participants already had a certain
level of trust in the system, even without any usage experiences. This aligns with
earlier suggestions that a phase of initial trust building exists before the first interac-
tion with an IS [59]. In case study #2, we observed similar results across three other
systems. We found context structures to be evaluated positively if the adoption of the
IS was perceived as successful by the employees [49]. Nonetheless, we never found
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this relationship between context structures and trustworthiness to be significant. In
addition to the trustworthiness per se, we also assessed the strength of the relationship
between the properties of an IS and trust in the system. Our data showed that only
the usability-trust association significantly decreased between T1 and T2 as well as
T1 and T3 (Table 3). As the relationship between usability and trust diminishes over
time, usability is particularly crucial for establishing trust during the early stages
of interaction [48, 49]. Our findings can potentially be explained by considering the
time users require to evaluate these system features. Through superficial interactions,
users can quickly identify system malfunctions such as long loading times or errors
influencing system features (e.g., reliability) [9, 25, 41]. Thus, reliability is signifi-
cantly related to trust at earlier time points (T1 and T2) but not in the long term (T3).
In contrast, credibility is significantly related at the later time points (T2 and T3)
as evaluating the trustworthiness of its output [16, 52] may necessitate experiences
with the system in various usage scenarios.

As a result, its impact on trust might only become significant after a sufficient
number of interactions. Furthermore, system characteristics and organizational con-
text features were consistently both rated more positively within companies with a
linear increase of trust [49]. However, only ‘Persons involved’ were significantly
associated with users’ trust in the system. Although we initially hypothesized that
trust in the IS following its launch (T1 to T3) would be influenced by both the
system’s properties and the contextual and service structures, our findings predom-
inantly support the former. That is not to say contextual and service structures are
not important. They do influence trust building in organizational settings. We simply
highlight the inherent characteristics of the IS have a stronger influence. We also
provide evidence that trust disposition holds particular importance during the initial
stages of a user-IS relationship, especially when actual usage experiences are yet to
occur [40, 43]. Consequently, the more specific experience a user has with an IS, the
smaller the effect of trust disposition.

We investigated and proved intentional forgetting promoted by IS usage outside
the laboratory as one of the first groups of researchers [48, 49]. We found that trust
in an IS was positively associated with the user’s forgetting of irrelevant work pro-
cesses [48]. More specifically, users are more likely to forget those processes that are
taken on by the system. Again, this research extends initial research, which found
trust to promote intentional forgetting [24]. We, therefore, underline the capability
of IS in a working environment to relieve the cognitive resources of workers in daily
tasks. Furthermore, we also found a positive relationship between trust and forgetting
of task-related information. Mirroring previous outcomes of trust in IS, we observe
an increase/decrease in forgetting scores with increasing/decreasing trust (c.f., Fig.
3). Similarly, trust was consistently positively related to performance in all mea-
surement points in the investigated case studies [48, 49]. Similar to the relationship
between trust and well-being, we also observe an increase/decrease in performance
scores with increasing/decreasing trust.

Our data showed that trust was negatively related to strain, aligning with earlier
research claiming that trust in an IS is positively related to well-being [24, 45, 62].
A similar relationship was found in [49]. Studying the introduction of ISs in the
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Forgetting

4
3
2
1
0
T1 T2 T3

B System1 [OSystem 2 System 3 m System 4

Fig. 3 Mean development of forgetting in case studies

real world, we found higher trust in the system to result in lower strain as reported
by users. Strain continues to decrease over consecutive measurement points if trust
continues to increase [49]. With trust scores of systems 1, 2, and 4 increasing from T1
to T3, we see a mirroring decrease in strain scores. Figure 3 presents the development
of intentional forgetting in the case studies measured on a 7-point Likert scale.

While system properties were found to have a stronger correlation with trust
compared to context and service structures, the question remains what actions orga-
nizations can take to actively foster employees’ trust development. To explore these
organizational strategies, we conducted interviews. Our analysis of the interviews
identified three key strategies that potentially impacted the success of companies
in introducing the information system: (1) identifying the most suitable system,
(2) customizing the system to align with the company’s needs, and (3) continuously
evolving and improving the system.

1. Identifying the most suitable system. Before introducing the system, interview
partners emphasized the importance of identifying the most suitable system for
their company’s specific needs. Each company conducted a detailed analysis of
existing processes, allowing them to assess their usefulness and define require-
ments for the new system. This phase helped establish core functionalities and
potential deal-breakers, aiding in the efficient filtering of available systems. Com-
panies had to prioritize functions, recognizing that no system would meet every
need perfectly. Engaging stakeholders in this process was crucial for both system
selection and employee motivation during the transition.

2. Customizing the system to align with the company’s needs. Rather than simply
adapting the system to match current processes, they stressed the importance of
critically assessing and, if necessary, modifying these processes to align with the
system. Each interviewee also highlighted the necessity of extensive testing to
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assess the system’s practicality. Engaging experts from various departments in
testing was seen as vital to ensuring a comprehensive evaluation and facilitating
knowledge transfer across teams.

3. Continuously evolving and improving the system. Quick evaluations helped com-
panies identify and resolve issues early, boosting user confidence and demonstrat-
ing a commitment to ongoing enhancement. Gradually adding new functions and
maintaining close communication with users to build trust and ensure ongoing
satisfaction. Actively involving users in system improvements fostered a sense of
trust, as employees felt their needs were being heard and addressed. This approach
helped ensure that the system could adapt as organizational needs evolved, rein-
forcing trust in both the system and the organization’s commitment to continuous
improvement. Ultimately, the interviews also requested approaches to actively
govern trust. However, the character of trust poses a big challenge for organiza-
tions trying to govern user trust in an IS.

4.2 Managing Trust in Organizations

Historic research has shown that management approaches are instrumental in shaping
solutions for the IS domain [8, 66, 67, 69]. A new approach, namely trust manage-
ment, can focus on the two constitutional challenges related to the dynamic nature of
trust: (1) building trust [59] and (2) repairing trust [2, 35]. In the subsequent part, we
consolidate and elucidate the essential components required for trust management
in organizational settings based upon the case study results for trust antecedents,
moderators, and outcomes. Trust management is particularly relevant and beneficial
if organizations are willing to continuously improve and change the deployed IS.
This is twofold. First, trust management activities have the capability to comprehend
the needs of users. Thus, the organization can adapt to the issues or concerns that
were issued by the users (directly or indirectly via trust scores). Second, trust man-
agement provides a structured approach to managing and navigating transitions of
trust dynamics as the IS evolves [41].

During trust building, changes in the antecedents of trust are particularly mean-
ingful. Without a history of interaction, trust is mainly influenced by cues such as
stereotypes and surrounding structures, which shape an individual’s predisposition
toward technology [35]. As users gain more exposure to the IS over time, they accu-
mulate the necessary knowledge to make informed trust decisions based on their
experiences [44]. Trust violations during the trust-building phase have a more appar-
ent negative impact compared to violations occurring in later stages when trust is
more stable. Thus, violations are especially harmful during trust confirmation or
when attention to a project is at its peak [59]. In high-attention scenarios (e.g., the
IS is launched; an update is released; a new feature is published), an incident in the
form of reneging and incongruence has the strongest impact on trust decline [51].
Users have a specific expectation of the properties or functionality of a system. Not
meeting these expectations can elicit negative emotions toward the IS [31, 38].
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Furthermore, different mechanisms are at play for trust repair [1, 10]. Forinstance,
verbal responses like apologies and explanations could be adapted as short-term solu-
tions, with organizations offering apologies and explanations on behalf of the IS [10].
On the other hand, long-term violations might require mechanisms like improving
the ISs trustworthiness through configurations that enhance functionality and relia-
bility [41]. Thus, to restore trust to its pre-existing level, a combination of short-term
and long-term trust repair mechanisms is required [10]. However, the nature of the
trust violation, such as its frequency and severity, will impact the effectiveness of the
trust repair strategies [35]. Lastly, while many trust repair strategies have been estab-
lished in literature [29, 31], they have not been extensively tested in employee-IS
relationships.

The phases of the trust management framework presented in this work combine
the process theory of enterprise system success [39], the trust lifecycle [59], and
business process management [67, 69]. While these concepts are established (man-
agement) approaches in their respective IS domains, focusing on trust as a dynamic
construct within IS relationships necessitates a novel modus operandi. The frame-
work presented in the following distinguishes between two main developments: (1)
adoption and (2) maintenance.

For adoption, we integrate the first three phases of the process theory [39], i.e., char-
tering, project, and shakedown. Moreover, in line with previous longitudinal research
on trust in IT artifacts [S9], we consider that trust can exist in two states: (1) building
and (2) repair. As a result, the terminology from [39] is adopted to a trust context.
‘Chartering’ is replaced with pre-interaction [59]. ‘Project’ becomes confirmation.
Lastly, ‘shakedown’ is changed to building.

Maintenance (phase four of the process theory) is linked to the phases of the busi-
ness process management life cycle [69]: Evaluation, analysis, configuration, and
enactment. Yet, the boundary between these states is not rigid, as both can coexist
and concurrently influence trust. Trust building primarily occurs during the adoption
phase and gradually decreases over time. Trust repair, however, involves strategies
and mechanisms to restore trust after a transgression that has diminished or neg-
atively affected trust levels [10]. Notably, our proposed trust management model
incorporates research on trust repair by [22, 36].

Lastly, we incorporate the trust lifecycle by [59] in our model. This model encom-
passes five phases: initial trust building, trust building, trust stability, trust dissolution,
and trust repair.

The trust management framework, depicted in Fig. 4, encompasses a linear phase
adoption, followed by a cyclic structure hereafter referred to as the trust management
cycle. The latter comprises four phases. In the subsequent sections, each phase is
described by providing a dedicated paragraph for each, along with a table that outlines
the typical activities involved in trust management, potential errors or issues, metrics
for evaluation, and possible outcomes associated with each phase.

Although building on each other, it is emphasized that smaller feedback loops exist,
which are not depicted explicitly in the model. For instance, findings of an analysis
step might be used to improve data gathering before actioning points of improvement.
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Adoption :
Initial measurements Confirmation
Communication
Scheduling
& Building

Evaluation
Measurements
Monitoring

Enactment Analysis

Trust repair Verification
Communication [ ——— - Comparison

Data exploration

Configuration
Design of response
Coordination
Test of response

Fig. 4 Trust management framework

5 Discussion

This work investigates antecedents, outcomes, and moderators of trust in ISs in orga-
nizational contexts. It contributes to the existing body of research by affirming earlier
propositions for trust building in ISs [24, 41, 44] and by advancing the existing find-
ings with evidence from longitudinal research. The outcomes of this study’s trust
research propose a user’s accumulated experience with an IS serves as a modera-
tor for trust antecedents, such as trustworthiness [48, 49]. Furthermore, the study
underscores the favorable outcomes associated with trusting IS usage within organi-
zational settings. The level of trust in an organizational IS is significantly influenced
by individual expectations. In unison with earlier research [41, 45], this work uncov-
ers positive correlations between various system properties and trust. The results
align with previous research that postulated a user’s perceived trustworthiness of
an IS is the trustor’s evaluation of the inherent system characteristics [40]. Thus, a
system’s reliability, credibility, and usability significantly predict a user’s perceived
trustworthiness of an IS [48, 49]. Furthermore, it is crucial to recognize significant
variations in the importance of individual characteristics of an IS when it comes to
trust building. Specifically, trust disposition holds greater significance prior to the
initial usage of a system.

This, again, is influenced by other factors (e.g., age, gender, and culture [25]),
which can explain the varying levels to which individuals trust an IS before it is used.
Ultimately, we confirm the idea of trust-building mechanisms involving technology
to be dynamic. Regarding the effects of trustful ISs usage in organizations, the studies
performed in this work indicate that trust in IS has various positive effects. Supporting
earlier research [24, 45, 63], the results found trust to be positively related to well-
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being. However, when involving work tasks, trust in the system does not necessarily
increase well-being; instead, the decline of well-being for all individuals performing
work tasks is softened when the system is trusted. Trustful usage of the IS, therefore,
contributes to a ‘buffering’ phenomenon. Additionally, trust in an IS is positively
related to freeing cognitive resources of a use. Confirming prior research on the topic
of intentional forgetting with IS [24, 45], the results of this work prove trust in an
organizational IS is associated with releasing cognitive resources. Further, the results
of this work show that high trust in an IS is associated with higher performance.

Naturally, freeing cognitive resources via intentional forgetting effects is one of the
reasons for this outcome. At the same time, improved well-being can also contribute
to increased performance. However, the underlying condition is always trust. Lastly,
trust in a IS can increase an individual’s willingness to rely on the information a user
receives from that system [18]. When present, trust can lead to users being more
likely to believe that the information provided is accurate, complete, and unbiased.

Building on the results of the topics above, this work contributes to a novel under-
standing of trust management for IS in organizations. The existing theoretical knowl-
edge on trust, its influencing factors, and its outcomes are contextualized with man-
agement literature to construct the trust management approach. First and foremost,
trust management in ISs is situated in the stages of trust building and repair. The
understanding presented in this work aligns with the limited yet present literature
focusing on the longitudinal dimensions of trust in IS contexts [28, 59]. Ultimately,
this work shows that the management of trust in IS is a complex endeavor. Especially
the management of expectations toward the IS, i.e., what inherent characteristics can
be and cannot be expected, is crucial. Not meeting set expectations can result in trust
violations.

6 Conclusion

This work offers a scientifically grounded definition of trust relationships, providing
afoundation for classifying current and future research on trust. The proposed model
distinguishes three actors and five trust directions between them. Building on this, the
study synthesizes empirical and theoretical insights on the antecedents, outcomes,
and moderators of trust.

It extends longitudinal IS trust research [59] and contributes to the emerging field
of trust management [8], focusing on the employee-IS relationship in organizations.
Drawing from IS [39, 69], management [6], and trust research [10, 22], the model
serves as a basis for identifying gaps, integrating findings, or guiding future investi-
gations.

For practitioners, trust in technology must be seen as dynamic. As influencing
factors shift over time, organizations must adapt practices—such as communicating
IS roadmaps—to maintain trust. Currently, trust strategies tend to focus outward,
primarily targeting consumers [4], while internal trust toward IS often emerges inci-
dentally. To unlock benefits like motivation and satisfaction [19], trust management
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should be institutionalized through evaluations, communication, and targeted inter-
ventions.

This work, while theory-driven and empirically informed, has limitations. Its
conceptual model has yet to be practically validated, reflecting broader challenges
in trust research [13]. The effectiveness of trust repair strategies in employee—IS
contexts also remains unexplored [10]. Additionally, the interpretation of data is
inherently subjective, leaving room for alternative readings.

Future research should consider developing benchmarks to evaluate trust strate-
gies systematically. Quantifiable metrics would support both academic rigor and
practical assessment of trust management efforts.

Finally, in light of the third rationality of ISs [32], IS implementation should be
complemented by strategies that account for cultural and interpersonal dynamics.
Viewing trust merely as a ‘hygiene factor’ [8, 14] risks undermining the full poten-
tial of technology. Instead, trust management should be understood as a dynamic,
integrative construct that draws on insights from psychology and IS research.
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A User-Centered Development Pipeline )
for Persuasive Systems e

Benjamin Weyers(® and Nico Feld

1 Introduction

Forgetting is an integral element of human memory [33, 40, 41] enabling adaptivity to
the ever-changing environment and requirements of everyday life [6]. In this regard,
intentional forgetting represents the process of the active regulation of knowledge
and memory applied by a human being [5, 21, 30]. Besides episodic and semantic,
procedural knowledge is an integral piece of knowledge kept in human memory and
is the basis for the execution of tasks [26]. A specific type of procedures are habits,
which can be defined as automatically enacted (activated by an internal or externally
perceived trigger) behavioral pattern [18] entangled with a low demand on cognitive
resources [4, 8]. Despite this positive effect of a low demand on cognitive resources
habits may have on work-related tasks (by increasing productivity and lower the
risks of errors due to more free cognitive resources), habits may be perceived as
dysfunctional. A well-known example of such a dysfunctional habit is constantly
checking for emails [25] or accepting irrelevant phone calls, as highlighted later
in Sect. 5. In the first case, a suitable alternative behavior might be closing the
email application or only checking them at specific intervals. In the second case,
an additional step could be embedded into the routine to check the call’s relevance
according to the caller’s number. Thus, it seems to be a suitable approach to apply
the mechanism of intentional forgetting to procedural knowledge, where we focus
on habits as a specific type of procedural knowledge in this work. Sonnentag et al.
[35] have identified certain potential for implementation intentions [12] and vigilant
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monitoring as mechanisms for adapting work-related habits. This might lay out the
path towards mapping these cognitive constructs to actual system behavior.

In the case of digital systems, persuasive systems are useful to support adaptation
processes. Persuasive systems are “‘computerized software or information systems
designed to reinforce, change or shape attitudes or behaviors or both without using
coercion or deception” [28, p. 164]. Such systems can be found in various domains,
such as in supporting sustainable behavior [23] or supporting fitness through devices
such as fitness trackers [16, 37]. Previously presented research results show that
persuasive systems are more effective in case their function is individualized to
the user and to the specific behavior [11, 29]. The research area of HCI, as well
as research in the area of interactive system engineering and design, investigates
various types of development and engineering processes for a requirement-driven
and human-centered creation [34]. A well-known design paradigm in this regard is
the “user-centered design process” [1], which is part of ISO 9241-210" standard.
Applying user-centered design methods to engineering and designing persuasive
systems seems promising in supporting the intentional forgetting of work-related
habits.

As previously outlined, habits are a type of procedural knowledge with specific
characteristics. Empirical research [35] suggests that work-related habits (besides
others) show a high level of individualization. This emphasizes the need to design
processes that both address the target group’s requirements and include mechanisms
as well as implementation approaches for accounting for individual behavior. For
example, one may consider sports to be an integral element in maintaining a high
level of health. Consequently, it is obvious that supporting bodily activity is an inte-
gral part of supporting health. This line of argument is employed to explain why
fitness trackers are successfully used by the general public. Individualization of per-
suasion for these type of persuasive systems (as outlined as one of the major design
guidelines for persuasive systems [29]) can be oriented along quite simple parame-
ters, such as age or gender in the case of fitness trackers. Using findings from health
research, certain rules of thumb can be applied and are likely to produce significant
effects when applied by the user (e.g., [16]). However, in the case of work-related
habits, such general rules seem to be less obvious. Therefore, this work presents a
software engineering approach that supports the integration of individualized mod-
els of habits into persuasive systems to enable a user-centered and habit-related
persuasion action.

This chapter presents an approach to persuasive systems, obtained by the com-
position of a pipeline from previous work [7, 19, 20, 35] conducted in the areas
of user-centered design, formal modeling, and software development. In detail, this
chapter presents the composition of various design steps and methodologies, which
focus on the integration of process-related human behavior or habits to be adapted
through persuasive systems from a subjectively perceived malfunctioning habit to a
new and better one. In specific, the following contributions have been integrated:

! www.iso.org/standard/77520.html.
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Interview-based gathering informal data for work-related behavior [7, 35],
producing bias-reduced or -free semi-formal models from informal (interview)
input data [20],

generating formal (reference net-based) models from semi-formal (BPMN) models
[19], and

demonstrating the use of such models in the implementation of a persuasive system
in an immersive (VR-based) scenario.

We specifically focus on gathering a model of human habit as an essential point for
the persuasive system. In addition, we will give more insight into potential imple-
mentations for persuasive systems at the office workplace as one potential context
and use case.

2 A User-Centered Development Pipeline
for the Implementation of Individualized Persuasive
System in the Domain of Work-related Habits

Building interactive systems needs to employ suitable software engineering tech-
niques and principles [2]. The suitability of software engineering approaches depends
on the domain of the software being developed, which, in this work, is persuasive sys-
tems. To outline a better framing for the discussion of such an engineering approach,
this section first presents a simple architecture for persuasive systems, followed by
the presentation of a data processing pipeline that outputs a model enabling the per-
suasive system to identify deviations from a wanted towards an unwanted habit. The
latter builds the foundation for the well framed persuasive intervention by the system.

2.1 A System Architecture for Persuasive Systems

In the following, we present our system architecture, which is based on the approach
by Fogg [10] on developing persuasive systems as tools. Figure 1 illustrates the
outline of our architecture. In this architecture, a sensor component perceives the
user’s behavior as well as its surroundings or context. This information on the user’s
status is communicated to the persuasion model. The integral functionality of the
persuasion model is to enable the system to differentiate between unwanted and
wanted behavior. Thus, the persuasion model includes a fusion of a model of wanted
and unwanted behavior, which allows the persuasive system to asses which behavior
the user is currently showing. In addition, the persuasion model includes additional
logic that triggers the persuasion strategy component in case the user is currently
showing unwanted behavior and persuasion towards the wanted behavior should be
attempted. The model is embedded into an implementation to communicate those
persuasion attempts to the persuasive strategy component [10]. The latter defines the
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Persuasion

Sensors Moaal

Persuasive
Strategy

Fig. 1 A simple software architecture for persuasive systems, where the communication between
the system and the outer world is modeled and implemented by the sensor and output components.
Decision-making on when to persuade is implemented in the persuasion model considering infor-
mation on wanted and unwanted behaviors, where the persuasion strategy defines the actual output
generated being triggered by the persuasion model

actual type of feedback communicated to the user through the Output component,
e.g., showing a notification to the user.

In the following section, we will explain the architecture using a well-known
example: fitness trackers. Fitness trackers are a category of persuasive systems widely
used. A fitness tracker can be worn by a user as a smartwatch on his/her wrist.
Equipped with sensors, these watches can measure the wearer’s movement activity.
In this case, e.g., steps are counted, including information about heart rate. This
information is available through the sensory input component. Combined with infor-
mation about the user, such as age, weight, or gender, the persuasion model of such
a fitness tracker would identify the difference between the current achieved training
goal (e.g., an optimal number of steps) and an optimal training outcome based on
the demographics of the user. By means of the persuasive strategy and based on the
identified difference, the system gives feedback to the user, e.g., in textual form.
This text is displayed to the user through the system’s output channel, e.g., using
the smartwatch’s display accompanied with a trigger, e.g., a vibration, to catch the
user’s attention.

There are various works focusing on the design of persuasive strategies. Halko
and Kientz [13] present eight main types of persuasive strategies. Furthermore, they
differentiate between instructional style, social feedback, and motivation type. Oinas-
Kokunnen also highlights various design guidelines for persuasive systems [29],
including the need for a high level of individualization.

Previous works focus mainly on the design of effective persuasive strategies in the
sense of output. However, an important but neglected aspect is developing a persua-
sion model from a user-centered perspective. They present various high-level aspects
without giving clear advice on how to individualize a persuasion model in the sense
of this work. One possible solution might be to gather formal (executable) descrip-
tions of the users’ behavior by applying user-centered engineering approaches, such
as focus groups or quantitative evaluations. These descriptions can then be integrated
in an exchangeable fashion into a persuasive system, thus, making the persuasion
model interchangeable. However, this raises the challenge regarding gathering input
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data from the user to be transformed into a persuasion model. It can be assumed
that such data is mainly informal input from, e.g., interviews. In the next section,
we will tackle this challenge with an integrated pipeline outlined below. It specifi-
cally focuses on work-related habits as a matter of adaption and forgetting. Still, the
pipeline might also be a pattern for other domains in which persuasive systems can
be applied and a high level of individualization of the persuasion model is necessary
due to the behavior to be adapted.

2.2 A Pipeline for Engineering a Persuasion Model

As outlined in the introduction, we focus on the implementation of persuasive systems
to support the adaptation of dysfunctional habits. Because of that, we emphasize
the formalization of the original and unwanted behavior as well as the alternative
behavior, which should replace the unwanted one. In the following subsections, we
will outline the developed pipeline shown in Fig. 2.

For the pipeline, we assume informal data resulting from interviews with users.
Based on transcripts from these interviews, we have developed a manual transforma-
tion method [20] with the goal of creating mostly unbiased ‘“Business Process Model
and Notation” (BPMN) models [9]. Subsequently, an algorithmic transformation
approach is applied using these BPMN models representing the current and wanted
work-related habits (presented in [19]). In a two-step process, the individual habit
descriptions are first translated into reference nets [17], a special type of Petri net,
whereas in a second step, these nets are matched onto each other to fuse similar parts.
Embedded into a persuasive system architecture as outlined above, this model is able
to identify whether the current behavior is following the current or wanted behavior.
With a final addition of controlling elements to the fused net, relevant information
for the persuasion can be triggered and sent to the persuasion model. The latter will
be demonstrated with an example at the end of this chapter.

The following sections outline each step in more detail and present previously
published results [7, 19, 20].

nbi . .
Unbiased Algorithmic Model-based
Manual . A
. Transformation Implementation
Transformation
T

|
1 1
1 1
1 1
! BPMN !
Models

Petri Net
Models

Persuasive
System

Interview
Data

Fig. 2 Pipeline for the generation of formal persuasion models from informal input data, here
interviews with users
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3 From Informal Data to Semi-Formal Models

Besides other potential approaches for gathering data about work-related habits, we
used an interview-based approach as has been outlined in our previous work [7].
In the interviews, we specifically asked potential users to think aloud about their
habits. In this regard, we aimed to enable the interviewees to put themselves into the
situation of showing the unwanted habit as well as to envision the wanted alternative.
We relate to this type of interview as think-aloud interviews, as it borrows integral
mechanisms from the well-established approach of think-aloud protocols [14]. The
major difference is that for think-aloud protocols used in HCI and interactive systems
engineering, the user is confronted with the study object (e.g., a user interface or
interactive system) while he/she is thinking-aloud during use/interaction with the
system. In our case, we asked persons to put themselves into a situation where they
showed the to-be-described behavior.

In a preliminary online study, office workers were first asked to identify unwanted
habits in their work life and then describe an alternative, desired habit. We wanted
to identify work-related habits, understand their structure, and generate data for
developing, testing, and analyzing the pipeline outlined previously. In addition, we
used the data to guide potential psychological constructs and classify and identify
certain characteristics. For instance, it turned out that work-related habits are highly
individual [35].

Participants were supported with a magnetic whiteboard to model a BPMN (Busi-
ness Process Model and Notation) representation of their habits. In addition, they
got support from an interviewer, who gave them an introduction to BPMN models
and various examples. As material for modeling, they were provided with magnetic
markers representing a subset of BPMN nodes and could also add written notes with
whiteboard markers for additional context. Subsequently, they were asked to recall
a specific situation in their work life where they exhibited an unwanted or dysfunc-
tional habit. They then modeled this behavior and imagined a desired alternative,
which they also represented using the same materials.

In the second part of the study, participants verbally described both the unwanted
and desired behaviors, following the previously outlined think-aloud approach. The
order of BPMN modeling and verbal interviews was randomized across partici-
pants. Interviews lasted between 20 and 60 minutes, depending on the complexity
of the responses. Combining visual modeling and verbal interviews, this mixed-
method approach provided a deeper understanding of participants’ habits and desired
behavior changes.

We were able to collect BPMN models from the study outlined in the last section.
Still, we observed an important limitation: without the active assistance of the inter-
viewers, no syntactically correct models would have been generated, even though
we had reduced the number of BPMN nodes to make the task more manageable for
the participants. This highlights the challenges involved in guiding users who may
not have prior experience with modeling or specifically with BPMN, as well as the
importance of expert support in ensuring that the models are syntactically correct
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and meaningful. The gathered interview, in contrast, is not structured enough to serve
as input data for a subsequent generation of formal models to be embedded into a
persuasive system as a persuasion model.

Therefore, we presented a transformation approach to generate BPMN models
from interview data with the control of bias introduced by the modeler [20]. The
transformation process consists of three steps, where all three are conducted by a
human modeler. In the first step, the transcripted (think aloud) interview is segmented
into smaller text entities. This segmentation is done by means of verbs used in the
sentences. This accounts for the relevant identification of tasks as central element in
BPMN models. In the second step, the segments created are classified into various
types of segments. The classes applied in this classification step focus on the later
transformation into BPMN nodes or sub nets. Here, rules are applied explaining the
semantical interpretation of these classes. Material is provided guiding the modeler
in the classification.? In the final modeling step, the classified segments are trans-
formed into BPMN (sub)nets by applying pre-defined templates also provided in the
transformation material. Following the sequential order of the segments, the various
subnets are fused into one coherent BPMN model.

This guided transformation approach has been investigated in terms of a poten-
tial reduction of bias induced by the modeler in an empirical study with forty-one
participants. All details of the study are available in [20]. Study material, raw data,
and translation model can be found on Zenodo.? In a between-subject design, the
participants either used the manual provided or their modeling skills without fur-
ther support. However, both groups got the same material explaining what BPMN
is and what the goal of the modeling process aims at. Specifically, all participants
went through a web-based learning application that explained BPMN and tested the
knowledge gained by means of example models created by the participants. All partic-
ipants had previous knowledge in modeling and had a computer science background.
In total, two interviews of different complexity were translated into corresponding
BPMN process models. Both groups received a previously segmented version of
the interviews, such that the experimental group only conducted classification and
transformation.

The results showed that in the experimental group, more segments were translated
into fewer different models compared to the control group when focusing on the
same segment. Thus, it seems that the translation manual supports the reduction of
individual bias. Still, the study showed low power, which may argue for the potential
of missing effects. However, we still observe much variation in the models produced
by the groups, which argues that bias still affects the created models. In future work,
the support by artificial intelligence seems to be promising if we consider this initial
work on transformation as a starting point. Based on the proposed transformation
manual, an algorithmic approach supported by knowledge-based systems being able
to “understand” the semantics of segments might be a solution.

2 https:/zenodo.org/records/4704593.
3 https://zenodo.org/records/4704593.
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4 From Semi-formal Models to Formal Descriptions

To generate the differential model to identify the deviation of a user from the wanted
behavior or sticking to the current, potentially unwanted behavior, we assume the cor-
responding BPMN models of both processes/habits are given. This might be the case
using the previously presented transformation approach in Sect. 3. Previous work has
considered Petri nets for the formalization of BPMN models [24, 31]. Considering
the potential use of Petri nets in executable context through simulators, this type of
formalization seemed to be suitable as it has been shown that BPMN models can
be translated into Petri nets as well as being executed in actual implementations of
interactive systems [38, 39]. In this work, we use reference nets [17], which are a
specific type of Petri nets.

Reference nets are a specific type of colored Petri net used for modeling and
analyzing complex, dynamic systems. They extend traditional Petri nets by incor-
porating object-oriented concepts, such as tokens that can carry structured data and
references to other nets. This enables hierarchical modeling, where individual nets
(also related to net instances) can interact with each other. For the coordination of var-
ious net instances, the concept of so-called synchronous channels can be facilitated.
This concept also enables the coordination of firing transitions with calling methods
in Java code and vice versa. For this, the simulator Renew” has been implemented,
which not only executes reference net models but also enables synchronization with
Java code. This makes it possible to use reference nets as an integral element of
a Java-based implementation and, with this, makes it possible to use a reference
net-based model as an integral part of the persuasion model as outlined above.

We adapted the transformation approach for BPMN by Chinosi & Trombetta [9]
to represent more context [19]. The obtained approach is more adequate for the
purpose of habit descriptions and execution as a persuasion model. Examples of the
transformation templates are presented in Fig. 3. This figure visualizes the various
types of subnets created from BPMN nodes. Each subnet starts with a transition
and ends with a place. This enables a simple connection of subnets to each other.
Furthermore, this makes it possible to fully automatically execute the transformation
focusing on elementary parts in the BPMN model in the first step, where the full
process is then created in a second step by simply combining the various subnets
created.

Some subnets are also showing the needed synchronous channel inscriptions.
These outline the connection points into the system’s implementation, where sensor
information is converted into trigger events forwarded to the reference nets. This is
also the reason why, e.g., tasks have a transition for the start and end of a task. It is
assumed that the system is able to identify (through context and task modeling as
well as a sensory system) the start and end of tasks as well as occurring events.

For the fusion and splitting of the process, BPMN defines so-called gateway nodes.
Two examples of such nodes are presented on the right of Fig. 3. Here, the upper
example is a so-called XOR gateway, where either one of all outgoing processes

4 http://www.renew.de/.
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Fig. 3 BPMN to reference net transformation templates—a selection

is triggered (in case of splitting processes), and single processes are fused into one
in case of fusion of processing. The second example (on the right lower part of
Fig. 3) shows an AND gateway, where in case of splitting, all outgoing processes
are triggered simultaneously, and in case of fusion, all incoming processes need to
be finished before the single outgoing processes get started.

Developing a persuasion model to implement a persuasive system requires a struc-
ture that distinguishes between their current (unwanted) habit and the target (wanted)
habit. Based on this observation and considering the previously outlined transforma-
tion algorithm, we outlined an approach to fuse reference nets presenting the current
and target into one coherent reference net, which is able to identify the divergence
of a user from the target to the current, thus unwanted habit.

The net fusion is based on a multi-step matching process, which includes the node
inscription as well as the nets’ structure [19]. The first step is a syntactic matching,
where node labels are compared using the string edit distance (SED), which measures
the number of changes needed to transform one string into another, ignoring spaces.
Since the same person creates both diagrams, similar labels are likely. A low SED,
therefore, indicates the same activity or task.

The second step is a semantic matching. While the SED is useful for string com-
parison, it is not always reliable to find the matching labels. A synonym dictionary
can improve label matching by replacing words with similar meanings, identifying
check e-mails and read e-mails as the same activity. Word stemming [15] further
enhances accuracy by reducing words like reading and reads to read, leading to more
precise SED calculations.

In the third step, a structural matching of the nets is performed. Therefore, the
graph structure is analyzed after matching the nodes and their labels. Matching nodes
are renamed with the same letter, while non-matching nodes are assigned unique
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characters. The reference net is then converted into a string representation, and the
string edit distance is calculated. This conversion helps identify the nodes where the
graphs differ.

Structural matching helps to identify direct relationships between nodes but strug-
gles with indirect connections. Using a behavioral matching compensates for this.
In behavioral matching, we compare the reachability graphs of the reference nets,
which highlights the advantages of using reference nets as formalism.

The resulting net is a fusion of target and current behavior, which may be slightly
extended by control structures, which then triggers the persuasion strategy in the sys-
tem architecture. The next section will present an implementation of such a system,
which demonstrates the method’s applicability, including a potential use case.

5 Implementation of Persuasive Systems Using Formal
Models of Human Behavior

When both the current and target behavior are represented within a single reference
net, additional functionality can be embedded to define the logic of the persuasive
system. This includes integrating logic for monitoring user behavior, triggering inter-
ventions, and processing system states in response to observed deviations. Within
the reference net, transitions can be associated with specific events that signify key
moments in the user’s behavioral process. These transitions can trigger interven-
tions, such as displaying visual cues, sending reminders, or modifying the system
environment to encourage desired behaviors. By defining these elements within the
reference net structure, the logic of the persuasive system remains entirely within the
model, ensuring that all decisions and interactions follow the structured workflow
established by the net.

To execute and interact with this logic in a real-world system, simulators like
Renew can be utilized. Renew not only enables the simulation of the defined logic
but also provides a direct interface for Java code integration. This integration is
crucial, as it enables reference nets to both call Java methods and be triggered by
external Java events, significantly simplifying the process of embedding persuasive
functionality into a larger software framework. The system can seamlessly interact
with sensors, external devices, and other application components by leveraging syn-
chronous channel communication, connecting the persuasive strategy to real-world
outputs as described in the software architecture in Sect. 2.1.

To evaluate this approach, we implemented a prototype of a persuasive system
using the proposed architecture in a virtual environment. The prototype consists
of two key components: the virtual environment along with the simulated sensors
and the persuasive system, a server application that runs the persuasive model via
Renew, manages communication with the sensors, and triggers persuasive actions
through the persuasive strategy, like turning lights on (as a predefined output). Using
a virtual environment enables us to test and develop persuasive systems without the
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restrictions of a physical environment, like simulating incoming calls or tracking the
user’s gaze directions, which would require additional hardware to implement in a
physical environment.

To implement the communication of the persuasive system and the persuasive
strategy, the reference net transitions are mapped to specific outputs and sensor events
using synchronous channels, representing the “Sensor” and “Output” components
of the software architecture:

e Sensor transitions are linked to external events, such as a user’s inactivity or
specific interactions with objects in the virtual environment. These transitions are
eligible to fire only when the corresponding external event is detected.

e Output transitions initiate predefined actions within the virtual environment when
they fire. For instance, a transition might trigger a reminder or change the color of
an indicator light in the virtual office.

For example, in the first evaluation, we designed a virtual office of a real-estate
manager tasked with common office work, like organizing their files & folders and
writing and printing new documents while frequently getting interrupted by phone
calls. Simply answering or declining every phone call has been implemented as an
unwanted behavior. The wanted behavior would be to first check the phone number
on a number board to see if the caller is an important client before answering or
declining the call. Figure 4 shows an example reference net that includes the wanted
(blue) and unwanted behavior (orange) that is generated by the presented pipeline
described in Sects. 3 and 4. In the wanted behavior, after the phone starts ringing,
the user looks at the number board before accepting or declining the call. When the
user directly tries to accept or decline the call without looking at the number board,
they show the unwanted behavior, which is detected by the reference net. The green
area now shows the integrated logic to persuade the user, who is currently showing
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Fig. 4 This diagram shows the reference net of a persuasive model for handling interrupting phone
calls. Blue nodes represent the desired behavior, checking the number board before answering, while
orange nodes indicate the undesired behavior of answering immediately. The green area highlights
the integrated logic of a potential persuasive system that intervenes with a reminder notification
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unwanted behavior, by displaying a reminder to look at the number board. If the
user looks at the number board, they again show the wanted behavior. However, if
they again press accept or decline, they show unwanted behavior. Now, once the
user reaches the “show_reminder” state, Renew calls a Java method, specified by the
persuasive strategy, that triggers a specific output. In this example, the persuasive
strategy defined the persuasive action as a text notification on the phone to remind
the user to look at the number board.

Using a virtual reality-based test environment made it possible to track the state of
the user, e.g., by tracking the user’s gazing direction, as well as easily triggering inter-
ruptions in the form of phone calls. The Renew simulation tool linked the reference
net with Java-based components that monitored user activity, like the gaze direction
or phone presses, and triggered persuasive actions when unwanted behaviors were
detected.

The integration with Java offers several significant advantages. It allows the system
to reuse existing Java libraries and components, reducing development effort and
enabling seamless communication with external devices and services. This makes it
possible to build a highly modular and extensible system that can evolve over time.
Additionally, the ability to call Java code directly from a reference net simplifies
the implementation of complex logic, such as querying databases, analyzing sensor
data, or integrating with cloud-based services.

A key strength of this prototype is its adaptability and ease of customization.
The control routines can be tailored for individual users, allowing for the creation
of personalized persuasive systems. Since the environment and control routines are
loosely coupled, different sensors and outputs/actions can be added or removed with
minimal effort. This ensures that the system can be easily extended to support new
use cases or physical environments.

By leveraging the power of reference nets and the bidirectional interaction with
Java code through Renew, the persuasive system achieves a high level of logical
consistency, precision, and adaptability. This makes it possible to create interventions
that are not only reproducible but also highly responsive to real-time user behavior,
providing a robust foundation for persuasive systems in both virtual and physical
environments.

6 Evaluation of Effectiveness of Persuasive Systems
at the Work Place

The previously presented use case of interrupting phone calls includes an implemen-
tation of a persuasive system for supporting the forgetting of unwanted work-related
habits. In the next step, we are currently conducting a controlled user study to eval-
uate the effectiveness of persuasive systems in the workplace. This study aims to
investigate how different technologies can get users’ attention to remind them of
the target behavior while negatively affecting the main task as little as possible. We
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Fig. 5 Overview of
conditions used in the user
study. Green: In-situ
projection with
color-changing light.
Orange: Digital picture
frame. Purple: Smartwatch.
The control condition did not
use any technology

are comparing three technologies: a smartwatch, an in-situ projection system, and a
digital picture frame. Each technology delivers a persuasive cue consisting of two
components: an attention cue and an information cue, as shown in Fig. 5.

The attention cue is designed to capture the user’s focus and differs based on
the technology used. The smartwatch uses vibration as its attention cue, the in-situ
projection system employs a color-changing light, and the digital picture frame shows
an image as a visual cue. The information cue is consistent across all conditions and
takes the form of a short text. In real-world applications, this information cue could
be a context-specific reminder of the desired behavior the persuasive system aims to
promote.

Due to privacy constraints in workplace environments, the use of personal sensors
or external data, such as physical activity or incoming calls or emails, is restricted.
As a result, the only unrestricted feasible sensor available for triggering persuasive
cues is time. Therefore, the timing of interruptions is predefined and cannot adapt to
real-time user behavior or context.

Before starting the current evaluation, we conducted a preliminary study to
explore a suitable task design to measure the impact of these technologies on perfor-
mance. The study compared the same three system variants. Participants performed
an anagram-based cognitive task while the system interrupted them at predefined
intervals. The information cue displayed a preselected text of the three possibili-
ties: “Please stay tuned!”, “Please don’t lose focus!”, or “Please stay focused!” .
The participants were asked to press a button on the keyboard when noticing the
interruption.

The results of the preliminary study yielded significant differences between a
control condition and the three technologies but revealed three main aspects that
have to be addressed for a more robust and insightful investigation:

e Increased Sample Size Required: The initial sample size was insufficient to draw
definitive conclusions about the relative effectiveness of the three technologies.
Therefore, the current study involves 180 participants to ensure sufficient statistical
power.

e Redesign of Main Task: The anagram task used in the preliminary study did
not induce a constant level of cognitive load, which is essential for evaluating
interruptions. In response, we redesigned the main task into a resource allocation
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task. To maintain a consistent cognitive load, we also introduced a puzzle task that
participants engage with during potential downtimes, such as when all resources
are currently allocated.

e Interruption as a dual task: The participants’ comments and the experimenter’s
observations indicated that the participants acknowledged the interruption already
when noticing the attention cue without looking at the information cue. Therefore,
we added a simple math problem (e.g., 3 + 5 =?) as an information cue the users
had to solve by entering the correct solution on the keyboard. The task performance
of this task can then be used as an indicator of the technology’s ability to get the
user’s attention.

The final study involves 180 participants who are randomly assigned to one of four
conditions: three technology-based intervention conditions and a control group with-
out interruptions. Each condition has N = 45 participants. During the study, partic-
ipants perform a simulated office task for 40 minutes. The main task is a resource
allocation task in which participants take the role of a ride-rental manager responsi-
ble for distributing a limited fleet of vehicles to various events. Successful resource
allocation is rewarded with points, which is the main measure of task performance.
Resource allocation tasks are a widely used type of task to assess the impact of
interruption, as they induce a constant level of mental load throughout [3, 36].

To minimize user downtime and maintain a consistent cognitive load, a puzzle
task is introduced during idle moments, such as when all vehicles are currently rented
out. This puzzle task keeps participants engaged and allows them to earn additional
points and temporary resources to be used in the main task.

As explained earlier, to assess the effectiveness of each technology in gaining
attention, we have integrated a secondary task at fixed intervals. Participants are
prompted to solve the math problem presented in the information cue as a response
to the interruption. These interruptions are triggered at regular intervals, starting 10
minutes into the task and recurring every 7 minutes for a total of five interruptions.

The smartwatch delivers interruptions through vibration, providing discrete tactile
feedback that is expected to minimize disruption while remaining noticeable. The in-
situ projection system uses visual cues like color changes or ambient light to attract
attention. Although this approach may be more intrusive, it offers an engaging way
of delivering feedback. Finally, the digital picture frame displays an image as its
attention cue, blending into the office environment with subtle and less disruptive
cues.

We are collecting both objective and subjective data to assess the effectiveness
of these technologies. Objective measures include task performance, interruption
recognition rates, and resumption lag, which is the time taken to return to the primary
task after an interruption [3]. A shorter resumption lag is considered an indicator of
lower disruption caused by the persuasive technology. Subjective measures are being
captured through standardized questionnaires to assess concentration [22], fatigue
[27], and flow [32], both before and after the task.

We expect the smartwatch to have the shortest resumption lag due to its immediate
and direct feedback. The in-situ projection system is expected to be highly effective in
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gaining attention, but it may be perceived as more disruptive in shared environments.
The digital picture frame, while less intrusive, might have lower recognition rates,
due to its subtle attention cue.

The findings from this ongoing study will provide valuable insights into the design
of persuasive systems for office environments. The results will be employed to bal-
ance the need for attention capture with minimal disruption. Future work might
build on these findings through longitudinal studies, exploring the long-term impact
of such technologies on behavior adaptation and habit formation.

7 Summary

This chapter introduces a structured approach to designing and implementing per-
suasive systems that help users modify their behaviors by intentionally forget-
ting unwanted work-related habits. The development pipeline ensures that user
insights are systematically transformed into structured models, guiding the creation
of personalized and adaptive persuasive interventions.

The process begins with collecting user data through structured interviews, cap-
turing insights about work-related habits and behavioral transitions. These insights
are then represented as semi-formal BPMN models, which allow for clear visualiza-
tion of current and desired behaviors. We presented a manual and guided approach
for creating BPMN models from interviews with a reduced influence of modeler
biases. BPMN models are converted into reference nets to facilitate deeper analy-
sis and automation, which formalize the logic of intervention triggering and system
responses.

To implement these persuasive systems, we integrated reference nets with
Java using the Renew simulator. This integration enables seamless communication
between the system and external devices, such as sensors and actuators, ensuring
that interventions are delivered in real-time and tailored to user needs. The system’s
modular architecture allows for easy modifications and adaptations, making it highly
flexible and scalable.

A major advantage of this architecture is its adaptability. Because the system
separates control logic from environmental components, new sensors, outputs, and
feedback mechanisms can be incorporated without significant reconfiguration. This
makes it applicable to a wide range of domains, including workplace productivity,
digital well-being, and personalized learning environments.

By embedding intervention logic within reference nets, the system ensures repro-
ducibility, consistency, and precision in delivering behavior change interventions.
The structured approach enables interventions to be systematically tested and refined,
improving their effectiveness over time. Future research will focus on evaluating
the long-term impact of these interventions and extending the framework to addi-
tional use cases beyond work-related behaviors, such as health monitoring and habit
formation in everyday life.
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1 Introduction

For more than 20 years now, the Smart Data & Knowledge Services (SDS) department
(formerly Knowledge Management department) at the German Research Center for
Artificial Intelligence (DFKI) has investigated methods for supporting users’ (per-
sonal) information management (PIM) [63] and knowledge work [30] activities.
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Assuming that knowledge' emerges with the individual and eventually spreads into
groups like the team, the department or the company, our solutions are typically cen-
tered around an Organizational or Corporate Memory, i.e. a computer system that
continuously collects, updates and structures knowledge and information in the orga-
nization and context-sensitively, specifically and actively provides them for various
tasks (see Abecker et al. [1] and Dengel et al. [32]). Especially in systems developed
in our department, there is a Knowledge Graph (KG) [82] based on ontologies [93] at
its core to represent (parts of) users’ mental models (like persons, organizations, loca-
tions, topics, tasks, events, etc.) and interconnect them with personal and corporate
information (like files, mails, bookmarks, databases, etc.). Based on such a Corpo-
rate Memory, Personal Knowledge Assistants (PKA) operating on users’ individual
desktops as well as the corporate intranet (cloud service) can be implemented. In
interdisciplinary research, we and our partners (e.g. see co-authors) have worked on
several variants and aspects of such assistants over the years. In this paper, we would
like to provide a bit of an overview and some highlights of our research of the last
decade whose focus was in particular on further increasing the degree of automation in
PIM and Knowledge Work (KW) support. One major aspect in this regard was digital
forgetting and in particular Managed Forgetting [59] serving as a “final puzzle piece”
to realize true self-organization in this area: Without the ability to also select infor-
mation items to be archived, condensed, possibly deleted, a system—as autonomous
as it may be—can more or less only “move items around” without ever “shedding
ballast”, even if indicators would advise to do so. In order to decide which support
measures to apply, the system observes user behavior and uses specifically tailored
knowledge graphs for sense making and representing the user’s information sphere.

The rest of this paper is structured as follows: Sect. 2 introduces necessary back-
ground information and foundations. A short overview of related work is given in
Sect. 3. The paper’s main part is Sect. 4, which details our research on self-organizing
personal knowledge assistants. Last, the paper is concluded in Sect. 5.2

2 Background and Foundations

Self-organizing Context Spaces (or cSpaces, for short) combines three key concepts:
the Semantic Desktop as an ecosystem, Managed Forgetting (a variant of intentional
forgetting) and Context Spaces, which are a way of explicating user contexts. This

! Regarding the definition of “knowledge”, we adopt the knowledge ladder by North et al. [81]: In
short, it starts with symbols at the bottom. Adding syntax leads to data, adding meaning leads to
information and connecting information including personal context, experience and expectations
leads to knowledge.

2 Note: This paper is a condensed version tailored to the aspects of Managed Forgetting and cSpaces.
Readers additionally interested in knowledge graph construction and industry use cases of DFKI’s
corporate memory solution, CoMem, are kindly referred to a 73-page preprint available online [62].
Both versions contain excerpts of two of the authors’ PhD theses [55, 90], which can also be used
for further reading, since they cover the topics in even greater detail (over 500 pages).
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section introduces these concepts in more detail. In addition, screenshots of some
of cSpaces’ prototypical implementations are shown in Figs. 1 and 2. Section 4.3
(second paragraph) also describes a typical interaction with such a prototype.

2.1 The Semantic Desktop as an Ecosystem

When creating Corporate Memory systems and PKAs based on them, we first need
to solve the problem of data acquisition, i.e. tapping into and connecting existing
data sources on users’ personal computers, the intra- and internet, and building a
Knowledge Graph (KG) from them (c.f. Schroder [90] for a detailed overview).
Especially solutions developed in our department involve the Semantic Desktop [31,
86] as an ecosystem bridging users’ local devices with the Corporate Memory resid-
ing on the intranet. Technically, the Semantic Desktop aims at bringing Semantic
Web [16] technology to users’ desktops. In short, information items (files, emails,
bookmarks, etc.) are treated as a Semantic Web resources, each uniquely identified
(by a URI [15, 17]) and accessible and queryable using the Resource Description
Framework (RDF) [23, 27]. Ontologies [93] allow users to express personal mental
models that interconnect these information items with their mental concepts like
persons, organizations, locations, projects, topics, tasks, events, etc. An easy way
offered by the Semantic Desktop is users simply tagging items with these concepts.
Such a resulting semantic network at the core of the Semantic Desktop is therefore
also called the Personal Information Model [87], or PIMO for short. As mentioned in
the introduction, knowledge eventually spreads into groups, which is also reflected
by the system: shared parts of users’ individual PIMOs form a Group Information
Model (GIMO) [70] as part of the Corporate Memory. In more recent terms, one
may speak of PIMO and GIMO as a Personal KG [11] or Corporate/Enterprise KG
[38], respectively. Several features of our recent Semantic Desktop prototype that
is part of our productively used Corporate Memory system, CoMem, are illustrated
in Maus et al. [71] and Jilek et al. [58] and the CoMem website.> Our department
was among the Semantic Desktop pioneers bringing up the idea and technology in
the early 2000s [85]. Although the hype around the topic finally subsided about
a decade later, our department kept working in this area continuously. One of the
more recent features using this technology as an ecosystem is the aforementioned
Managed Forgetting, which is discussed in the next section.

3 https://comem.ai/.
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2.2 Managed Forgetting—A Variant of Intentional
Forgetting

According to Dragan and Decker [34] (2012), one of the reasons why the Semantic
Desktop was still not widespread at the time, although being superior to conventional
desktops as pointed out by Franz et al. [37], was the absence of a “killer app”, i.e.
a highly beneficial feature (possibly not to be found elsewhere) making users adopt
the technology. Managed Forgetting tries to fill this gap with its goal to increase the
degree of automation of the Semantic Desktop in PIM and KW support scenarios
aiming for a more tidied-up information sphere of the user, reduced cognitive load
(especially avoiding overload), faster task switching, etc.

Managed Forgetting was envisioned in the EU project ForgetIT* (2013-2016)

that brought together an interdisciplinary team of eleven partners from different uni-
versities, research institutes and companies across Europe. The idea was initially
published by members of the team in two position papers [64, 80] and later extended
by us in the Managed Forgetting’® project (2016-2023) emphasizing more on self-
(re)organization to finally read as follows:
“Managed Forgetting is an approach performed by a computer system to replace the
binary keep-or-delete paradigm with an escalating set of measures instead. These
measures range from 1) temporal hiding and inhibition, to 2) condensation, aggre-
gation and summarization, to 3) adaptive reorganization, synchronization, archiving
and deletion. The selection and application of measures, i.e. determining what to
forget and what to focus on, is performed in a self-organizing and decentralized way
based on observed evidences (typically gathered by user activity tracking). Managed
Forgetting relies on two variants of information value assessment inspired by human
memory and cognition: Memory Buoyancy for short- and medium-term information
value and the Preservation Value as a long-term counterpart. The goal of Managed
Forgetting is to complement not copy or replace human memory” [55].

The definition especially mentions Memory Buoyancy and Preservation Value as
two variants of Information Value Assessment, i.e. measures trying to assign a score
to information items reflecting their present or future value for the user. For example,
a train ticket may have a high Memory Buoyancy score while one is on the business
trip, but its value rapidly decreases once the trip is over and the ticket cannot be
used for another ride. Although aiming for different perspectives (short/medium- vs.
long-term), both concepts incorporate similar dimensions in their calculations like
user activity and user investment, gravity, social aspects, etc. [58, 71]. In particular,
Memory Buoyancy follows the metaphor that items losing relevance gradually “sink
away”, while those that are important (again) are pushed closer to the user by their
higher buoyancy [64, 80]. Both concepts will be addressed in more detail in Sect. 4.

Another aspect worth pointing out is the implied paradigm shift allowing the
system to reorganize items on a person’s computer and especially select some of

4 https://www.forgetit-project.eu/.
3 http://www.spp1921.de/projekte/p4 html.en.


https://www.forgetit-project.eu/
https://www.forgetit-project.eu/
https://www.forgetit-project.eu/
https://www.forgetit-project.eu/
https://www.forgetit-project.eu/
http://www.spp1921.de/projekte/p4.html.en
http://www.spp1921.de/projekte/p4.html.en
http://www.spp1921.de/projekte/p4.html.en
http://www.spp1921.de/projekte/p4.html.en
http://www.spp1921.de/projekte/p4.html.en
http://www.spp1921.de/projekte/p4.html.en
http://www.spp1921.de/projekte/p4.html.en
http://www.spp1921.de/projekte/p4.html.en

Self-(re)organizing and Especially Forgetful Personal Knowledge ... 105

them for deletion (as well as executing the deletion at some point in time). Since the
time computers became personal computers (i.e. a great number of people having one
or more devices for themselves), users could rely on information being stored on their
computer would remain there (hardware malfunction or manual deletion aside). This
changes when introducing such self-organizing and especially forgetting-enabled
(“forgetful””) information systems (FIS [59], for short). They impose new challenges
to usability, users’ feeling of control, trust, etc. Imagine a user entering keywords
into the search field of an FIS and no (or seemingly incomplete) results are shown.
Users would wonder whether they entered the “right” keywords or whether they
really saved the information item they are now looking for. Searching FIS as well as
the aforementioned challenges are addressed more thoroughly in Sect. 4.

In the Managed Forgetting approach, deciding, for example, which items to forget
and which to focus on heavily relies on context: the same information item could
be very important in one context while being totally irrelevant in another. Thus,
another rather recent feature based on Semantic Desktop technology we envisioned
is Context Spaces [57] as introduced in the next section.

2.3 Context Spaces—User Context as an Explicit Interaction
Element

When speaking of “context” we actually mean “a ‘sense-giving environment’ for
a (given) nucleus, i.e. a context tries to represent relevant information items and
their relations describing the given situation. Such a nucleus can be an activity (e.g.
writing a scientific paper), an event (a meeting) or an information item itself (a PDF
document, email, etc.). Because of the dynamics of situations, a context evolves over
time. The context of a large research task (later containing many documents, links,
notes, etc.), for example, could spawn from a small context having only an email
calling for participation as its nucleus” [39]. Since every information item could
become the nucleus of such a context, this definition leaves great freedom to the
user. What belongs together in a person’s mind should be representable as a context
(or Context Space [57]) on their computer. In one of our industry use cases, there was
a context space with a ticket as its nucleus for every failure incident reported by a
customer or system health monitor. Like in folders, items in the same context should
then also be displayed together, so their relatedness is clearly visible to the user
countering the well-known project fragmentation problem in PIM [13], i.e. items of
the same context being spread across various applications (files in the file system,
mails in the email client, bookmarks in the web browser, etc.). This latter aspect is
addressed by injecting context spaces into as many applications as possible. Details
will be presented in Sect. 4.

In summary, with Context Spaces we see context as an active element users can
work in and interact with. There are similarities to traditional folders but the idea of
context spaces extends this concept as explained in the next section.
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Having introduced these concepts, the next section presents Self-organizing
Context Spaces [55] as a variant of a PKA that combines these three ideas.

2.4 Self-organizing Context Spaces as a PKA Variant

The idea of Self-organizing Context Spaces is to combine Semantic Desktop
technology with Managed Forgetting and Context Spaces in the following way [55]:

Context Spaces. Have context as an explicit interaction element: Context Spaces
allow knowledge workers to work with (i.e. a “tangible” object similar to a folder) and
in contexts (i.e. immersion). These Context Spaces should be available in as many
applications as possible fulfilling the vision of a single unified hierarchy structure
(e.g. atree or a directed acyclic graph) replacing separate file, mail, web browser and
similar folder structures. Additionally, they provide necessary contextual information
to select and perform appropriate support measures.

Managed Forgetting. Apply measures of Managed Forgetting like temporal hid-
ing, condensation, reorganization, etc., to support knowledge workers with new kinds
of services and higher degrees of automation not available in traditional systems.
Exploiting the high amount of contextual (meta-)information makes this possible.
Capabilities like condensation, summarization and ultimately deletion may signifi-
cantly help with regard to long-term scalability of such a system (another reason for
failure of preceding Semantic Desktop prototypes).

Semantic Desktop. Use the Semantic Desktop as an ecosystem to capture and
represent a user’s personal information model (PIMO) as well as contextual meta-
information. The latter is either gathered automatically by means of user activity
tracking or manually by users working with Semantic Desktop features like tagging
or dragging items to a certain Context Space. An enhanced PIMO explicitly contains
all of a user’s Context Spaces.

As mentioned in the introduction, Managed Forgetting is not seen in isolation but
as a component to realize self-organization. Thus, cSpaces aims at supporting the
whole lifecycle of a context, from its initial spawning, to potential actions like split-
ting or temporal hiding in its main phase, to merging, condensation and potentially
forgetting, archiving or deletion in its late phase.® More details on these operations
are provided in Jilek [55] and a selection is also presented in Sect. 4.

The whole concept of Context Spaces and especially Self-organizing Context
Spaces is explained in great detail in Jilek [55].

6 Note: Technically speaking, cSpaces is not a self-organizing system according to the definition
by Heylighen and Gershenson [53], i.e. it does not organize itself (briefly speaking). Using the
term, we refer to the way cSpaces maintains its content (i.e. context spaces and their items) in a
self-organizing and decentralized way by using operations like the ones described before.
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3 Related Work

To our best knowledge, there is no approach strongly related to Self-organizing
Context Spaces (cSpaces). This section thus provides a brief overview of related
work for each of its key concepts and ideas in separation. For further literature
pointers see Jilek et al. [62] or our individual papers on a particular topic.

Semantic Desktop and Similar Approaches. In general, there is the inspiring
vision of Memex by Vannevar Bush [21] for many Semantic Desktop and similar
approaches. As mentioned before, our department has quite a long track record in
the area of organizational/corporate memories in general and the Semantic Desk-
top in particular. Apart from the well-known NEPOMUK’ (2006-2008), the more
recent ForgetIT® (2013-2016), Managed Forgetting® (2016-2023) and SensAI'®
(2020-2023) need to be mentioned. Apart from these projects, there is also work
by Microsoft Research like MyLifeBits [42], the Lumiére Project [54] and the assis-
tant Cortana."' There was the CALO project (Cognitive Assistant that Learns and
Organizes) with Semantic Desktops like SEMEX [33] or IRIS [25]. The well-known
Enron Email Dataset [65] was also collected and prepared in this project. However,
its most prominent outcome is presumably the assistant Siri'? that started as a spin-
off later bought by Apple.'? Besides Cortana and Siri, there are also Amazon Alexa'*
and Google Assistant'” (formerly Google Now) as further assistants by major corpo-
rations. Google also provided the 2011 discontinued Google Desktop.'® Other works
are TaskTracer [35] by Dietterich, Shen, Stumpf ef al. or papers on user activity
tracking and task detection [50, 51] by Gyllstrom et al., who also published the
information value assessment approach LostRank [49] (see next section). The group
of Abela, Staff, Handschuh, Scerri et al. (some of whom were also members of the
NEPOMUK project) worked on several related topics and presented solutions like
DCON [88], PiMx(T) [3] or (X-)iDeTaCt [2, 4]. Last, there were three large projects,
APOSDLE"" (2006-2010) [68], ACTIVE'® (2008-2011) [98] and SWELL'® (2011—
2017) [66], each publishing 60 or more papers, several of them relevant. For a slightly
more detailed overview see Jilek [55].

7 https://nepomuk.semanticdesktop.org/.

8 https://www.forgetit-project.eu/.

? http://www.spp1921.de/projekte/p4.html.en.

10 https://comem.ai/sensai/.

1 https://www.microsoft.com/en-us/cortana/.

12 https://www.apple.com/siri/.

13 https://web.archive.org/web/2022030804 1 153/http://www.ai.sri.com/project/ CALO.
14 https://developer.amazon.com/alexa.

15 https://assistant.google.com/.

16 https://web.archive.org/web/20110824073151/http://desktop.google.com:80/.
17 https://web.archive.org/web/20190503192712/http://www.aposdle.tugraz.at/.
18 https://web.archive.org/web/20110305113841/http://active-project.eu/.

19 hitps://web.archive.org/web/202106 12234945/ http://swell-project.net/.
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Digital Forgetting and especially Intentional Forgetting. With regard to digital
and especially intentional forgetting see other chapters of this book. Apart from
the work by our colleagues, other works are, for example, in the area of Robotic
Memories [47] or Life Logging [48]. With regard to PIM, Schmidt [89] applied an
“aging mechanism as a form of controlled forgetting” in user context management
and Bergman et al. [14] proposed a GrayArea as “an additional folder feature that
allows the users to drag information items of low importance to a designated location
at the bottom of a folder”. There is also the area of Machine Unlearning, i.e. the
removal of individual data points from a trained model (e.g. [19, 22, 46]).

Regarding Information Value Assessment (see the introduced Memory Buoyancy
and Preservation Value), related approaches are, for example, the ideas of waste data
[52] or information waste in the file system [99] or on the internet [6]. Turczyk et
al. [96] investigated file valuation in the area of Information Lifecycle Management
(ILM), which seeks to store files on different storage systems according to their
(business) value. Gyllstrom and Pedersen [49] proposed LostRank, an approach to
estimate which documents are most likely to be lost for the user (e.g. important but not
recently used) and are thus harder to re-find. Sappelli et al. [84] presented an approach
for email importance estimation. Last, there is work by Attard, Brennan et al. (e.g. [9,
10, 20]) using the mostly synonymous term of data value assessment. Some of these
approaches are more business centric, and others aim at more personal use cases.
However, to the authors’ best knowledge, Memory Buoyancy and Preservation Value
are the only approaches that were designed and implemented according to findings
of cognitive psychology about human memory and cognition.

Context Spaces and Self-organization Aspects in this Regard. Apart from our
own prior research, especially work of the aforementioned ACTIVE project and the
area of Semantic File Systems are to some extent related to the idea of working with
and in Context Spaces and Self-organizing Context Spaces.

ACTIVE assumed that users are aware of the concept of context [45] and allowed
them to select their current one. As a support measure, recently used document lists
were updated according to the selected context [45, 98].

Allowing users to actually work in Context Spaces ultimately requires making
them available in many (ideally all) of the users’ applications. Especially the file
system is interesting in this regard since it is available in all applications. Thus, it
is an effective approach to utilize virtual or semantic file systems. To the authors’
best knowledge, the paper that first mentioned the idea of a semantic file system is
the one by Gifford et al. [43] (1991). Since then, more than 700 publications cited
the paper, whereas only a fraction of them presents a semantic file system as well.
However, seeing a user’s knowledge work context as an entity to traverse has not
been realized by any of these systems. The same is true for self-organization: none
of these systems is self-(re)organizing except the one by Mesnier et al. [72], which
addresses and applies self-reorganization in the scenario of low-level file system
organization but not with respect to users’ knowledge work contexts.
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4 Self-organizing Personal Knowledge Assistants

Self-organizing Context Spaces, or cSpaces for short, were mainly developed as part
of a PhD thesis of one of the authors (Jilek [55]) from 2018 to 2022—its devel-
opment is ongoing for further research. It is a variant of a self-organizing PKA
and actually not (yet) a single application containing all features mentioned in the
following. Instead, features were developed step by step over several years and
also re-combined or tailored toward certain research questions. Especially before
work on cSpaces had started, experiments were conducted with the already produc-
tively used CoMem system. Over the years, CoMem, whose development started
in 2011, further matured coming closer to an industry-ready product. This also
made it necessary to “outsource” certain experiments and research questions to
more lightweight, experimentation-friendly environments that are typically also more
“fragile”, i.e. less stable and maintained. cSpaces can thus be seen as a reduced,
experimentation-tailored version of CoMem paving the way for potential future
CoMenm features.

In the remainder of the section, we first present the basic interaction cycle with
systems like cSpaces or CoMem, followed by an overview of different user interfaces.
Next, we share our insights on how working with and in Context Spaces, i.e. context
an explicit interaction element, was perceived by test users so far and which benefits
we could already identify or even quantify, respectively. This is followed by an
overview of support measures offered by CoMem and cSpaces as well as further
studies conducted, for example with regard to searching and trust in such highly
autonomous systems.

4.1 Interaction Cycle

The interaction with cSpaces is basically a cycle of six steps [55, 59]:

1. Evidence collection: First, there is evidence collection, i.e. the system tracking
user behavior like reading/writing files, clicking websites, etc. We, for example,
created tiny headless plug-ins that simply send out in-app events to the Semantic
Desktop—we therefore called them plug-outs [S7]. More details on such plug-ins
as well as Semantic Desktop architecture and re-engineering using plug-outs can
be found in Jilek [55].

2. Information extraction: Next, the collected user activity evidence snippets are
analyzed using, for example, information extraction methods. We mainly per-
form a variant of ontology-based Named Entity Recognition (NER), in particular
identifying mentioned entities of the KG in the snippets. Items like files, email,
websites, etc., are then automatically annotated with a hasSuggestedTopic rela-
tion, e.g. <DFKI website> hasSuggestedTopic <machine learning>. Since our
system is a real-time assistance system, this analysis needs to be performed as
fast as possible (preferably in only a few milliseconds) and desirably with a bit
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of tolerance toward lexical variations like inflections, so the system does not
“lose track” of users’ activities by not detecting mentioned entities. In Jilek et
al. [60], we presented a specialized NER approach combining (near-)real-time
requirements with inflection tolerance.

3. Context elicitation: The third step is context elicitation. Given the evidence
snippet(s) and the analysis result, the system tries to identify reasonable context
candidates. Since users are directly interacting with the Semantic Desktop like
explicitly selecting a context to work in or dragging items into a context space, the
task can also be stated as predicting whether the user is still in the same context
or whether they switched to another one (and if that is the case, to which one).
Several context elicitation methods were presented in Jilek [55].

4. Information value assessment: In the fourth step, Memory Buoyancy and
Preservation Value scores are calculated (see later parts of this section).

5. Self-(re)organization measures: Based on these scores, support measures may
be triggered like temporal hiding, reorganization, condensation, etc. Details will
follow in the remainder of the section.

6. User interface updates: Steps 5 and 6 are the actual support measures, whereas
step 5 can be seen as the back-end part and step 6 addresses the front-end, i.e.
updating the GUI appropriately.

After step 6, the interaction goes into its next iteration back at evidence collection.
There are two additional aspects to be mentioned:

0. Data storage and knowledge graph (PIMO): First, there is the data foundation
(PIMO as a personal KG, databases, etc.) mentioned in the last section. This not
only comprises data storage and connection to other systems but also context
modeling. cSpaces extends the context model by Schwarz [91, 92], which itself
is an extension of the one by Maus [69]. Both researchers already introduced
various dimensions like organizational or causal aspects. These were extended in
Jilek et al. [59] and Jilek [55] by hierarchy, forgetting and focal aspects. Storing
and querying all this data imposes the challenge of combining structured and
indexed search in near-real-time scenarios of highly evolving data (every click
of the user may change the KG, the contexts, etc.), which is a large topic of its
own. In Jilek [55], requirements for such a data store were summarized and an
early prototype was developed and presented.

7. Socio-technical issues and cognitive psychology aspects: Several of our exper-
iments, for example focusing on cognitive load or user’s trust (e.g. see Sects.
4.3 and 4.6), were supported by research partners of cognitive psychology and
ergonomics.

Having introduced the basic interaction cycle with the system, the next section
presents some of its user interfaces.
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4.2 User Interfaces

So far, three different user interfaces have been realized for cSpaces: a dashboard,
a sidebar and transparent injections into existing systems like file or web browsers.
Each of these interfaces offers a bit more familiarity to the user.

Dashboard. With the potentially screen-filling size of a dashboard, there is lot of
space to visualize information and offer interaction possibilities for search, tagging,
etc. There is, however, the drawback of having to leave the current application and
switch to another app (the dashboard) typically taking up the screen’s whole space
obscuring the user’s view on all or most other applications.

Sidebar. A sidebar mitigates this problem by occupying far less space but, on the
downside, all widgets need to be more compact to fit into the sidebar, which typically
means dropping visualization or input elements that would have been shown in the
dashboard. Screenshots of different cSpaces sidebars are shown in Figs. 1 and 2.

Transparent injections. The highest familiarity with the environment is achieved
using transparent injections of cSpaces into existing systems like the file, mail or
web browser, calendar, etc. As presented in Jilek et al. [57], cSpaces uses standard
protocols like SMB [73] (files), IMAP [26] (mails) or WebDAV [44] and its extensions
CalDAV [29] and CardDAV [28] (calendar, address book) or similar quasi-standards
like WebExtensions [74] (web and mail browser), supported by all major operating
systems to inject contexts on a very low level without touching any operating system
code. Especially the file system is interesting in this regard since it is available in all
applications and thus makes cSpaces available in all of them. Higher-level actions
like tagging items or writing comments could become cumbersome using only these
injections. Therefore, a sidebar or dashboard is used as a complement. An example
of a file system injection is given in Fig. 3: the figure shows a user browsing a specific
context whereas the lower variant has been reorganized in the system.

4.3 Working with and in Context Spaces

One major idea of cSpaces is to enable users to actually work with (i.e. a “tangible
object” similar to a folder) and in (immersion) context spaces. This especially allows
for unified browsing of contexts that are close(r) to a person’s mental model and easy
ways of tagging/associating items with these contexts. “Modeling” (in the sense of
users making more of their mental model explicit for the machine) should be easy
and subtly possible for the user, e.g. dragging a file to a context makes the system
automatically create an isContainedlIn relation. If the context represents a calendar
event, e.g. a business meeting, then the meeting can be associated with entities found
in that file, etc. cSpaces addresses all three pressing requirements for future PIM
systems stated by Warren [97]: combat information overload, ease context switching
and support information integration across a variety of applications.
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Fig. 1 cSpaces prototype for several user studies

We have already conducted multiple studies to gather user feedback on the system
and to quantify potential benefits. Figure 1 shows a typical experimentation scenario
with cSpaces: users interact with the sidebar (right) next to their usual applications, in
this case a web browser (left). In this example, the sidebar consisted of three parts: the
context selection (1), a “context contains” section filled with the items of the selected
context (2) and an activity history showing the (last) actions performed in the context
in reverse-chronological order (3). The screenshot particularly shows a web research
scenario, in which participants investigated a certain topic, e.g. information about a
country or famous person. They could add items (webpages) to the currently selected
context (C) by clicking on the plus symbol next to the webpage’s entry in the activity
history (G). The webpage then appeared in the “context contains” area (D). They
could also write notes associated with the webpage (E) or use a highlighter in the
web browser (A and B), whose selected text passages were automatically converted
into notes (F). To ensure that all browser tabs (except for the experiment instructions)
were closed when participants were, for example, asked to switch contexts, a special
tab closing app was developed (H). This prototype or slightly varying ones were used
in several studies presented in the following.

Cognitive Offloading Effects

In a first study, participants were asked to do web research on a certain topic. The
cSpaces assistant in a variant as described above captured their respective context,
they could take notes, etc. In the middle of their task (after a few minutes), they
were interrupted to switch to another completely unrelated context, the solving of
modular arithmetic problems by Bogomolny [18] (referring to Gaul3 [40]). These
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equations are known to “place heavy demands on working memory” as stated by
Beilock and Carr [12] referring to Ashcraft [7] and Ashcraft and Kirk [8]. Before
switching to the math context, participants were informed whether their previous
context (web research) would be kept or deleted. In case of the former, they could
rely on the system keeping their context and bringing it back up when needed later.
Participants whose context was kept were actually able to solve more equations than
the deletion group (10.3 vs. 9.4, n = 48, p < 0.01). Although it was only a weak
effect, the difference in means was significant. Participants whose context was kept
were able to “cognitively offload” [83] their so far collected facts in the research task
to cSpaces freeing working memory capacity, which then was additionally available
for the math task. Our colleagues of cognitive psychology had already shown the
effectin a scenario of encoding and recall of word material [94]. With this experiment,
we were able to transfer these findings to a more complex scenario like knowledge
work. For details please see Gauselmann et al. [39].

In a follow-up experiment [41], we could show the same effect more directly
using functional Near-Infrared Spectroscopy (fNIRS), “a neuroimaging technology
for mapping the functioning human cortex” [36].

Effects on Task Resumption/Switching

In a second study, we investigated effects on context/task switching with the goal
of quantifying participants’ so-called Task Resumption Lag (TRL) [5], which we
understand as the time a person needs to re-adjust their mind to the former context
in order to continue where they left off. Participants were asked to plan a barbecue
evening that made them do research like checking emails by guests, in which they
stated what they would like to eat or bring for the party, vendor websites with prices,
etc. Step by step, they had to fill an order list with amounts of food and beverages to be
ordered. From time to time (in each case after a few minutes), they were interrupted to
work on an unrelated task (working on a wiki entry about autonomous driving). Each
participant was interrupted and a few minutes later resumed the main task three times.
As shown in Fig. 2, the experiment had three groups: Group G1, a control group, had
a non-interactive sidebar: it only showed a concise content analysis of the currently
browsed email or website (1), basically the most prominent entities found in the text.
Group G2 additionally had the possibility to add items to a single context-free folder
as well as adding notes to them (3). Their activities were captured in an activity
history list (4). Group G3 also had these possibilities but with the additional feature
of being able to switch contexts (2). As a consequence, items, notes and activities
stayed separated by contexts and were not mixing up. Figure 2 shows how content
of the two contexts—f{rom the experimenter’s view: main task and distraction task—
colored in yellow and red, respectively, mix up in the sidebar of G2, whereas they
stay separated for G3. After an initial tutorial to get to know the system’s different
features, each participant worked in total for 20 minutes on the main task and 12
minutes on the distraction task. The experiment contained 40 different webpages—
emails were shown as part of an online mail client, so the whole experiment could
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Fig. 2 Task switching with three different variants of the cSpaces sidebar

be conducted using just a web browser. With the experiment having 51 participants,
we captured 153 observed context switches as well as one hour of video material
and 1000 logged activities on average per participant. Participants were not asked
to explicitly state when they felt their switch back was complete (mainly due to the
experiment initially having a slightly different focus; however, the rich amount of
obtained data could also be used for the TRL analysis in a secondary study). The
TRL was measured by analyzing the captured evidences. It was assumed that a person
was back in their former context (1) when getting back to pages actually containing
content needed to fill the remaining lines of the order list or (2) adding new items or
notes to the current context. To detect (1), all 40 web pages used in the study were
classified as being either offerings and prices, amounts of food or beverages brought
or requested by guests, navigation pages, spam without any relevant information or
the order list to enter results. Next, this classification was applied to the activity logs
in order to calculate the TRL for each of the 153 context switches. Last, these results
were compared to the captured video material and corrected where necessary. For
instance, this was the case when users navigated through several pages very quickly,
staying on each page for less than a second. Even if a page classified as content
was among those, it was assumed that the detention time was too short to actually
conceive anything written on that page. Thus, the next content page visit or sidebar
addition in the activity log was used to calculate the TRL.

The average TRLs for each group were as follows: 18.3 seconds for G1, 11.0
seconds for G2 and 10.5 seconds for G3. cSpaces-supported groups were thus about
40% faster in resuming their former context than the control group. The small dif-
ference between G2 and G3 (not significant) can be explained by only having two
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different contexts, of which one even was a distraction task and discovered as such
by some participants: we observed rare cases of G2 participants taking the time to
tidy up their sidebar by removing items and notes after returning from the distraction
to the main task. It is worth noting that in post-experiment interviews, 78% of G2
participants stated (or at least insinuated) the need for a context-sensitive sidebar
not mixing things up. More contexts would have presumably been necessary to see
a larger TRL difference between G2 and G3. However, the differences of G2 and
G3, respectively, to G1 were significant (p < 0.001) and can be classified as a strong
effect. Further details on the experiment can be found in Jilek et al. [61] and Jilek [55].

Further Insights of a Multi-month User Study

As a complement to the previously mentioned short-term studies, we set up a multi-
month user study, in which a smaller group of participants could use a more advanced
prototype for up to five months (some users joined later in the study). The group of
participants consisted of seven fellow researchers and students. They were asked to
integrate the application into their daily work, which let to some of them using the app
nearly every work day and others only a few days per month. In total, 249 days of use
could be captured, consisting of 46,552 individual user events, 173 context spaces,
165 browsed files and 8393 browsed webpages. The study ended with a structured
interview of 45 questions on 15 aspects of cSpaces. For example, all participants
clearly agreed that

e the ideas behind cSpaces were easy to understand,

e learning how to use the app was easy and its usage could easily be remembered,

e taking notes on items in a context was exactly where they would like to have such
notes,

e switching between different user interfaces like dashboards and sidebars would
help in being more efficient and

o that they had not seen something like cSpaces in existing software applications.

Besides rating and describing their experience with the current prototype, they were
in some cases also asked to extrapolate their gained experience to envisioned or early
features they knew about (e.g. by seeing them in demos) but which were not part of
the current prototype, yet. Such items were for example:

e whether items were right where participants would like to have them using context
spaces,

e whether such context spaces were more aligned with their mental model than with
traditional systems,

e whether cSpaces would allow for faster context switches,

e whether cSpaces helped in keeping their information sphere more tidied up or

e cSpaces showing only the current context while temporarily hiding others reduced
cognitive load while working.
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Being a research prototype, the cSpaces application still had usability issues that
were less problematic in short-term experiments. However, in a more productive
medium/long-term use, some “quality of life” improvements would have been help-
ful, e.g. clustering of the activity history, introducing better scrolling for certain
widgets, etc. Note that these were not conceptual problems: users could give sepa-
rate ratings for the current and the envisioned prototype and some problems were
clearly attributed to the current but not the envisioned one. In general, participants
were asked to give their honest opinions and ratings, and they actually pointed out
the problems above. Thus, a courtesy bias [67], i.e. known or friendly persons giving
more positive answers than they would have with an unknown experimenter or the
prototype of an unknown person, can probably be ruled out for this study. In sum-
mary, one may conclude that the current prototype was already perceived as helpful
(in total, ratings were slightly on the positive side of the spectrum), whereas even
more potential was seen in the envisioned or early features (ratings very much on
the spectrum’s positive side). For a detailed break-down of all results see Jilek [55].

4.4 User Support Measures

This section gives more insights into user support measures offered by cSpaces
and/or CoMem. They are an implementation of Managed Forgetting comprising ideas
like condensation, temporal hiding or reorganization (see Sect. 2 for the complete
definition).

Condensation and Summarization

An example of this category is PIMO Diary, a diary generator proposed in Jilek
et al. [56]. It takes a person’s personal KG (PIMO) and a given timespan as inputs
and tries to cluster items and events in a way that makes the diary interesting to
read/browse. There should be, for example, a certain amount of diversity within
the diary, i.e. events belonging to the same project or topic should rather become
one cluster instead of several ones about more or less the same. The app generates
headlines for each entry and shows associated media like photos, the most important
associated concepts of the KG as well as a word cloud of the most important terms.
Users can zoom-in and zoom-out or shift the focus toward certain topics. PIMO
Diary is basically a clustering approach using text and concept embeddings. Our
colleagues also investigated summarization methods on microblogs [75-77, 79].

Temporal Reorganization, Fading Out and Resurfacing

A feature directly driven by Memory Buoyancy (MB) is Fading out and Resurfac-
ing. MB tries to assign a score to each information item that represents the current
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value for the user. It was created according to findings of human memory and cog-
nition and its design principles in CoMem were presented in Maus et al. [71]. A
first evaluation was conducted in Tran et al. [95]. Later, Jilek et al. [58] presented an
advanced version to better cope with different contexts and sudden switches.

Another example has already been presented in Fig. 2, when users switched from
one context to another, the context sidebar (as well as all injections although not
shown in the screenshot) was dynamically reorganized to fit the newly selected
context’s content. While this can already be seen as a simple form of reorganization,
the idea can be further extended. Using so-called Intelligent Folder Injections (IFI),
the current context’s content can be further divided with regard to certain criteria. For
example, an IFI could contain less important items of this context that are, however,
associated with hot topics of other contexts. A context’s last focus could be another
IFI. Another example we often use is the binary division of a context’s content in
an active and a forgotten part, whereas the forgotten part is hidden by default but
accessible using another IFI. Figure 3 shows the example of a real-world context,
the one of a project not visited for several years. After returning to that context,
users would typically find a situation like in the upper screenshot: an overwhelming
number of files and folders and it is at first unclear what were the important items. In
the lower screenshot, items with low MB scores are hidden by default (accessible via
a “forgotten” IFI) and only the most relevant remain. Since screenshots can hardly
get across the dynamics of interacting with such a system, we encourage readers to
watch a short technical demonstration video available online.*’

In the aforementioned multi-month user study, participants unanimously agreed
to the statements that IFIs are easy to understand and that they are an easy way to
work with an highly autonomous assistant like cSpaces and the results of its hiding,
condensation or reorganization measures. The previous examples apply to temporal
as well permanent reorganization. Further examples of the latter are presented in the
next section.

Permanent Reorganization

The last section showed examples that can be adjusted to work temporally as well as
permanently. Another example of permanent reorganization is related to the Preser-
vation Value (PV). The PV was designed as a long-term counterpart to Memory
Buoyancy. A first prototypical implementation in CoMem focusing on photo preser-
vation assessed six dimensions: user investment (e.g. usage or number of annotations
or comments added to an item), gravity (e.g. type-based heuristics or connectivity
in the KG, in particular closeness to important things), social graph (e.g. relations
to important persons, certain persons on a photo), popularity (e.g. ratings, number
of views), coverage (e.g. reaching a certain coverage of a user’s data, e.g. at least
one photo per photo collection) and guality (e.g. photo quality). In a three-week

20 https://comem.ai/cspaces/ or https://arxiv.org/src/1805.02181v1/anc/demo_video.mp4.
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Fig. 3 Example of reorganization

user study involving ten participants, that could use CoMem to manage their photo
collections, we could show that the system was capable of selecting meaningful
photo collections to be preserved. The system selected between 55% and 83% of
users’ photos to be preserved (mean: 72%, median: 73%) and eight of ten partici-
pants agreed with 87% to 96% of its decisions (mean: 91%, median: 93%). For one
participant the agreement was only 76% and a last one disagreed to such a large
extent that using the feedback interface was omitted. For details of this study or
more general preservation methods in CoMem as well as cSpaces’ automated
context management, an ongoing topic under heavy development, see Jilek [55].
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Additionally, a reorganization approach applied to Stack Overflow?' can be found
in Nguyen et al. [78].

Due to their autonomous character and the aforementioned paradigm shift, self-
organizing and especially forgetting-enabled PKA raise questions with regard to
search and trust that are discussed in the following.

4.5 Searching Forgetting-Enabled Information Systems like
cSpaces

In the beginning of this paper, we already mentioned that searching forgetting-
enabled information systems (FIS) is more challenging than traditional search. For
example, if no or seemingly incomplete search results are shown, users may start to
wonder whether they entered the “right” keywords or whether they really saved the
item they are now looking for. Being aware that the system is forgetting-enabled,
they may also ask themselves whether the searched items have been forgotten by the
system and are therefore not showing up. This may actually be correct because a user
is maybe looking for something not used, mentioned or otherwise “stimulated” (e.g.
by mentioning related topics) for a very long time and now wants to remember or
go back to the item. We addressed these issues in several FIS search prototypes, of
which two are shortly presented in the following. Our first prototype was developed
as part of CoMem. With a slider users could decrease the Memory Buoyancy thresh-
old leading to more and more “forgotten” items to show up. This led, however, to
pathological behavior by users dragging the slider to “low MB” instead of rephras-
ing their query if search results were not satisfactory. Issues and doubts as described
above were still present. We thus developed a second prototype as shown in Fig. 4.
Besides the typical input field (A) and the list of results (E), there is a coverage indi-
cator (B) showing how many found items are in the “active” part of the system and
how many in the “forgotten part”. Users thus get an idea of what actually is or was
there without being additionally flooded by possibly rightfully forgotten items. In
addition, contextual clustering is performed, showing topic clusters for active (C) and
forgotten parts (D) of the user’s information sphere allowing for further drill-down
of the search. More details and evaluation results can be found in Jilek [55].

4.6 Trust in Highly Autonomous Assistants like cSpaces

In scenarios involving a highly autonomous PKA like cSpaces that reorganizes a
person’s information sphere, trust is particularly important. This comprises trust in
search results (see last section) and the system’s actions and not losing the feeling

21 https://stackoverflow.com/.
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Fig. 4 FIS search prototype II: Coverage indication and contextual clustering

of control. Together with colleagues and students,?? we conducted an online study,
in which 140 participants assumed the role of a knowledge worker being supported
by cSpaces in the form of a sidebar on the one side of the screen. In three differ-
ent situations, participants were shown three different variants of status messages
of cSpaces. These messages were phrased to correspond to levels of the Situation
Awareness-based Agent Transparency (SAT) model by Chen et al. [24]. A first vari-
ant only stated goals and actions (e.g. a new context has been created by cSpaces).
A second variant additionally explained reasoning behind the action (e.g. the last
four actions strongly addressed a certain project and therefore the context has been
created). A third variant also gave projections on the assistant’s future actions (e.g.
if additional evidences confirmed the context switch, the user’s last three actions
would also be assigned to the newly created context). Findings of the study were as
follows:

Trust and intention to use increased as a function of higher transparency.
There was no moderation effect of propensity to trust.

Transparency perceptions differed across situations.

Participants formed a preference.

In conclusion, one can say that more explanations were not necessarily perceived
as more transparency, and for different situations different levels were preferred. An
assistant’s explanations should thus be adaptable and their amount adjustable. For
example, in the beginning, when working with such a system is still a new experience
for users, more explanations are presumably helpful. After some time, when users

22 A.-S. Ulfert-Blank, J. Knabe, and C. Jilek: Forgetting-enabled Al systems: Exploring the role of
transparency perceptions and trust (paper in preparation).
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are more accustomed to the system, they may prefer to regulate down their amount.
For further details please see Jilek [55].

5 Conclusions

In this paper, we gave a retrospective overview of a decade of research in our depart-
ment toward self-organizing personal knowledge assistants in evolving corporate
memories. It was typically inspired by real-world problems and often conducted in
interdisciplinary collaborations with research and industry partners. We summarized
a selection of past experiments and results on (Self-organizing) Context Spaces com-
bining the Semantic Desktop, Managed Forgetting and Context Spaces as a novel
approach to PIM and KW support. Past results were complemented by an overview
on related work and our latest findings not published so far, like a multi-month user
study and another one on user’s trust in such a system. The approach already allows
for further increasing the automation in PIM and KW, whereas some contributions
are only first steps in new directions with untapped potential left to explore. One of
the very recent topics we are currently working on is the efficient combination of
Large Language Models [100] and Knowledge Graphs in our PIM and KW support
scenarios.
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1 Introduction

In modern times, the amount of stored data and knowledge structures grows at expo-
nential rates. Particularly in the time of Big Data and complex knowledge structures,
the ability to focus on relevant information, while disregarding irrelevant details, is
essential. The human mind excels in this regard and allows for flexible adaptation and
application of new information. Even though the mind is not without its limitations—
sometimes leading to forgetting relevant information or retaining irrelevant ones—it
offers forgetting mechanisms allowing individuals to efficiently process and retrieve
the most relevant information, which can be further used for reasoning, decision mak-
ing or problem solving. One approach describing these processes is activation-based
functions [3], which propose that each memory unit, often referred to as chunks, has
an activation level. If the activation is over a given threshold, the information can be
retrieved, otherwise, it remains inaccessible. The cognitive architecture ACT-R [3]
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models this basic memory and forgetting mechanism as part of a broader theory of
human cognition. However, the application to information systems that account for
relevance and identify factors has not yet been comprehensively investigated. The
aim of our research is to develop a psychologically grounded framework for under-
standing intentional forgetting processes in humans, providing a formal modeling
structure and deriving best implementation practices.

The field of intentional forgetting is characterized by its multidisciplinary nature.
On the theoretical level, the focus is on the formal characterization and categorization
of forgetting [19]. The methods originate from knowledge representation, a subfield
of artificial intelligence, as well as cognitive modeling. Hence, we will review inten-
tional forgetting from the perspectives of cognition and formal logics. By refining
and extending previous work [5, 8], we explore the logical foundations and theoret-
ical aspects that underpin intentional forgetting from a commonsense perspective of
knowledge representation and reasoning. We identify and examine various forget-
ting operators and their interrelationships, and characterize them axiomatically in a
general framework. By illustrating how these forgetting operators can be modeled
using, e.g., ranking functions [43], this chapter demonstrates a structured approach
for understanding and implementing forgetting processes.

On a cognitive level, we consider further the distinction of declarative and pro-
cedural memory, well established in psychology and neuroscience (see, e.g., [44]).
The unique characteristics of these memory types entail differences in forgetting pro-
cesses. Building on the theoretical foundations of the operators, we investigate the
cognitive mechanisms underlying intentional forgetting through new experimental
paradigms: First, as a paradigm testing the transition between declarative and proce-
dural memory, we introduced the alien task, where individuals needed to explicitly
revise rules for a classification task. Thereby, the rules themselves could be consid-
ered declarative information, but also had a procedural training component due to
their repeated application. Second, the counting game designed specifically to inves-
tigate how individuals apply and revise structured rules under conditions that require
forgetting. This experiment is more demanding on a procedural level and aligns
closely to the operations introduced within the formal framework. Both formal and
cognitive investigations contribute to a deeper understanding of how to describe
and reverse-engineer intentional forgetting (IF) in humans—to make it applicable in
systems and organizations.

2 A Computer Science Perspective on Forgetting

In the following, we will present and discuss several types of change which involve
forgetting. These types of forgetting have been inspired by (intentional) forgetting in
commonsense reasoning where, e.g., we have to forget about a certain product that
we want to buy but that is no longer available (contraction), or we want to replace
our intention to buy this product by the wish to buy another product that seems
to be more suitable for our needs (revision), or we forget about irrelevant details
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when solving a problem (abstraction). Obviously, such different kinds of forgetting
are based on different cognitive processes, and our aim here is to characterize these
types of forgetting by their outcomes, and to present adequate formalizations to
reach these outcomes. Such formalizations also yield a solid basis for realizing and
understanding intentional forgetting in Al systems [9, 46].

To provide a uniform logic-based framework for formalization, we use an abstract
model in which an agent is equipped with an epistemic state W (also called belief
state in this paper) and an inference relation R between epistemic states and for-
mulas. We make no further assumptions about how this belief state is represented,
except that W makes use of a logical language Ly over a signature X. Thus, the
notion of belief state should be understood in a very broad sense. For instance, W
might be a set of logical formulas, a Bayesian network or a total preorder on possible
worlds. The relation ¥ R ¢ holds if an agent with belief state W infers ¢, where ¢
is a formula which can be evaluated by the semantics of W, e.g., a propositional for-
mula, or a conditional. Depending on W, the relation R can be a deductive inference
relation, a non-monotonic inference relation based on conditionals, a probabilistic
inference relation, etc. In the following, W will denote the prior state of the agent
and W° the posterior state after the forgetting resp. change operation. In addition to
the abstract framework, we will also develop a refinement of it employing ordinal
conditional functions (OCF) [43], more intuitively called ranking functions. OCFs
are capable of handling also conditional beliefs in a qualitative way. Besides hav-
ing a concrete language for expressing beliefs and their changes at hand, choosing
OCFs also illustrates that our abstract framework can properly catch logics that are
much more powerful than, e.g., propositional logic and that it also allows for change
operations with respect to a conditional belief. Most importantly in the context of
modeling human reasoning, OCFs provide a cognitively adequate logical frame-
work that avoids fallacies and paradoxes having been observed when classical logic
is taken as the norm and that allows for defining rationality of reasoning on a clear
conditional-logical base [18, 40].

As a logical base for our general epistemic states or OCFs, respectively, we use
a finitely generated propositional language Ly with atoms ¥ = {a, b, c, ...}, and
with formulas A, B, C, ... For conciseness of notation, we will omit the logical and-
connector, writing A B instead of A A B, and overlining formulas indicates negation,
i.e., A means —A. For an atom a, let & denote any of its literals a, a. Let Qx denote
the set of possible worlds over X; Qy will be taken here simply as the set of all
propositional interpretations over X. As usual, w = A means that the propositional
formula A € £ holds in the possible world w € 2, and Mod(A) = {w | v E A}
denotes the set of all such possible worlds. The symbol T represents any tautology. We
will use w for both the model and the corresponding complete conjunction containing
all atoms suitably either in positive or in negative form. By introducing a new binary
operator |, we obtain the set (£ | £) = {(B|A) | A, B € L} of conditionals over L.
(B|A) formalizes “if A “then usually B” and establishes a plausible connection
between the antecedent A and the consequent B. Conditionals with tautological
antecedents are taken as plausible statements about the world. Following De Finetti
[20], a conditional (B|A) is verified (falsified) by aworld wiff w = AB (v = AB).
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If w = A, the conditional is not applicable to w. The negation of (B|A) is defined
as its counter conditional (§|A). A finite set of conditionals is called a belief base.
Because conditionals go well beyond classical logic, they require a richer setting
for their semantics than classical logic. Ordinal conditional functions (OCFs), (also
called ranking functions) k : Q@ — N U {oo} with k~1(0) # @, were introduced (in
a more general form) first by Spohn [43]. They express degrees of plausibility of
propositional formulas A by specifying degrees of disbelief of their negations A.
Thus, the more plausible a world w is, the smaller is its rank «(w). An epistemic
state can be respresented by an OCF k. More formally, « (A) := min{x (v) | ® = A},
so that k(A v B) = min{«(A), x(B)}. Hence, due to ' (0) # @, at least one of
k(A), k(A) must be 0. To avoid technical peculiarities, we only consider OCFs
k : 2 — N within a finite range here; extending our approach to the general case is
straightforward. A conditional (B|A) is accepted in the epistemic state represented
by «, written as
k = (B|A), iff k(AB) < k(AB), (1)

i.e., iff the verification AB of (B|A) is more plausible than its falsification AB.
This is well in line with commonsense reasoning—people often believe (or accept) a
conditional “if A then B” if the most plausible examples of A A B are more plausible
than the most plausible examples of A A B. For a propositional formula A, we have
k E Aiffx = (A|T)iffk(A) < k(A) iff K (A) > 0, since at least one of k (A), k (A)
must be 0. Hence, « instantiates W in the abstract framework. Instead of abstract
beliefs A we consider conditionals (B|A), also including propositional beliefs via
A = (A|T), and K is instantiated to = as given in Eq. (1).

Example 1 Let £ = {p, b, f} with p meaning “penguin”, b “bird” and f “able to
fly”. “Birds normally fly” is modeled with the conditional r; = (f|b), “penguins
normally do not fly” with 7, = (f|p), and “penguins are normally birds” with r3 =
(b|p). Consider the OCF k., from Tablel , which will act as our running example
for the following sections (where we will also elaborate the other OCFs shown in
Table 1). The ranking function «,,, accepts the belief base R, = {ri, r2, 13}, i.e.,
Kpen = 1; forall 1 <i < 3. For example, k |=ry because k (bf) =0 < 1 = K(b?).

Note that, although it appears to be simplistic at first sight, this example models
an important case of uncertain commonsense reasoning. Birds typically fly but there
are exceptions to this rule. This cannot be represented adequately with classical
(propositional or first-order) logic [37]. In contrast, conditionals are quite perfect to
model rules with exceptions, and ranking theory provides a particularly convenient
framework to implement reasoning with such rules.

In most approaches to belief change, the new information is given by a propo-
sitional formula or by a set of propositional formulas. In the general framework
developed by Kern-Isberner [26], change operations taking conditionals or sets of
conditionals into account are provided, based on the central principle of conditional
preservation. The principle of conditional preservation is defined both for quanti-
tative probabilistic conditionals and for purely qualitative conditionals [26, 28]. In
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this paper, we will only use the following special case for ranking functions and for
changes taking only a single conditional (B|A) into account. ¥ will denote the prior
OCF of a change and «° the posterior OCF.

Definition 1 (c-change [29]) A belief change from « to «° by (B|A) fulfills the
principle of conditional preservation and is called a c-change with (B|A) if there
exist integers kg, y T, ¥~ such that

yt ifw = AB
k(W) =k(w) —ko+ {y~ ifwkE=AB ()
0 ifoEA

The idea of the principle of conditional preservation is that all worlds having the
same behavior with respect to the conditional (B|A) should be treated identically.
This is ensured by Eq. (2) governing the change when moving from « to «° according
to (B|A). The ranks of all worlds w verifying (B|A) are shifted by adding y T, the
ranks of all worlds w falsifying (B|A) are shifted by adding y~, and the ranks
of all worlds w where (B|A) is not applicable are not shifted. The constant « is a
normalization constant ensuring that the minimal world rank under « ° is 0, as required
for all OCFs. By identifying a (plausible) proposition A with the conditional (A|T),
the c-change approach can also deal with changes induced by propositions.

3 Kinds of Forgetting Operations and Their
Interrelationships

Forgetting is a phenomenon of everyday life. We forget to bring milk from the
shop, misplace the key of our car, or fail to remember the birthday of a good friend.
Here, we consider different forms and contexts of (intentional) forgetting and provide
high-level, declarative specifications of the respective forgetting operation by just
describing what the posterior belief state W° is expected to fulfill after forgetting. Asa
proof of concept, we instantiate all considered forgetting operations using conditional
beliefs, OCFs, and the general c-change concept outlined in Sect. 2. In most cases,
we take a semantic view on the epistemic state W [30], but we also consider cases
where forgetting is more on the syntactic level of belief bases R representing explicit
(conditional) beliefs. Figure 1 gives an overview of the different kinds of forgetting
and their interrelationships for epistemic states and for belief bases presented and
discussed in the following sections.
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3.1 Contraction, Ignorance and Revocation

The most obvious kind of change that involves intentional forgetting is the direct
intention to lose information. For instance, a navigation system might be informed
about the (permanent) closure of a street, or laws governing data protection and data
security might demand the deletion of information after a given period of time. The
operation of contraction, i.e., giving up a (propositional) belief A, is central in the
AGM theory [1] of belief change, while there is also a more general perspective [38,
42]). According to the AGM success postulate, a contraction with A results in not
believing A afterward:

If W is the prior and W° the posterior belief state of a contraction with A, then W° & A.

Even further, contraction is an operation which typically results in a consistent
belief state [32], a property which also holds for AGM contraction. The class of
change operations obeying the principle of conditional preservation (see Eq. (2)) can
be further specified by the success condition k° = (B|A) of contraction, i.e.,

Epistemic State ¥
(e.g., represented by ranking function )

Conditionalization Belief Change [Marginalization]

[Revision/Update] [Weakening] [Focussing] [Tunnel View]

[Contractionj [Fading Out]

Ignorance Revocation

Belief Base A
(e.g., represented by a set of conditionals R)

Abstraction

[Inductive Abstractionj [Deductive Abstractionj

Fig.1 Kinds of forgetting and their interrelationships for epistemic states ¥ and for belief bases A
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K°(AB) > k°(AB), 3)

and use this as a constraint for Equation (2). This leads to the notion of c-
contraction [29] in a setting for studying iterated contractions of propositions and
conditionals [23, 24].

Definition 2 (c-contraction [29]) A change from « to «° is called a c-contraction
with (B|A), if there exist integers «g, y™, ¥~ such that Eq. (2) from Definition 1
holds and the following conditions are satisfied:

ko = min{y ™ + k(AB), k (A)} 4)
y~ —y" <«k(AB) — k(AB) ®)

Because «° should not accept (B|A), Egs. (4) and (5) ensure, together with Eq.
(2), that the rankings of worlds are moved such that under «° the minimum rank of a
world falsifying (B|A) is at most the minimal rank of a world verifying (B|A). In this
way, it is guaranteed that k° = (B|A), i.e., (B|A) has been forgotten. This illustrates
how complex cognitive processes can be described quite easily in the high-level
framework of ranking functions. Of course, the processes are significantly simpli-
fied but the c-change approach mimics basic features of forgetting by manipulating
degrees of (im)plausibility.

Example 2 (continued) Consider (f|p), saying that “a penguin usually does not
fly”. The change from k., to k. as given in Table 1 is a c-contraction with (?l P,
obtainable from Definition 2 by choosing y~ = 0 and y = = 3. Note that (f|p) is
accepted by the prior belief state k), since ke, (fp)=1<2= Kpen(fP), Whereas
(f|p) is not accepted by the posterior belief state kg, since k. (fp) > k. (fp). Thus,
the conditional knowledge that penguins usually do not fly has been forgotten.

While in the case of contraction the agent just gives up belief in a piece of infor-
mation A, the agent could alternatively wish to become deliberately unsure about
her beliefs concerning A. Examples for this kind of forgetting occur in particular
in case of conflicting information, e.g., where one is unsure about the status of a
person because the person is both a student and staff member. More generally, after
becoming ignorant in A, neither A nor the opposite of A is believed:

If W is the prior and W° the posterior belief state of a change to ignorance, then we have
Ve B Aand W° R —A.

Note that this formulation is not the only way of understanding ignorance. In a richer
language like a modal logic, one might express ignorance with the agent knowing that
she neither believes A nor —A [48]. The changes obeying the principle of conditional
preservation can be specified further to fulfill ignorance by adding

k°(AB) = k°(AB) (6)

to (2), ensuring both «° = (B|A) and k° (& (§|A).
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Definition 3 (c-ignoration) A change from « to «° is called a c-ignoration with
(B|A), if there exist integers kg, ¥, ¥~ such that Equation (2) from Definition 1
holds and the following conditions are satisfied:

ko = min{y~ + k(AB), k(A)} (7)
Yy~ —vt =«(AB) —k(AB) (8)

Therefore, a change where the agent becomes ignorant in (B|A) is a special case
of a c-contraction with (B|A).

Example 3 (continued) For (f|p) from Example 2, the change from Kpen t0 k7 from
Table 1 is a c-ignoration with (f|p) obtained by choosing y~ = —1 and y = = 0.
Since k¢ (f p) = kP (fp) and therefore k? = (f|p) andk? = (f|p), in the posterior
state 7, the agent is fully ignorant with respect to the flying abilities of penguins.

C-ignorations form a strict subclass of c-contractions. For instance, the c-
contraction from k., to k. with (?l p) is not a c-ignoration with (ﬂ p), since
k. = (flp), but it is an example of a revocation. Revocations with respect to A
establish the belief in the opposite of A:

If W is the prior and W° the posterior belief state of arevocation of A, then we have W° R —A.

Thus, contractions break down into the two disjoint subclasses of ignorations and
revocations, formalizing two different types of forgetting a proposition or a condi-
tional, respectively, i.e., becoming indifferent toward this proposition or conditional,
or believing its negation.

3.2 Revision/Update

A major motivation for forgetting is when old information is to be replaced by new
information, and such changes are the principal objective of revision, or update
operations. If we believe (erroneously) that a person is a student, but then receive
the information that she is a member of staff, we will revise our previous knowledge
accordingly. Alternatively, if we receive the new information that a person previously
known to be a student is a member of staff, we will update our previous knowledge
accordingly. Revision reflects new information about a static world, whereas update
occurs in an evolving world. In any case, there is a forgetting aspect because previ-
ously held beliefs might no longer be available, e.g., whether a person is a student.
Revision is one of the central operations of the AGM theory [21], prioritizing the
new information A over the existing beliefs. According to the success conditions of
both AGM theory and the Katsuno-Mendelzon theory of belief update [25], we can
specify revision resp. update as follows:

If W is the prior belief state and W° is the posterior belief state after revision resp. update by
A, then we have V° R A.
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Forgetting is left implicit here. Beliefs conflicting with A have to be forgotten first
before A can be adopted as new belief. In the propositional AGM framework, for-
getting is made explicit by the Levi identity [21] which states that a revision with
A can be obtained by first contracting (i.e., intentionally forgetting) —A and then
adding A to the remaining beliefs. Normally, if A is consistent, a revision results in
a consistent belief state W° [32]. A detailed examination of the notion of revision by
(sets of) conditionals in the framework of ranking functions is done by Kern-Isberner
[27], leading to the notion of c-revision:

Definition 4 (c-revision [27]) A change from « to k° is a c-revision with (B|A) if
there existintegers kg, ¥, ¥~ such that (2) and the following conditions are satisfied:

ko = min{y ™t + k(AB), k(A)} 9)
Yy~ —y" > Kk(AB) — k(AB) (10)

Because k° should accept (B|A), Egs. (9) and (10) ensure, together with Equation
(2), that the rankings of worlds are shifted such that under «° the minimum rank of
a world verifying (B|A) is strictly less than the minimal rank of a world falsifying
(B]A). Note how Equation (2) is used as a general schema that can be adapted to
the needs (in particular, with respect to success) of the considered change operation.
This reflects the assumption that forgetting processes (or more generally, reasoning
processes) share a common basic strategy that can be adapted to individual needs,
depending on the context. The success condition of revision results in the inequality
(10), in contrast to what is specified in condition (5) and condition (8).

Example 4 (continued) Changing k., to k7 in Table 1 is a c-revision with (p|b),
saying “birds are usually penguins” which might be motivated by a trip to the Antarc-
tic. In k., we believe that a bird usually is not a penguin, i.e., Kpen = (P|b), and we
also believe that a bird normally is able to fly, i.e., kyen = (f1b). In k. we believe
that birds are usually penguins, i.e., k. = (p|b). As a side effect we do not believe
any more that birds are usually able to fly, i.e., k. = (f|b). Thus, the revision with
(p|b) results in forgetting (p|b), but also (f|b).

3.3 Abstraction

Abstraction is one of the most powerful change operations both in everyday life and
in science. Suppose an agent who has built up beliefs about bicycles and keeps rules
for inferring whether an object is a bicycle. A rule might say, if an object “has a
frame, two wheels, and a bike bell”, then this object is a bicycle, or if the object “has
a frame, two wheels, and there is no bike bell”, then this object is a bicycle. In a
deductive way, the agent may abstract a new rule: if an object “has a frame and two
wheels”, then this object is a bicycle. More generally, suppose that we have:

W R ry :if Aand B holds then infer C
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U R 1 tif Aand —B holds then infer C
Abstracting from the rules r, r, yields a new rule rpey:
WU R ruew © Lf A holds then infer C

This abstraction corresponds to a deductive inference. Here, a particular kind of
forgetting arises on the level of rules: The inference of C from A does not depend
on the status of B; thus, in 7,y the detail B is forgotten. Moreover, the agent might
forget the rules r| and r;.

As another example, suppose an organization provides support for various types of
printers. In the past, the support was separated by manufacturers M = {hp, canon,
epson, ...} of the printer. For each manufacturer m € M, the organization main-
tained a rule stating how to fix a printer problem X. E.g., if the printer has the
problem X and the manufacturer is m, then solution C is the right one. But an anal-
ysis showed that in most cases the solution C was applied, independently from the
printer’s manufacturer. Thus, the set of rules could be abstracted to one rule: If a
printer has the printer problem X, then solution C is the right solution. This variant
of abstraction corresponds to an inductive inference. Suppose that for ¥ we have:

VU R 7y :if A and By holds then infer C
VU R rp 1if Aand B, holds then infer C

VU ke r, :if A and B,holds then infer C
In W°, the agent might abstract the rules ry, ..., r, to a new rule rpey:
W R ryew : Lf A holds then infer C

In this case of abstraction, the details By, Bs, ..., B, are forgotten within the new
rule. Moreover, the agent might even forget the rules ry, . .., r,. Actually, this kind
of forgetting addresses both syntactic (via changing rule bases) and semantic (via
changing W) issues, in particular for the inductive case. We address both in the
following. First, a rule like “if A and B holds then infer C” can be represented as a
conditional (C|A B). The rules considered in this case form a conditional belief base
R, and the posterior belief base (after abstraction) is denoted by R°. Given this, we
take a look at the two styles of abstraction, starting with deductive abstraction:

Let W be the prior belief state accepting the belief base R = {(C|AB), (C|AB)}, and W° the
posterior belief state after deductive abstraction. Then W° = (C|A), and the explicit beliefs
have changed so as to include (C|A), i.e., (C|A) € R°.

OCFs « are a perfect model for deductive abstraction since they have the property
of Proof by case differentiation [35]: If « = (C|AB) and k = (C|AB), then k =
(C|A). Thus, ranking functions comply with deductive abstraction without any need
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for change, i.e., we can choose x° = k. For the syntactic change from R to R°, this
means that a prior ranking function « accepting R will also accept (C|A). Modeling
the forgetting of the explicit conditional beliefs can thus be achieved by setting

R° = (R\ {(C|AB), (CIAB)}) U{(C|A)}.

Things are different for inductive abstraction:

Let W be the prior belief state accepting the belief base R = {(C|ABy), ..., (C|AB,)}, and
W the posterior belief state after inductive abstraction. Then we have W° = (C|A), and
the explicit beliefs have changed so as to include (C|A), i.e., (C|A) € R°.

Since the B; need not be exclusive nor exhaustive, the above property of case differ-
entiation cannot be applied. This means that an accepting ranking function « for R
will, in general, not fulfill the abstraction property, i.e., k will not accept (C|A). A
change operation which has the desired property of changing « to a state «° such that
k° |= (C|A) can be obtained by revising « by (C|A) or by RU {(C|A)} (see Sect.
3.2 for more on revision). On the level of belief bases, this abstraction results in a
change from R to R° containing the conditional (C|A). This can result in

R® = (R\{(C|ABy), ..., (CIAB,)} U {(C|A)}

where the explicit beliefs (C|AB)), ..., (C|AB,) are forgotten.

3.4 Marginalization, Focussing and Tunnel View

The blinding out of information can also be seen as a form of forgetting. One form
of this process is the removal of certain aspects represented in the language. This
has become known as marginalization. Examples of marginalization can be found
in situations where a decision is made by taking only certain aspects into account.
Marginalization is a central technique, most prominently known from probability
theory. It reduces the signature so that certain signature elements are no longer
taken into account. For X’ C X, with W|x, we denote the restriction of W such that
Vis R Aiff U | A for all A € Ly. Then, for the marginalization to ¥’ C ¥ we
have:

If W is the prior and W° the posterior belief state of a marginalization, then we have W° =
Yy

Thus, the forgetting aspect of marginalization is the reduction of the signature, which
might be temporary in many cases. The result of a marginalization in the view
of common sense is the forgetting of details that are dealt with by some part of
the signature. For conditional logics, marginalization and many other relationships
among these logics have been investigated in detail [6, 7, 39, 41], providing the
following definition and proposition for OCF-based semantics.
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Definition 5 Let « be a ranking function over ¥ and ¥’ C X. The marginalization
of k to X', denoted by k |y : Qy — N, is given by

k|s/(0) = min{k(w) | w € Ly and w = o'}. (11)

Proposition 1 Let k be a ranking function over ¥ and &' C X. Then for all (B|A) €
(Ls/|Ls), kls = (BIA) iff € = (BIA) .

Note that in the setting of mathematical category theory [33], x|y is obtained by
applying a so-called forgetful functor since all information regarding ¥ \ ¥’ being
available in « is forgotten in «|x/ [6, 7].

Example 5 (continued) The marginalization of k., from Table 1 to ¥’ = {b, p}
leads to the ranking function « |y over the smaller signature 3’ given by:

klw(bp)=1,  klp(bp)=2,  klx(bp)=0,  «|s@®p)=0.

In a straightforward way, the marginalized ranking function |y can again be
extended to a ranking function over the original signature X by setting «,, (bpf) =
K|y (1515), as shownin Table 1. Thus, we have two OCFs (1) k|5 : Q5. 5y — Nand (2)
kot Qp.p 5y — N, where (2) extends (1) to a larger domain. Therefore, we observe
here two forms of forgetting by marginalization: (1) the signature element f is for-
gotten in « |5, and (2) in «,, the differences induced by the signature element f are

forgotten, i.e., k, (Af) = K,Z(A?) for every formula A.

Now let us think about a physician who examines a patient with a rare allergy.
The physician has to be careful what medication to administer. This is focussing':
the process of (temporary) concentration on relevant aspects of a specific case. The
physician, while being focussed on specific evidence, blinds out other treatments
being not relevant for the given case. Thus, we can say:

The operation of focussing on A first determines all relevant signature elements ' C ¥ with
respect to the objective A of the focus, and performs a marginalization to obtain W° = W|y.

Focussing defined this way is based on marginalization but crucially involves the
aspect of relevance. Typically, this change of beliefs of an agent is only temporary.

Example 6 (continued) Consider «p,, from Table 1 and assume that the focussing
happens in a situation where it is not relevant whether a penguin is a bird or not.
We would select {p, f} as the relevant elements of the signature and perform a
marginalization of k., to X" = X \ {b} = {p, f}, leading to the OCF « |z given
by:

kls(fp)=2, «le(fp)=1, «le(fP)=0, «l|z(fP)=0.

! There is also a different view on focussing, distinguishing generic and evidential knowledge [16].
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Before focussing, in the belief state «),,, we accept the belief (b f p), meaning “a
penguin which does not fly is usually a bird”. As in Example 5 we can easily extend
K|z toan OCF over X, as given by « 3 in Table 1. Thus, after focussing and extending,
in the state 7, we do not believe that a non-flying penguin is usually a bird, i.e.,

K; K= (b| f p); a forgetting of (b| f p) has occurred.

Technically, focussing is a special form of marginalization since marginalization
is used for realizing it. From the commonsense perspective leading the identifications
of forgetting in this article, the distinction is given by the relevance aspect governing
the selection of the respective subsignature elements.

Relevance plays also a crucial role for the kind of forgetting occurring in a tunnel
view. A tunnel view denotes a change where also only some beliefs are taken into
account but without respecting their relevance sufficiently. In everyday life, there are
many situations where reasoning is restricted by a temporary resource constraint.
In such a situation, a tunnel view can enable the agent to react faster due to less
information load, but this might lead to non-optimal inferences or conclusions. A
realization of tunnel view can marginalize out the signature elements that are not
part of the tunnel. Even more, in a situation of a tunnel view the agent might not be
able to make full use of her mental capacities. This can be modeled by restricting
the capabilities of the inference relation , which we will denote by .

A tunnel view with the tunnel 7 C ¥ and reasoning limitation r is a change which results
in a belief state W° which is W marginalized to T and the agent using the inference relation
k" such that ¥° R A if and only if |7 " A.

Tunnel view is a kind of change which is only temporary. A specific aspect of
tunnel view is that the tunneled signature elements are selected without sufficient
respect to relevance. While tunnel view might be negatively connoted, from a psy-
chological perspective tunnel view can be seen as part of a protection mechanism
against information overflow in a stress situation.

For implementing a restricted inference R in the framework of OCFS and con-
ditionals, we introduce the collapse to a rank r, the leveling of all ranks greater
than or equal to . This reduces the agent’s capability of differentiated reasoning by
reducing in-depth discrimination of possible worlds according to their plausibility.

Definition 6 (collapse, restricted acceptance, |=") Let k be a ranking function and
(B|A) a conditional. The collapse of k to rank r is the ranking function

M1 (@) := min{k (@), r}. (12)

Kk accepts (B|A) under restrictiontor,denoted by k =" (B|A),if [k](w) = (B|A).

Example 7 (continued) Let Kpen, k5, and X’ = {b, p} be as in Example 5. The col-
lapse [K,ﬂl is given by «; from Table 1. In the state «, the agent believes that
“non-flying penguins are usually birds”, i.e., ,, = (b|p). Under limited capacities
(to rank 1) the agent does not believe this anymore, i.e., «” = (b|p). Thus, the
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restricted capacities by the tunnel view with tunnel 7 = X’ and r = 1 lead to a
forgetting of (b|p).

Here, we have used the marginalization k;, defined on X that is obtained from
Kk |z defined on the smaller signature X’ (cf. Example 5). We could also collapse « |5/
to rank 1, yielding the OCF [k|x/]' over the subsignature ¥’. Note that extending

[k|x1" analogously to k|5 to the full signature ¥ also yields the OCF Kk = ﬂcr‘ﬂ "

From the commonsense perspective, tunnel view is different from just marginal-
ization because here, the agent’s inference capabilities are restricted. In focussing
the marginalized elements are selected by relevance, whereas in tunnel view the
elements are not selected by (subjective) relevance. Note that relevance here is an
external concept that has to be further specified by humans but can be integrated
smoothly into the framework of modeling beliefs with ranking functions.

3.5 Conditionalization

Conditionalization restricts our beliefs to a specific case or context. We assume
the existence of a conditionalization operator | on W, where W|A has the intended
meaning that W should be interpreted under the assumption that A holds. Thus,
independently of any particular realization, we may assume W|A R A for every A.

If W is the prior state and W° the posterior state after conditionalization, then W° = W|A.

Conditionalization is inspired by probabilistic conditionalization where posterior
beliefs are determined by conditional probabilities P(B|A), where A represents the
evidential knowledge due to this change, i.e., P°(B) = P(B]|A). In the framework
of OCFs an established realization of a conditionalization is given by Spohn [43,
Def. 5]. Let k¥ be an OCF and A a proposition, then the conditionalization of ¥ by A
is the ranking function k|A : Mod(A) — N, defined on the models of A as follows:

K| A(w) = k(@) — k(A) (13)

The OCF obtained by a conditionalization with A is only defined on Mod(A), thus
a change from « to k| A results in a forgetting of the values of Q2 \ Mod(A) under «.

Example 8 (cont.) We want to shift our belief_ Kpen into the setting where penguins
or non-flying birds are always present, p Vv b f, with kpe,(p vV b f) = 1. This cor-
responds to the conditionalization kp,|(p V b f) of kpen by p V b f given by k) in
Table 1.

Conditionalization with A is quite a drastic type of forgetting because the models
of —A are completely forgotten. However, this is usually necessary when reasoning
analytically over cases where beliefs regarding one case should not be affected by
beliefs about other cases.
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3.6 Fading Out

If we use the PIN code of our credit card rarely, the chances that we will not remember
the PIN the next time we need it are much higher than in the case of frequent use. This
fading out or decay of knowledge occurs in many everyday-life situations. It depends
on a number of parameters, e.g., how often we use this credit card, the amount of
time since we last used it, the similarity of the PIN code to some other combination
of digits important to us, etc.

In cognitive psychology, fading out is a prominent explanation for forgetting. The
first evidences go back to a self-experiment of Ebbinghaus [17], whose results are
known today as forgetting curve. Although this concept strongly influenced cognitive
architectures and has been further developed in this area (cf. [2]), there is no approach
to model this phenomenon as a variant of belief change in knowledge representation
and reasoning. As a step toward modeling this phenomenon we propose to understand
fading out as an increasing difficulty to infer the information from the agent’s belief
state. With inferences, we associate an effort or cost function f depending on the
current belief state W (cf. the activation function in ACT-R [4] or SOAR [31]). Then,
VR, Aif W K Aand the activation value f(A) is above a certain threshold. In KR
formalisms, inferences based on thresholds are not very popular because they usually
do not comply with logical standards. For instance, in probability theory, beliefs
defined by thresholds are not deductively closed, not even closed under conjunction,
and hence not very reliable [36]. But weakening of beliefs is possible by other means.
First, we define the general specification of fading out:

A fading out of A is given as a sequence of consecutive posterior belief states W7, W7, W3, . ..
such that there is an n with W, & A.

A specific difficulty of defining a concrete fading-out operation is the requirement
of the possibility of recovering/remembering the information A again. In a more
refined version of the definition above, one could demand for an increasing effort
over the time, i.e., the required effort of inferring A from W; is at least as high as the
effort of inferring A in state W; for i < j. One might also expect that the effort for
inferring A decreases if A is used in a current reasoning task, thus becoming more
relevant. For realizing the possibility of recovering or remembering the information
A after a fading out of it, it will be useful to introduce a remembrance operation for
this kind of change.

For an approach to model fading out in the framework of ranking functions, we
define the degree of strength [22] of a conditional (B|A) with respect to k as

str(k, (B|A)) = k(AB) — k(AB). (14)

The strength of a conditional can be positive, 0, or negative, and we have
str(k, (B|A)) > 0iff « = (B|A).

Definition 7 (c-weakening) A change from « to x° is a c-weakening of (B|A) if
there exist integers ko, ¥+, ¥~ such that Eq. (2) and the conditions
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ko = min{y ™ +«(AB), y~ + «k(AB), k(A)} (15)
yt—y =0 (16)

are satisfied. A proper c-weakening is given when (16) is refined to y+ — y~ > 0.
It is easy to check that every proper c-weakening indeed reduces the strength of
the conditional because str(«°, (B|A)) = str(k, (B|A)) — (y T — y 7).

Proposition 2 (weakening) If the belief change from k to k° is a c-weakening of
(B|A) then str(k°, (B|A)) < str(k, (B|A)), and if it is a proper c-weakening then
str(k°, (B|A)) < str(k, (B|A)).

For instance, the OCF kg | (Table 1) is a proper c-weakening of (b|pf’), denoting
flying penguins are usually birds, obtained from k)., by choosing y* = land y~ =
0. Since str(«°, (b|pf)) =1 <2 = str(x, (b|pf)), the strength of the conditional
(blpf) is reduced by 1. A sequence of c-weakenings of (B|A) with sufficiently
many proper c-weakenings leads to a fading out of (B|A).

Proposition 3 (fading out) For an OCF k and a conditional (B|A) we have:

1. There exists a sequence K, k7, ..., k, of consecutive c-weakenings of (B|A) such
that this sequence is a fading out of (B|A), i.e., k; = (B|A).

2. Any consecutive sequence k, Ky, ..., K, of c-weakenings of (B|A) containing at
least k = str(k, (B|A)) many proper c-weakenings is a fading out of (B|A), i.e.,
€ I (BJA).

Example 9 (cont.) The sequence ke, Kg1sKgo is a fading out of (b|pf), where
every step is a proper c-weakening of (b|pf). Both the initial state k., and kg
accept (b|pf). In kg ,, the conditional (b|pf) is not accepted and thus forgotten

since kg ,(pfb) = Kj,z(PfE)-

Note that if «° is obtained from « by a c-contraction with (B|A) (Sect. 3.1), then
the sequence «, k° is a fading out of (B|A) in the sense of Proposition 3. For the
other direction, the following observation holds:

Proposition 4 For every ranking function k and every sequence k, k7, ..., Kk, of
consecutive c-weakenings of (B|A) with «; = (B|A) the change from k to k, is a
c-contraction with (B|A).

Thus, in the framework of c-changes a c-weakening is a generalization of c-
contraction, and every sequence of c-weakenings approximates a c-contraction. The
ordinal nature of ranking functions allows for a particularly smooth and elegant
modeling of weakening and fading out.

Example 10 (cont.) For the sequence /cpen,/cjyl,/cj’z (Example 9), the change
from Kpen to k5, is a c-contraction obtained by choosing yt=2and y~ =0
(Definition 2).
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In addition to Propositions 3 and 4, for every « and every (B|A) accepted by «
there always exists a fading out of (B|A) realizing a c-ignoration with (B|A) (see
Sect. 3.1). For instance, the c-contraction in Example 10 is also a c-ignoration. Note
that for modeling the pychologically inspired operation of fading out, alternatives
to the treatment presented above exist, e.g., activation-based conditional inference
[49-51]. For instance, one may introduce a threshold parameter in the framework
of ranking functions. Especially for fading out, a more explicit modeling of time is
desirable; from such a modeling, also other operators like tunnel view may profit.

4 The Cognitive and Empirical Foundation of IF

Given the formally fine distinction of different forgetting operators introduced pre-
viously, the question arises if and how humans do apply such operators and if these
principles are transferable to human forgetting mechanisms.

4.1 Architectural Aspects of Cognition

From the perspective of cognitive science, intentional forgetting relies highly on
information processing strategies and memory effects. The effects of intentional
forgetting (IF) vary depending on the memory system involved. While early research
focussed on long-term memory (LTM) using directed forgetting paradigms (e.g., [10,
34]), recent studies have also explored IF in working memory (WM). WM plays
a crucial role in selecting, processing, and transferring relevant information while
ignoring irrelevant data. Given its limited capacity, not all information can be stored
and there is even an indication for a fast removal of some information (e.g., [14]).
Besides the distinction into LTM and WM, memory can be categorized into declar-
ative and procedural systems, each differently affected by IF. Declarative memory
stores facts [47]. Procedural memory, on the other hand, involves skills and habits
acquired through practice, such as riding a car [12]. Procedural memory is often
described by production rules (“if A then B”) that can comprise stimulus-response
mechanisms from behaviorism and cue-target connections in cognitive psychology.
IF effects are well documented for declarative memory, particularly in episodic
memory, where individuals can suppress specific information (e.g., [10, 34]).
Intentional forgetting (IF) is typically studied through tasks that test how people
respond to previously learned stimuli. A common method uses paradigms where
participants repeatedly respond to specific cues while being instructed to remember
or forget certain associations. If IF disrupts retrieval, participants are likely to respond
slower or make more mistakes when recalling items they were instructed to forget.
If IF works through activation, response patterns remain stable, but recall efficiency
decreases for forgotten items as the focus shifts to more relevant information.
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Two main experimental paradigms have been so far used to study IF [13]: the
list-method paradigm and the item-method paradigm. In the list-method paradigm,
participants learn two separate word lists. After learning the first list, one group is
told to forget it (through an Oops-paradigm) before learning the second list, while a
control group is instructed to remember both. During the memory test, the “forget”
group typically recalls fewer words from the first list but performs better on the second
list. This suggests that forgetting reduces interference from the first list, allowing for
more effective learning of new information.

In contrast, the item-method paradigm involves showing participants individual
words, each followed by a cue to either remember or forget it. Memory for all words
is later tested, revealing that participants recall fewer words they were instructed to
forget compared to those they were told to remember. This paradigm relies more on
encoding-based mechanisms—participants can suppress an item as soon as they see
the “forget” task.

In contrast, IF effects on procedural memory are less clear. It is often encoded
implicitly and hard to be controlled consciously [15, 45]. However, the findings
from the typical research paradigms used in cognitive science so far are not directly
transferrable to the formal framework of forgetting operations introduced before.
Since the properties of the operations need to be also understood on a cognitive level
in order to bring them into applications that should facilitate human handling of
information, we developed new paradigms for procedural memory (Alien task and
Counting Game).

4.2 IF in Procedural Memory

In a first study to tackle IF effects on procedural memory, the goal was to assess the
cost of rule manipulations (i.e., in the form of a revision) compared to a baseline of
an additional rule [11]. We used a categorization task based on a fantasy scenario in
which participants were presented with images of aliens. The task was to categorize
based on appearance by determining from which of four planets they come from.
For categorizing them, four rules about their features (e.g., based on the number
of eyes, antennae, etc.) were introduced that the participants had to memorize. The
rules were always conjunctions of two if-then rules, hierarchically categorizing the
aliens based on two features. The first feature allowed a categorization into two of
the four planets (e.g., If an alien has stripes, it comes from either planet A or planet
B) and the second feature then allowing to uniquely identify the right answer (e.g., If
an alien has 3 eyes, it comes from planet A). Then, participants were presented with
an image of an alien. Figure 2a shows an example of such a stimulus. After a first
set of tasks to practice the rules, a rule was either changed or an additional rule was
added. When adding a rule, it was either following the same hierarchy as the existing
rules (within-condition; e.g., also affecting planet A and B), or broke the hierarchy
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(across-condition; e.g., affecting planet A and D). Overall, we collected data from
165 participants. The data is openly avaiblable on GitHub.?

We estimated the cognitive load caused by the revision or the addition of a
rule by measuring the impact on categorization correctness and response time.
Changes to the set of rules had a substantial impact on performance compared
to the training phase with respect to accuracy (M = 0.9, MAD = 0.1 in training
phase; M = 0.82, MAD = 0.18 for revision; M = 0.82, MAD = 0.14 for across;
M =0.79, MAD = 0.11 for within). We didn’t find a significant difference in cor-
rectness between revision and addition; however, with respect to the response time,
we found that the application of the rules after a revision was significantly faster
than for an added rule (mean = 3508ms compared to mean = 3838ms, MWU:
U = 2295, p = 0.04). This indicates that each rule adds a substantial overhead, sug-
gesting that updating rules is in fact beneficial over simply learning additional rules.
Additionally, we found interactions between the old rule and the new rule: When both
rules were in accordance (i.e., would lead to the same categorization of an alien),
they improved performance significantly compared to situations without interaction.
Conflicts, however, didn’t significantly impact performance. This indicated that the
revision of rules does not erase the old rule perfectly, but leaves artifacts behind, that
can even be utilized to improve performance.

Overall, the Alien task allowed us to gain insights into effects of rule manipulations
in procedural memory. We could show that they show similar effects to declarative
memory, and can be manipulated in a controlled fashion. However, the scenario is not
suited to cover all forgetting operators introduced before, leading to the development
of the Counting Game.

Counting Game

The goal of the study is to measure and compare cognitive costs of different types of
forgetting. In order to achieve that, we developed an abstract experimental paradigm
based on shapes and colors called the Counting Game. The game consists of trials—
defined by a grid of 16 objects that vary in their shape (circle, triangle, cross, star)
and color (red, yellow, blue, gray), and a winner, i.e., the color that has the largest
number of objects. The “competing” colors are red, yellow and blue, while gray
elements are optionally present and used as filler objects. For example, Figure 2b
shows a trial where yellow is the winner with 6 objects. A valid trial must have only
one winning color (which cannot be gray) and at most half of the total number of
elements can be of the same color, in order to avoid complete domination of one
color.

In the study, participants are presented with multiple trials whose winners they
need to determine as fast as possible. There is a scoring system that awards them
points for fast and accurate answers. For each correct answer they receive 10 points.
Additionally, there is a bonus timer counting down from 20 seconds. For each correct

2 https://www.github.com/brand-d/cogsci-2022-rulebasedcat.
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Fig. 2 Example Alien and counting game tasks

response provided in that time frame of 20 seconds, 1 bonus point per second left on
the timer is awarded (e.g., a correct answer with 2 seconds left on the timer receives
10 + 2 points). Incorrect answers do not get any points, regardless of how fast they
were provided.

When starting the game, the baseline rule is that each object, regardless of color
and shape, counts as one. We introduce three types of rules that change how specific
objects are counted:

1. Count-twice rules state that an object of a certain color and shape will count
twice from now on.
e.g., “Blue triangles count twice”.

2. Count-as rules state that an object of a certain color and shape will now count
as a different color.
e.g., “Yellow stars count as red”.

3. Not-count rules state that an object of a certain color and shape does not count
anymore
e.g., “Blue crosses do not count.”

We implement six forgetting operators (Fig. 3) by introducing rules that change
how certain objects are counted and thus manipulating the individual’s rule system
within the game. Figure 3 describes the implementation and shows example content
for each operator. Each forgetting type needs a different amount of rules to be ade-
quately tested, the maximum number being four for marginalization and abstraction.
In order to make the rounds comparable in length, we added filler rules (of type
count-twice or count-as) where necessary.

In the study, a Phase refers to a distinct stage within a round where a specific rule
configuration is active. A round starts with Phase 0 and progresses through multiple
phases, where whenever a rule is introduced, updated or removed a new phase begins.
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Fig. 3 Implementation
description and example
contents for each forgetting
operator. Filler rules are
typed out in italics and are
included to “fill” the rounds
that need less than 4 rules to
implement a forgetting
operator

Abstraction Marginalization Revision Contraction

Conditionalization

Fading Out

Implementation
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Content

Intentional removal of a specific
rule from a rule set, resulting in a Blue stars count twice.
state where the contracted rule is Blue stars count as one again.
no longer accepted. Implemented Red m:angles count twice. )
with one count-twice rule that is Red triangles count as one again.
\ explicitly withdrawn later. / \ /
/ Updating a rule set with new \ / \
infgrmation that is prioritized oyer Red circles count as yellow.
existing rules. Implemented with Fee) cliees e 55 B,
two count-as rules, for the same Red circles count as red again.
objects, with different target colors, Yellow crosses count twice.
implicitly forcing the individual to
\ forget the first rule. / \ /
Reducing the set of variables
considered, resulting in a simplified Red triangles do not count.
state. Implemented with four not- Red stars do not count.
count rules affecting same colored Red crosses do not count.
objects, essentially removing one Red circles do not count.
\ competing color. / \ /
/ Generalizing specific rules, \ / )
rgsultmg [almecbeadly N Red circles count as yellow.
applicable rule. Implemented with
N Red stars count as yellow.
four count-as rules with same
s Red crosses count as yellow.
initial and target colors. The YA N
generalized rule states that one 3 ¥ :
\ color fully counts as another. / \ /
/Restricting rules by omitting ones\ / \
dicR do TSREEREy DA . Gray crosses count as blue.
precondition. Implemented using .
o Red stars count twice.
specific count-as rules for gray .
n - Red stars count as one again.
objects, namely if there are gray s >
. Yellow triangles count twice.
shapes, they will count as a
\ different color. / \ /
/ Gradual forgetting process where \ / \
|nformzj\t|.on become.s increasingly Blue stars count twice.
difficult to retrieve over 5
q 5 . Red crosses count twice.
manipulations. Implemented using ; .
N Yellow triangles count twice.
one count-as rule followed by filler Red crosses count as one again
rules that make it more difficult to 0
\ retrieve the first rule. / \ /

That means Phase I begins after applying the first rule, Phase 2 after the second rule,
and so on. During every phase participants were provided with the same trials in a
randomized order. With this we can examine how participants adapt to new rules and
how prior rules influence the application of new ones.

For all rules there are certain trials that are critical. Those are trials whose winner
changes after arule is applied. For example, the trial shown in Fig. 2b is critical for the
rule “Red triangles count twice”, as its application changes the winner from yellow
to red. If an individual provides an accurate answer to a critical trial, it indicates a

correctly applied rule.

We developed a framework that generates the experimental tasks, that is available

on GitHub.?

3 https://www.github.com/saratdr/CountingGameFramework.
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In total, we had six participant groups—one for each forgetting operator. In order
to ensure that no unwanted effects or bias were introduced, each participant had a
randomly assigned set of colors and shapes. That means that a rule “color| shape,
count twice” might be about yellow circles for one person and blue stars for another.
Naturally, the general structure of the rounds and rules is otherwise preserved.

We obtained data from N = 97 participants (age 19 — 73, 42% female) recruited
on Prolific. The experiment was performed online as a web experiment. As com-
pensation, the participants received 9 GBP after completing the experiment. All
participants were native English speakers.

After giving consent to have their experimental data stored, participants were
introduced to the game and its rules—the possible shapes and colors the element can
have and their goal to find the winner among the red, yellow and blue elements as
quickly as possible. Afterward, the scoring system was explained to them, indicating
that they aim to get as many points as possible. Then, they had the chance to do a
practice round with a few tasks and rules in order to get accustomed to the format.
When finished with the instructions, the participants started with the study.

Analysis

This analysis aims to evaluate individuals’ ability to intentionally forget information.
We analyzed the accuracy and response time (RT) for relevant rules and trials in each
Counting Game round.

We identified four participants, whose average accuracy scores were more than
two standard deviations away from the mean, as outliers and therefore excluded them
from the analysis. The final number of participants is 93. The overall mean accuracy
was 82.94% (median: 100%, SD = 37.62%). The mean accuracy of trials critical
for at least one rule was 74.29%, in contrast to 93.48% for non-critical trials. The
median RT across all trials was 1.70s. Critical trials had a longer median RT (2.21s)
than non-critical ones (1.96s), suggesting increased cognitive effort when applying
rules.

Figure 4 shows the mean accuracy and median response time for critical and
non-critical trials for each forgetting operator across relevant phases. The consistent
accuracy performance on non-critical trials shows that rules selectively impacted
critical trials, as intended. In most cases, critical trials drop in accuracy, suggesting
a difficulty in applying rules. We investigate each operator separately. Participants
were able to contract a previously presented rule with a success rate of 84.17%.
The relatively stable response time indicates that the process does not introduce a
burden on the cognitive load. Revision, on the other hand, shows a larger increase
in response time when a rule is introduced; however, participants seem to adapt to
the actual revision process in Phase 2, with an accuracy of 74.0%. Marginalization
and abstraction both show a progressive increase in difficulty as more rules are
introduced over the phases and indicate that once a competing color is fully removed

4 https://www.prolific.com.
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Forgetting Operators - Accuracy and Response Time
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Fig.4 Mean accuracy and median response time for each forgetting operator. Each depicted phase
contains two bars—one for critical and one for non-critical trials

(marginalization) or a generalized, abstract rule can be used to replace all rules
(abstraction), the accuracy starts increasing, however with only ca. 50% of success.
The response times in both cases indicate the high cognitive costs of maintaining
and applying multiple rules, which do not decrease during the marginalization or
abstraction phase, even though the accuracy improves. Conditionalization imposes
substantial cognitive demands, with accuracy dropping to 67.86% and response time
increasing to 3.35s, indicating that selective application of a rule is rather complex
for participants. The consistency of the accuracy in non-critical trials shows that they
were able to forget of the rule when not applicable, however, with a higher response
time indicating increase in cognitive load when processing rule conditions. Finally,
fading out illustrates that participants fail to maintain an active rule across the phases.
RTs indicate that this was not due to increased cognitive effort, but rather a gradual
decline in ability to retain and apply the rule. These results provide a starting point
for understanding the cognitive demands of different forgetting operators. However,
in order to isolate specific effects of forgetting, we must first establish the inherent
complexity of this paradigm’s rules and tasks themselves.

5 Conclusions

In this chapter, we identified and elaborated a broad range of belief changes involv-
ing forgetting. From a commonsense inspired computer science point of view, we
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presented high-level formalizations of forgetting operators and their interrelation-
ships. As a proof of concept of these formal foundations, we employed conditional
beliefs and ranking functions for introducing realizations of all considered forgetting
operators and for illustrating their formal properties.

Beyond their formal derivation, we investigated how these forgetting operators
align with human cognitive mechanisms. To this end, we developed multiple different
testing paradigms that allowed us to investigate their effects on procedural memory.
Our empirical results support the applicability of these operators, demonstrating how
intentional forgetting can be further studied and modeled.

With our Alien task we were able to investigate the effects of manipulations in
procedural memory. As a first step toward understanding and measuring the costs of
IF, we could test revision of rules in a categorization task. Our results showed that
changes to rules in procedural memory leave behind artifacts, which, however, could
improve performance in cases where the old and the new rules aligned. Furthermore,
the impact of revision on accuracy did not differ significantly compared to the addition
of new rules, but the application of revised rules was significantly faster. However,
while the paradigm is well suited to investigate effects in procedural memory in a
fashion that is comparable to classical declarative study paradigms, it is not suited
to cover all forgetting operators introduced in this paper.

The Counting Game paradigm allows for investigating cognitive costs of concept
changes in general, e.g., rule updating, like addition, modification and deletion of
information, through simple rule manipulations. Specifically, an empirical investi-
gation of cognitive costs of forgetting operators is of special interest to us. In order
to be able to isolate the effect of forgetting operators, we will first focus on the
complexity of the experimental tasks themselves in order to establish what factors
need to be accounted for and omitted in future effects and trend analyses. Once that
is established, we will be able to create appropriate tasks that will test forgetting
operators and enable us to derive cognitive costs that can be then compared to any
formal logical framework of the operators.

Finally, a future goal and next step is to derive best practices for applying forget-
ting operators in formal systems and organizations. Given that some operators are
more cognitively demanding, the challenge lies in analyzing which are best suited
for specific situations and contexts to optimize human-system interaction, reducing
cognitive load and increasing efficiency.
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Examining Human and AI Interactions )
in AI-Based Application e
Systems—Realizing Local and Remote
Experiments in Industry 4.0 Settings

Marcus Grum

1 Introduction to Human AI Interaction

In business context, process tasks are often realized under high competitive pressure
[36]. As a new opportunity to be compatible as business, Artificial Intelligence (AI)
seems to be attractive to accelerate task realizations across various task types, reduce
costs and minimize failures at mindless work [32]. So, human workers tend to use Al
or cooperate with Als. For this reason, as Als are recognized as individual process
participants capable of using their actuators to manipulate their environment and their
sensors to perceive their task-related environment—in this context, we can speak
of Al-based cyber-physical systems (Al-based CPS)—we find them in a growing
number of teams consisting of Al-based CPS and human employees [16].

However, for humans, relying on an Al-based system is a trustworthy, complex
issue, since Als recognize complex pattern based on data and compose technique-
inherent logic, so that its analyses and decisions are not always immediately under-
standable but rather non-transparent for people [9]. Further, if Al-based CPS are
designed to continuously learn and adapt to its environmental changes, Als might
drift and shift behavior involuntarily or surprisingly from human worker perspective
[6]. This puts trustworthiness of Als, their reliability and Al autonomy design in
focus, especially when dealing with autonomous Al-based systems [39].

On the other side, in organizational context, business transforms permanently
and demands for continuous adaptation, too. For instance, one can find regularly
amended laws, market and price variations, reorganizations of teams, modifications
in the course of processes, changes in the environmental factors of individual process
steps as well as required alterations at individual process task realizations [14]. There
is therefore not only a need for continuous adaptation for Als, but also for human
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process participants to align with business needs at realization of a certain task. This
goes along with learning new routines and forgetting outdated routines.

For motivation, if it was possible to use the capability of continuously learning
Al-based systems to autonomously detect new complex process patterns and forget
outdated process patterns by intention, there might be a chance to guide a teaming
of human and Al to be aligned with business needs [12]. The Al so becomes a man-
agement instrument [17]. So, as a research resolution, in a first step, understanding
the effect of learning and forgetting Al-based CPS on learning and forgetting human
workers is essential. Then, in a next step, the designing of instruments is attrac-
tive, which support the provision of learning and forgetting Al-based CPS that fit
the individual needs of human workers—the latter are supposed to learn or forget
due to the well-designed influence of the previously mentioned Als and is aligned
with business needs. The objective of intended studies so refers to the exploratory
examination of evolving Al on human forgetting and vice versa. For this reason, the
following research question will be focused.

What effects do forgetful Al-based CPS have on forgetful people?
In a design-science-oriented manner, this research article contributes with an artifact
of an Al Interaction Instrument (A31), which is to be designed to model interactions
of learning and forgetting human workers with learning and forgetting Al-based
process participants and vice versa. It functions as the basic research instrument to
examine the quantified effect of forgetful Al-based CPS on forgetful people. With
modifications, it also enables examining effects of forgetting people on forgetful Als.

The remaining part structures as follows. The second section presents foundational
terms and definitions to characterize cooperation with Als in Industry 4.0 context. The
third section frames the research conducted as design-science research and clarifies
requirements on the research artifact of A3I. In the fourth section, the artifact design
is presented. The last sections address its live demonstration in experiments, discuss
its evaluation and conclude the article.

2 Foundation of Cooperation with Als in Industry 4.0
Context

2.1 Al-Based Application Systems

Researchers, practitioners, everyday users and the literature often have a different
understanding when mentioning Al and application systems. Even different dis-
ciplines have an heterogeneous understanding when speaking about Al [14]. The
following thus tries to establish a common understanding for the research realized.
Relevant terms are described in detail below.

Application Systems. In general, an application system terms a system that con-
tains all programs that are developed, introduced and used as application software
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for a specific operational application example, including the technology, data and IT
infrastructure, consisting of hardware, software, data, storage technology, communi-
cation and network, as well as the persons responsible for it [30, 33]. An application
system can use an Al at a certain point of a process, which is referred to as point-wise
Al utilization [14].

Al-Based Application Systems. An application system can be classified as an
Al-based application system if that system supports the user’s tasks with the help of
hardware, software and/or logical elements (including organizational elements) to
perform its tasks on the foundation of Al. Here, the application system considers Al
as a foundation of an application house that builds on it. The Al represents the basis
for on-building system components being triggered by the Al [14], because these
have been attached onto the Al ground floor. Here, Al structures represent the pro-
cess, because the Al comes up with a processual behavior [14]. As the Al-triggered
systems can either refer to further Al-based systems or non-Al-based systems, a joint
application system is constructed that shows different levels of cognition.

Al-based CPS. If the Al-based application system is brought into a permanent
loop of (1) using its own sensors and data input to perceive its environment, (2)
processing its perception on the basis of Al, and (3) carrying decisions out via its
actuators or connected workflows to manipulate its environment—this is perceived
by the Al-based application system again and the loop mentioned is closed—one
can speak from an Al-based Cyber-Physical System (Al-based CPS) [16]. This type
of system is particularly interesting for the research carried out because, firstly, it
enables the modeling of complex interaction patterns between humans and Al based
on this closed loop and, secondly, it enables continuously learning Al in live situa-
tions.

Interim Conclusion. By now, these kinds of systems have been demonstrated
and stacked to cooperating Al-based CPS: These approaches have demonstrated
learning and unlearning Als in transforming production contexts [14]. However, the
learning and unlearning Al-based CPS have not been considered as instrument to
guide forgetting of human workers, yet. A research gap becomes apparent, here.

2.2 Learning and Forgetting Als

Learning. The state of knowing the expected or successful patterns and the ability
to request desired patterns is achieved by learning procedures. Al typically gets into
this state by carrying out training processes. For instance, Artificial Neural Networks
(ANNS) are initialized with random weights, first. Then, due to training algorithms,
such as backpropagation [42, 43], PROP [40], Quickprop [7], conjugated gradients
[19, 47], and L-BFGS [4], weights are as long modified as a desirable quality criteria
or pre-defined condition has been reached. If the AI design and training was well
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performed, then the Al is able to request desired patterns because it knows the
expected or successful behavior.

The behavioral adaption, for instance in changed process patterns (e.g., produc-
tion routines), is preceded by knowing the expected or successful patterns and the
ability to inhibit unwanted patterns. Feldman [8] argues that routine dynamics are
primarily concerned with learning, whereas Hedberg [18] includes unlearning and
forgetting. While new information generates new options in routine performance,
prior knowledge and experience can restrain variability therein [22] and interfere
with adapting to the new routine as employees tend to relapse into the old routine.
Older routines can also interfere with new knowledge as cognitive capacity is allo-
cated for routine performance and the consolidation of new information. Intentionally
inhibiting the recall of undesired tasks and objectives can free cognitive capacity [1,
41] and ease the transition. This paper, therefore, concentrates on researching these
operations instead of learning. Two concepts can be used to explain the elimination
or suppression of older knowledge: unlearning and forgetting [29].

Unlearning. On the routine level, unlearning is either substituting, overwrit-
ing, disregarding or stopping to show an unwanted behavior [48]. Enforcement and
enactment are sufficient to overwrite it, if executed long enough [20, 35]. Fiol and
O’Connor [10] identify three steps of unlearning: destabilizing and discarding an
old routine as well as the subsequent establishment of a new one. In Al context,
once an Al has learned something, unlearning is achieved in continuing training or
refining the Al In particular in continuously learning contexts, unlearning Als can
be observed [6]. For instance, due to environmental changes, data drifts or variations
in learned relations, once learned behavior cannot be requested any more. In Al con-
text, often, this is referred to as catastrophic forgetting [26, 28].

Forgetting. The unlearning concept has been criticized from the psychological
perspective [23, 44]. The term forgetting is preferred as it also connects to broader
explanations of the underlying cognitive aspects, which is in particular attractive
when facing Als as artificial cognitive systems. Forgetting is generally defined as
inhibiting the recall of previously learned information [46] and addresses both acci-
dental and intentional aspects. The intentional aspect of forgetting includes active
suppression and sorting out knowledge without a functional equivalent [2, 41, 52,
53]. The individual is therein aware about unwanted, habituated routines and actively
aims at inhibition. This accounts for Als as well as human employees. However, inten-
tional forgetting Als require an Al to be aware about unwanted, habituated routines,
or rather require an Al to reflect on itself. Please be aware of the differentiation of
amnesic Als, which show a partial or complete inability to remember past experiences
or store new memories after the causative event, such as an accident, a management
intervention, or Al design decision. However, forgetting rather focuses on a natural
and daily progress that disregards the inabilities mentioned. This type of concept is
therefore particularly interesting for the research carried out.
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Interim Conclusion. Although learning and forgetting Al-based CPS were imple-
mented and brought to experimentation [15, 16], experiments have not examined the
effect of Als on human forgetting. Further, by now, self-reflecting Als justifying
to actively inhibit unwanted, habituated routines is a research objective. By now,
human knowledge managers are still required for being responsible to make an Al
intentionally (at least from the manager’s perspective) forget and guide its knowl-
edge development [12]. Here, concrete AlI-human-adequate knowledge management
instruments are to be worked out and researched, which includes experimental pro-
cedures to proof functioning of these instruments. Thus, a research gap becomes
apparent, here.

However, the experimental procedures mentioned go hand in hand with the design
of human-machine interfaces bringing evolving Als and forgetful human in an inter-
action.

2.3 Human-Machine Interfaces and Als

The literature describes the factors of Al transparency [9, 501, Al autonomy [39], and
Al reliability [5, 31, 49] that influence the nature of the human-machine interface
and thus the relationship between humans and Al. These factors are described in
more detail below.

Al Autonomy. Al autonomy determines the extent to which the Al supports the
user in the task to be performed and how much responsibility the user assumes [39].
According to Peres et al.,, Al autonomy in Industry 4.0 can be divided into five
degrees [39]. These range from scenarios with purely supportive activity, in which
the user assumes full responsibility and the Al does not implement any independent
decisions (level 1), to a scenario of partial autonomy, in which the Al implements
its decisions fully autonomously, the user can intervene in the implementation of the
decision (grade 4), through to a scenario of full autonomy in which no user needs to
be involved in the AI’s decision-making process and the Al assumes full responsi-
bility (grade 5).

Al Transparency. Transparency in the context of Al is a complex, multi-factorial
construct with several dimensions such as the accessibility and interpretability of
information about the AI’s decision-making process [9]. Meanwhile, several tech-
niques have evolved to rise transparency, such as sensitivity analyses, feature visual-
ization, saliency visualization, attribution and knowledge extraction [14]. However,
the breakthrough in an all-embracing whitening the AI’s or rather ANN’s blackbox
is still missing. Thus, an Al system combination is particularly interesting for the
research carried out, because partly transparent outcomes can be used for reasoning
about the AI’s decisions.
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Al Reliability. Often, reliability is referred to as the circumstance that a test,
survey or measurement can be reproduced and the same model or outcome can be
generated again and again [3]. In case of Al context, an Al is reliable if it is able
to reproduce an outcome—even in changing and dynamic contexts. One can speak
about an equality of the measurement results when used at different times. In this
research, however, Al reliability is referred to as a reliableness of a human to rely
on an AI’s outcome, because the AI’s outcomes are correct under all circumstances,
such as changing and dynamic contexts or different times. It differs from Al accuracy
in that decimal deviations of the Al outcome from the target labels are not taken into
account—the focus is on the final classification from the end user’s point of view,
which is either correct or incorrect [5]. Knowing that there are cases in which the
evaluation of an Al can be right or wrong, but also more complex cases in which
evaluations are not one hundred percent clear, for example because the evaluation
can be assigned to several classes, the design of an Al reliability metric is complex
and case sensitive.

Al Trust and Frustration. Since the interaction between humans and Al can
influence the physical, psychological and social characteristics of humans (so-called
human factors), it is also interesting for the present work to determine which human
factors are influenced by the design of the Al in the application. The literature shows
that the design of human-machine interfaces has a major influence on human factors,
such as Al trust and Al frustration [24, 49]. Thus, as these factors are involved at
the cooperation with Als in business context, their meaning in transforming business
environments, which includes the need for learning of new routines and forgetting
of outdated routines, is essential.

Interim Conclusion. However, an AI’s autonomy and transparency design has not
been quantified and researched in transforming business environments. Thus, their
effect on learning new routines as well as forgetting outdated routines represents a
research gap. A further research gap becomes apparent when considering an AI’s
autonomy, its transparency design and reliability as management instrument to align
an Al-human teaming with business needs of permanently transforming contexts.

Having the objective of intended studies in mind, which refers to the exploratory
examination of evolving Al on human forgetting and vice versa, transforming busi-
ness environments bring complexity into the object of investigation: Is the Al evolv-
ing due to environmental changes? Is this evolution to be characterized as beneficial
or (intentional or catastrophic) Al forgetting? One might assume human workers to
forgive Al faults if the AI’s decision was made transparent. But what about correct AI
behavior in transformed business situations not being understood by human parties?
Is Al being unjustifiably accused here and restricted in its autonomy? It could be that
repeated Al competency tests provide human workers with indications of the Al’s
reliability, which makes experimenting with the A3I an important step in researching
the sustainable design of cooperation between humans and Al
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3 Methodological Researching Al Interaction

This research is realized by following the Design-Science Research Method (DSRM)
by Peffers [37, 38]. So, the design of a research artifact is worked out based on a
research problem first. The research problem and the research gap were presented
in the first sections. The artifact of the A3I is then designed and brought to demon-
stration. Finally, it is evaluated to what extend the initial research problem has been
tackled with the A3I research artifact successfully.

Requirement Collection. As part of a design-science-oriented, behavioral research,
and for the reason of having a software artifact, the following requirements were col-
lected. The A3I research artifact development was guided by these requirements.
Further, this collection has functioned as quality gate for the artifact developed.
Thus, the following will support the connection of future research, too.

1. The experiment shall enable a node-independent device configuration, so that it
can run on a laptop, raspberry or any further device, such as the devices of the
Potsdam Zentrum fiir Industrie 4.0 (ZIP4.0).

2. The experiment shall support an online and on-site experiment realization, so that
test persons can take the experiment in arbitrary local and remote configurations.

3. In order to guarantee, that the observed effects are not effected by prior knowl-
edge, a new routine or rather production process needs to be learned in a first
experiment phase. This is referred to as test person training and can distinguish
from the real experiment environment because of pedagogic elements, such as
explanations, tutorials, step-by-step guides, supporting elements and exercises.

4. In order to assure, that the learned production process is mastered successfully,
the experiment needs to have a performance assessment within the real experi-
ment environment in a second experiment phase. This is referred to as reference
scenario (without Al support). Here, the as-is performance or routine behav-
ior will be identified. It will be used for comparing the performance with the
scenario having an Al support (cooperation focus) as well as with the scenario
having an Al breakdown (forgetting focus).

5. The standard work routine needs to be modified in a third experiment phase
bringing an Al to the original production process (the one that was mentioned
in Req. 4). For instance, a company introduces an Al to support a production
process. When human test persons use this Al and perform the new production
process several times, a new human work routine is implemented and a new
routine behavior is established.

6. The new work routine (having Al support) will be eliminated due to arbitrary
reasons, such as an Al breakdown, in a fourth experiment phase. By this, test
persons are forced to come back to the original work routine (without Al support).
Here, it is tested, to what extend the very same behavior and performance can be
identified, as it has been observed in the second experiment phase. Deviations
that occur here could be related to the fact that the standard or rather reference
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work routine has been forgotten because too much reliance has been placed on
the Al by the test persons.

7. As the research demands for providing different degrees of Al transparency,
in particular, the combination of multiple Als is attractive, because the cascade
of Als and step-wise Al-based decisions can be clarified (transparency condi-
tion). It needs to be checked, if these decisions lead to confusion if not clarified
(intransparent condition).

8. As the research demands for providing different degrees of Al reliability, in
particular, the reliable configuration of multiple Als is attractive, because the
cascade of Als and step-wise Al-based decisions can be modified in regard with
the experiment design effectively.

9. An external service supplier, such as Prolific, should (1) guarantee a repre-
sentative selection of test persons, (2) realize secured and correct test person
payment, (3) enable an ad hoc test person extension, such as for smaller pretests
and extensive experiment runs.

4 Design of an Instrument for Examining Human and AI
Cooperation

In accordance with the design-science cycle, the A3I artifact was developed. Its
design is clarified subsection wise by clarifying the Design of Experiment (DoE) and
relevant experiment variables (first subsection), its environmental experiment layout
(second subsection), the production process that was simulated in the experiment
(third subsection), the detailed experiment process (fourth subsection), as well as
the software design in the fifth subsection. Please be aware that individual Al-based
systems have been developed [13] and published as Open Source beforehand [15,
16]. These are included in this research article as AI-CBR and AI-ANN. The first
cares about the most valuable ANN identification, which is a fruit type identification
on the basis of order information, and the second cares about fruit type and quality
detection on the basis of camera information.

4.1 Variable Operationalization and Design of Experiments

Aiming for examining human Al interactions and the role of forgetting at both,
human knowledge carriers as well as Al-based knowledge carriers, the following
three types of input variables are focused.

Transparency. The transparency of the Al is operationalized as the control by
means of the explication level, which transparently explains the AI’s behavior, its
decisions or rather its justification why a certain outcome was generated by the Al For
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the early research conducted, here, it refers to two forms, namely (1) low transparency
representing the displaying of basic information, such as the concrete Al decisions,
and (2) high transparency representing the displaying of additional information to
characterize (a) the selected Al knowledge base (in case of the AI-CBR system for
fruit type identification) and (b) the recognition results (in case of the AI-ANN system
for fruit type and quality detection).

Autonomy. The autonomy of the Al is operationalized as the control by means
of user integration. For the early research conducted, here, it refers to two forms,
namely (1) low autonomy representing the process continuation with Al results only
after user approval, and (2) high autonomy representing the process continuation
with Al results after 10s.

Reliability. The reliability of the Al is operationalized as the control by means of
consequent outcome correctness. For the early research conducted, here, it refers to
two forms, namely (1) low reliability representing the process of flipping Al results
by simulation control, so that, e.g., the identified banana fruit type (this might be
correct or false) is changed to orange or apple or the identified good fruit quality
(this might be correct or false, too) is changed to bad. Further, one can find the form
(2) high reliability representing the process of keeping Al results as they are generated
by the Al Please be aware that this reliability interpretation does not guarantee to
flip or remain correct Al results. To be keen on external validity, true Al results are
to be used, here, instead of displaying by logic derived correct or incorrect results.

Mediating Variables. Beside these three variables, additional variables are sur-
veyed, such as trust in Al, Al frustration or Al acceptance. In order to avoid the
tendency toward the center, these have been operationalized by a caliper with 6
numerical units. As these variables characterize the Al utilization, these variables
are planned to be considered as mediating variables on forgetting. Since their effect
on forgetting is to be researched. the forgetting variable be considered as output or
rather as dependent variable as follows.

Forgetting. The human forgetting because of forgetting Als or rather Al-based
CPS is operationalized as the unintended behavioral change of humans due to
an Al’s intervention, which mostly goes along with an observable performance
decrease. Thus, the forgetting needs to be evaluated (comparable to a school test) in
a well-defined task setting having an ideal or best solution. In the experiment case
researched, this task and the corresponding performance decrease are observably by
the click routine at a software-based work area, here referred to as Al-based CPS. As
this kind of forgetting can be indicated by multiple attempts, the experimentation tool
to be created in this research intends to offer multiple approaches for measuring for-
getting at different experiment stages. Assuming to have a pure, software-supported
production process being operated via the software-based work area, ...

e ...the forgetting can be operationalized by the average number of clicks—if it is
higher in the fourth experiment phase (after test persons are used to the AI) than
before the Al has been introduced (measured in the first experiment phase), a
performance decrease can be detected, because the initially learned click routine
was forgotten.
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Fig. 1 Derivation of experiment scenarios required

e ...the forgetting can be operationalized by the click types available—if more incor-
rect click type pattern are produced in the fourth experiment phase (after test
persons are used to the AI) than before the Al has been introduced (measured
in the first experiment phase), an indicator for the forgetting of the original click
routine can be identified.

o ...the forgetting can be operationalized by the average time each click routine
takes—if more time is required for producing click type pattern in the fourth
experiment phase (after test persons are used to the Al) than before the Al has
been introduced (measured in the first experiment phase), an indicator for the
forgetting of the original click routine can be identified.

In addition to these initial attempts to measure forgetting, numerous further
approaches are attractive to be researched. However, these three measuring attempts
were selected as attractive first research step.

Deriving Possible Experiment Runs. Considering the three input variables
focused in this research, Fig. 1 brings their forms together.

Figure 1(a) clarifies the four possible combinations of the Al reliability and the
two types of Als involved in the experiments, namely A/-CBR and AI-ANN. As
these cooperate with the test person, its detailed interaction design will be clarified
in Sect. 4.3. For realizing the experiments described, in total 5.760 Als have been
developed and released. Further information about the Al designs, the systems trained
and published for being re-used can be found at the software repository called Al-
CPS and corresponding public Docker’s Hub images and publications [13]. Fig. 1(b)
clarifies the four possible combinations of the Al transparency and Al autonomy.
Having a look on the cross-product of these three variables, the twelve possible
combinations of relevant experiment runs can be identified. These are labeled with
la-1d, 2a-2d, 3a-3d and 4a-4d.

Experiment Planning. The minimum number of required experiment runs was
determined as follows: Although we were interested in the multiple R2 value in the
first step and a sample size of N >= 50 + 8(k) was sufficient in accordance with
[11], we were interested in beta weights in the second step. According to Green,
this required that N >= 104 + k. Here, N stands for the sample size and k for the
number of independent variables. So, assuming to observe a medium effect of the
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Fig. 2 Experiment environment design.

independent variables on the dependent variable (R2=0.7 and beta=0.2), we aimed
to complete at least 107 experiments (focusing on beta weights). In order to achieve
a full factorial experiment design and bivariate variables, 12 combination possibil-
ities required about 9 experiments per combination (107/12~8.92), which in total
amounted to about 108 experiment runs. As test subjects were supposed to partici-
pate in the experiment once, the experiment had a between-subject design in regard
to the experiment conditions presented [27].

4.2 Experiment Environment Design

Since experiments were planned to be realized by the Industry 4.0 environment lab-
oratory of Potsdam University, titled with Zentrum Industrie 4.0 Potsdam (ZIP4.0),
its current layout was extended. Fig. 2(a) clarifies this by presenting its spatial
cyber-physical system arrangement with blue rectangles. As former experiments
have shown, it is important to enable several test persons in parallel. So, the layout
was designed to realize three test persons in parallel (see gray rectangles in the figure).
Each of the three workplaces so was designed to provide the same components—
these can be seen in the zoomed picture of Fig. 2(a).

All together, Fig. 2(a) clarifies that the experiment environment of each test person
was designed to have two types of components: The first type refers to the individual
working machine, which provides private components only accessible by the indi-
vidual test person. The second type refers to the joint experiment environment, that
provides public components that are accessibly by all test persons. Here, all of the
individual test person environments are at an intersection. The corresponding five
concrete components are clarified in the following.
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e Package warehouse field: (see orange color)
It is part of the joint experiment environment and provides the packages of fruit
orders for all test persons. Since an order only can be processed by one test person, a
certain complexity and coordination effort comes up for the individual test persons
and the joint experiment environment.

e Productive field: (see yellow color)
It is part of the joint experiment environment and provides the three physical and
local workplaces for the in-place experiments.

e Package delivery field: (see violet color)
It is part of the joint experiment environment and receives the packages of fruit
orders of all test persons as these have been processed. Since an order can have dif-
ferent states, such as different fruit types and quality levels, various specialized end
positions can be headed. Thus, an additional complexity and coordination effort
comes up for the individual test persons and the joint experiment environment.

e Fruit order: (see turquoise color)
The fruit packages ordered from the warehouse are processed by local test persons
at the physical instance of the individual working machine. They are transported
from the warehouse to the work area via the conveyor belt system.

e Sensor data: (see purple color)
The fruit packages arriving are scanned and photographed multiple times at the
individual working machine. This is part of the production process being described
in Sect. 4.3.

e Work area: (see green color)
The individual working machines of local as well as remote test persons presents
the same, software-based work area.

As the work area can be considered as the key instrument to provide human and
Al interaction possibilities and measure forgetting of human test persons, its detailed
components are displayed in Fig. 2(b). These clarified in the following. Here, the
numbered list entries refer to the numbers being displayed in the figure.

1. AI-CBR Component: (for managing orders)
The orders of the central warehouse are displayed and requested via the first
area.

2. Assistance Area: (for inserting human and Al results)
If Als support the production process, their decisions are displayed in the assis-
tance area (see highlighted second area). If the Als are not part of the production
process, the very same decisions are to be carried out by the human test persons.

3. Explanation Area: (for clarifying Al decisions)
The third area clarifies the Al decisions if these are to be made transparent
(transparency condition). In the non-transparent condition, this area remains
empty.

4. Countdown: (human chance to intervene Als)
In the fourth area, the remaining time is displayed, if an Al is allowed to act
autonomously in the autonomy condition. Human test persons have a chance
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to intervene as long as the countdown is active. If the time is run out, the Al
proceeds automatically. In the non-autonomous condition, human test persons
need to confirm each Al outcome manually. As the latter condition has no time
pressure, this remains empty.

5. AI-ANN Component: (presenting pictures)
The fifth area shows visual package information, which is taken by a video
camera. So, for instance, test persons can watch the package arriving. These live
insights drastically increase the immersion for remote test persons. Further, this
area displays pictures from the package’ content, such as nice fruit or rotten fruit
deliveries.

6. End Position: (for instructing package paths)
When the productive activities, namely the fruit type identification and its quality
assessment, are finalized (with or without Al support), test persons are supposed
to instruct relevant conveyor belts to send the package to one of many specialized
end positions.

4.3 The Production Process as Industry 4.0 Application
Context

In one experiment run, test persons do have to process a pre-defined number of
orders per experiment phase. One order is processed by realizing the production
process once. But what is the production process about? The following describes the
simulated scenario each test person is faced at the experiment. It makes plausible the
process context in which the A3I brings test subjects into interaction with Al

Simulation Context. In general, the Industry 4.0 production process refers to the
trouble shooting procedure or rather second level support (in regard with ITIL) of
packages having a damaged QR code. If the QR labeling is damaged, the digital and
automated package delivery machinery cannot handle the corresponding packages
and the Industry 4.0. logistic system is disturbed. However, the human worker or
rather test person tries to identify the type of fruit being delivered on the basis of order
information, such as the supplier details, information about the delivery’s origin, or
contracted forwarders. Then, the human worker tries to assess the fruit quality based
on a look on the fruits. Finally, based on the previous two tasks, the human worker
picks the correct end position, so that the digital and automated package delivery
machinery can proceed. Among the set of end position, i.e., one position represents
banana packages having a certain cooling requirement. Other end positions do differ
in cooling requirements. For instance, apple deliveries do need more space and air
circulation but they do not need a cooling. Further end positions store rotten fruit.

Production Process. Figure 3 presents the detailed process model as UML’s
activity diagram It clarifies the processing of one trouble case and is explained in the
following.
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In the figure, one can see four horizontal swim lanes. Each group activities for
the (1) human test person, (2) the cyber-physical system providing the work area for
functioning as human-machine interface (compare with Fig. 2), (3) the Al using CBR-
based mechanisms for identifying the fruit type on the basis of order information
only, and (4) the Al using ANN-based mechanisms for identifying the fruit type and
assessing the fruit’s quality on the basis of camera information.

The process model clarifies the first activity of the test person. It needs to block
the corresponding order and initiate the package’s pick up, so that the conveyor
system transports the corresponding order package from the warehouse to the work
area. The CPS displays corresponding system messages.

As second activity, the fruit type needs to be identified, which will be overtaken
or rather supported by the Als in selected simulation scenarios. If an Al has supported
the fruit identification, the fruit type recognized needs to be verified by the human
test person. Depending on the current scenario, either this verification needs to be
realized within 10 seconds, or there is an unlimited amount of time for confirming
the Als decisions (autonomy condition). The CPS functions as the central control
instance and displays relevant system messages.

Then, in a third activity, the order needs to be scanned and analyzed for fruit
quality detection. If an Al has supported the quality identification, the quality level
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recognized needs to be verified by the human test person, again. Depending on the
current scenario, either this verification needs to be realized within 10 seconds, or
there is an unlimited amount of time for confirming the Als decisions (autonomy
condition). The CPS functions as the central control instance caring about timings.
Further, it displays relevant system messages and functions as HMI.

Finally, in the last activity, the package’s end position needs to by identified and
entered manually by the human test person. On the basis of this selection, relevant
conveyors are activated (compare with blue rectangles of Fig. 2a) to transport the
test person’s package from the work area (compare with gray rectangles of Fig. 2a)
to the correct place at the delivery center (compare with violet rectangle of Fig. 2a).
Again, the CPS functions as the central control instance and HMI. The production
process is finished by an output message of the CPS.

Since the process model shows the activity of both Als, the interaction of the Als
can be clarified: While the first system called AI-CBR cares about the identification
of the fruit type on the basis of order information, an ANN model will be selected
that is specialized on the fruit type identified. For verification, the second system
called AI-ANN will (1) re-evaluate the fruit type and (2) assess the quality of the
fruit on the basis of camera information. Due to this chained Al utilization, mistakes
of the first Al might lead to reasonable mistakes of the second Al—at least if the spe-
cialized Al does not know the corresponding fruit type. This kind of variety enables
valuable debugging information and transparent decision clarification (transparency
condition).

4.4 Experimental Setting for Researching Forgetting Systems

The experimental setting clarifies, how the production process (cf. Sect. 4.3) will
be used to enable human and Al interaction modeled. But how is human forget-
ting because of forgetting Als modeled? The following describes the well-designed
sequence of simulated scenarios each test person is faced at the experiment realiza-
tion. It makes plausible the experiment phases (compare with requirement collection
of Sect. 3) and describes the transformation of business process contexts in which
the A3I brings test subjects into interaction with Al under varying circumstances.

Course of the Experiment. For modeling the knowledge flows and interac-
tions among human and Al-based process participants, the Neuronal Modeling and
Description Language (NMDL) has been selected as superior candidate for this pur-
pose [14]. Using NMDL’s ProcessView, Fig. 4 clarifies the sequence of experiment
tasks and phases. While some phases and tasks are the same for all scenarios, some
show content depending on the scenario selected for the current experiment run,
which will be explained in the following.

In the figure, one can see the sequence of tasks that have been visualized by green
rectangles and have been grouped to phases visualized by white rectangles. These
have been connected by arrows representing the control or rather task or phase flow.
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Dashed lines cluster scenarios w.r.t. their role in the experiment. Thus, these are
clarified in the following.

The welcoming phase guaranteed the warm welcoming of test persons. W.r.t. test
person management, relevant URL parameters were set up by background mecha-
nisms (cf. Req. 9), so that a representative test person set was created and the required
experiment runs were started. The experiment implementation operationalized the
selection of the current experiment condition by random variables according to the
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Design of Experiment (compare with Fig. 1) and the experiment planning. These
were mapped to test person-specific URL parameters, then.

In the pre-survey phase, test persons were faced with questions by [34] to char-
acterize the initial level of technical readiness. Further, questions by [21] were pre-
sented to conduct the test person’s adaptability These were presented to research the
general technical attitude of a test person to have an effect on forgetting because of
Als.

Four experiment phases were realized then. Each was composed by the same
structure: First, an introduction to the productive process of the current scenario was
given that was to be realized by the test person next. This referred to the process that
was designed in (Sect. 4.3) and realized under the experiment condition (compare
with Fig. 1). Second, the production process was realized numerous times by using the
software-based working area and corresponding environment as they were designed
in Sect. 4.2. Here, relevant performance metrics were used to measure the test person’s
performance and enable the identification of forgetting.

The forgetting measurement was realized by providing experiment phases for
multiple times. Each time has had a different role. The Experiment Phase 0 enabled
the training in three separate (equivalent) sessions, so that the test persons got familiar
with the productive process. Here, failures were welcome and additional explanations
were presented in form of a tutorial. The Experiment Phase I enabled the training
realization under experiment conditions. It was realized on the experiment day and
was used for measuring the performance baseline. Please be aware of the following:
Up to here, only manual work was realized by test persons. There was no Al support,
yet. An Al support was integrated in Experiment Phase 2. Here, the behavioral
change and performance change were measured, so that deviations from the baseline
or reference situation could be derived. A particular analysis focus was set on the
identification of a performance improvement because of Al support. The Experiment
Phase 3 forced the Al removal, so that test persons were supposed to return to the
manual process. As the behavioral change and performance change were measured,
analyses could focus on a comparison of the behavior observed at this phase and the
reference phase. This comparison should lead to insights on the relevant process of
forgetting because of an Al.

Each experiment phase was followed by an individual interim/final survey phase.
Since Experiment Phase 1 only used robots as non-Al-based systems, questions
focused on human robot trust according to Schaefer [45] and common technique
trust according to Wiczorek [51]. Since the Experiment Phase 2 and the scenarios
1-4 integrated Als, questions additionally taken focused on trust in Al according to
Jian et al. [25] and Al perception. The questions after Al breakdown of Experiment
Phase 3 focused on the test person’s perception of performance and forgetting.
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Fig. 5 Software states

4.5 Software Design for Human and Al Interactions

Since the experiment was designed to be used in several scenarios (cf. the experiment
conditions of Fig. 1), and the productive process (cf. Fig. 3) was to be used in several
phases within the experiment (cf. Fig. 4), a software application has been based on
a state machine design that is presented in a first subsection. It integrates standard
components and individual implementations, that have been presented in the sec-
ond subsection. Examples refer to the well-known survey tool called LimeSurvey,
the external service provider for test person management called Prolific, and a col-
lection of programming libraries being used for individually implemented software
components.

The Design as State Machine. The state machine of the software-based applica-
tion can be found in Fig. 5. While the states of this machine map the current progress
of the productive process (cf. Sect. 4.3), the transitions from state to state are either
realized by the test person’s interactions with the software’s work area or by timed
conditions, such as the expiry of 10 seconds. In a pretest, this period was deemed
sufficient to be able to intervene in an Al decision. However, it implements the design
of the AI'’s autonomy (compare with autonomy condition issued in Sect. 4.1). Please
find these states as circles and actions as directed arcs in Fig. 5. The corresponding
state and action descriptions can be found in Table 1.

Data Model Design. For realizing the A3I artifact, a combination of numerous
components with individual data sets was set up. The integrative data model is shown
in Fig. 6. It is explained in the following.

For acquiring, selecting and paying test persons, the external service provider
Prolific was chosen. At this platform, test persons have been acquired as long as a
pre-defined amount of money is payed. With Prolific’s support, a representative test
person set is set up and its demographical data is collected (cf. on the left side of
Fig. 6). Each test person selected for experimentation is equipped with an individual
prolificID, which is transferred to the LimeSurvey tool via an URL-based parameter.

Commonly, LimeSurvey is used as a tool for realizing simple web-based surveys.
However, since it enables the modeling of complex control flows and conditioned
survey elements, this tool has been extended to provide a web-based platform for
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Table 1 Collection of the state machine’s states and actions
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ID Description Type
INIT A new job has been started State
FO1 A job has been selected State
P02 The job is blocked State
F03 The order is blocked State
P04 The AI-CBR evaluates the fruit type State
F04 A fruit type has been selected State
FO5 A fruit type has been saved State
POSHA The countdown is active State
FOSHA The countdown has expired without intervention and the | State
fruit type selected by the Ai-CBR has been saved
P06 The scan is active, the AI-ANN evaluates the fruit type | State
and fruit quality
F06 A fruit quality and fruit type has been selected State
F07a A fruit quality has been saved State
F07b A fruit type was saved State
FO8a A fruit quality and fruit type has been saved State
PO7HA The countdown is active State
FO8b The countdown has expired without intervention and the | State
fruit type and quality selected by the AI-ANN has been
saved
F09a An end position has been selected State
F09b A final position has been selected State
P10 The order is being delivered State
F10 The order has been delivered State
Al The test person selects an order Action
A2 The test person deselects the selected order Action
A3 The test person blocks the selected order Action
A4 The test person picks up the blocked order Action
AS The test person selects a type of fruit Action
A6 The test person saves the currently selected type of fruit | Action
A7 The test person stops the active countdown by Action
intervention
A8 The test person starts the scan Action
A9 The test person selects a fruit quality Action
Al0 The test person saves the currently selected fruit quality | Action
All The test person selects an end position Action
Al12 The test person delivers the order Action
Al13 The test person starts a new scan Action
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Fig. 6 Data model for integrating Prolific, LimeSurvey and further software metrics of local CPS
docker containers

providing arbitrary complex survey elements according to the experimentation of
forgetting (cf. Fig. 4). Prolific data and LimeSurvey data are integrated by transferring
the prolificID to LimeSurvey via URL parameter. Here, it is stored as external variable
and used as foreign key next to LimeSurvey’s individual primary key.

For assigning test persons to the relevant experiment conditions, the variables
scenariolD and aiExperienceld are randomized according to the experiment design
(cf. the four numbered scenarios at Fig. 1a and the four with letters labeled conditions
at Fig. 1b). These are initialized when the LimeSurvey-controlled experiment is
started via the web. So, the DoE was implemented and controlled at the LimeSurvey.

Following the experiment process (cf. Fig. 4), the LimeSurvey tool controls the
provision of the software-based work area (cf. Fig. 2) and its manifestation, such as
having an Al support or not. Thus, it implements the current experiment phase, which
is indicated by the variable called experimentld. Since the LimeSurvey tool routes
relevant variables to the software-based work area, the software-based work area
can be embedded in LimeSurvey as required by the current experiment condition.
Further variables to fully characterize the joint experiment setting are presented at
Table 2.

The test person’s performance and work pattern data is gathered via the software-
based work area software as follows: The software-based work area generates an
event by each interaction with the test person. By linking the current session with
its sessinID as foreign key, the test person’s metric data can be implemented. For
instance, this refers to a click on a certain button, the insertion of a user’s decision or
its inactivity. This implements the forgetting operationalization presented in Sect. 4.1.
Based on the data collected, here, the test person’s performance or rather software
use pattern can be analyzed, such as a correct or false click routines, required time
for realizing activities, correctness and efficiency of realizing the production process
(cf. Fig. 3). Further, it can be analyzed to what extend test persons were able to
restore learned processes by comparing work patterns and performances at different
experiment phases (compare with the requirements presented in Sect. 3).
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Table 2 Collection of URL parameters to configure the current experiment run

URL Parameter Description Default

timeout It controls the time in minutes until the experiment is | 6
continued

maxJobs It controls the number of tasks the test person must | 6
complete before the experiment continues

debug It controls whether debug parameters are displayed | FALSE

scenariold It controls which Al scenario the app will 1

implement. It ranges from 1 to 4

prolificld If any string is specified, a session is created in the | none
backend and metrics are activated. This parameter is
generated by the external service provider called
Prolific

aiExperienceld It controls which Al experience the app will 1
implement. It ranges from 1 to 4

experimentld It indicates the part of the experiment that currently | none
uses the app. It is linked to the backend session.
Further, it is only valid with prolificld

Processing Node Design. To implement the data model described, and enable
both, the local as well as the remote experimentation (cf. Req. 2), Fig. 7 clarifies the
instances involved.

The test person takes the experiment from its individual Webclient or Internet
browser of choice (see on the bottom right of the figure). Here, local test persons
use the browsers provided at the individual machine’s local work area (compare with
Fig. 2a) and remote test persons use the browsers of an individual device of choice,
such as their laptop, desktop or smartphone.

Relevant experiment data are provided via the Prolific’s Test Person Management,
which provides the relevant URL of Experiment if a test person is part of the rep-
resentative test person set composed. The LimeSurvey Controller is requested by a
HTTP(S) request via an Apache2 Webserver. The controller mentioned manages the
access to the original LimeSurvey Tool whose data is stored in a MySQL Data Base
Management System (DBMS).

The LimeSurvey tool implemented the experiment control flow (cf. Sect. 4.4).
Here, the specified software-based work area is provided as container at relevant
LimeSurvey pages. If requested at LimeSurvey, the corresponding container stack is
requested at an Apache2 Webserver via HTTP(S), which redirects to the Web-Based
Work Area. The latter is provided via a virtual machine instance that runs a Docker
Compose Container Network (cf. Fig. 2). As the app’s components are containerized
by node-independent Docker images, the app can be run on numerous systems having
a different hardware characteristics.

As Fig. 7 clarifies, the web application implements numerous components for
running the Web-Based Work Area. For instance, the NGINX-based Ingress Con-
troller is responsible for making the ports of the containers available via different
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Fig. 7 Software-based system architecture for node-independent device configuration

URL paths. Each container has its own path through which a request can be correctly
assigned to a container.

The Vue Web Application represents the graphical user interface (GUI) of the
work area in the production process (cf. Sect. 4.3). It is responsible for making
the interactive production process available to the test persons via the browser. The
developed web application was compiled into a static website using the functions of
VuelS. This procedure optimizes the web application for efficient use in the browser.
The Caddy tool is used to provide this optimized version.

The REST API is responsible for providing the front end with an interface to the
database and the functions of the Als. On the other hand, it provides static content.
This includes the order data and the fruit images of the orders.

The MySQ DBMS is responsible for storing and managing the data collected in the
simulations. All database operations can only be carried out by other components
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via the REST API or the Database Administration Tool, which is in this case the
Adminer tool.

The Container Logviewer Dozzle is another tool that facilitates the development
process, as it makes information about the installed containers within the DCCN and
the log entries of these containers available via the browser.

5 Demonstrating the AI Interaction Instrument

In the demonstration phase of the DSRM, the A3I artifact was brought to reality—it
was used in a real experiment realization, which contains all, two experiment master
perspectives and one experiment participant perspective. Each is clarified subsection
wise.

Master Perspective on Remote Experiments. The first perspective is related
to the researchers using the A3l as research tool to realize remote experiments.
These parties are responsible for compiling a representative list of online experiment
test persons, managing their access and realizing test person payment. The opera-
tional participant recruitment is realized via Prolific by following the researcher’s
strategic requirements on test persons: Among dozens of attractive filter criteria,
such as demographics (age, sex, geographic information), languages (first language,
fluent languages, primary language), education and work, only German as fluent
language has been selected as requirement. This has lead to a test person set with
about 9.135 attractive test persons. Further information, that was to be specified by
the researchers, referred to the average reward per hour. This was determined to be
£9.52, since it was at the top level of Prolific’s recommendation. Having realized a
pretest with about 40 test persons, the median time of 60 minutes was determined
and entered in the Prolific survey specification. Further, the AI3 was fine-tuned due
to pretest feedback. Finally, the maximum number of 150 possible test subjects
was determined with the available total budget. When having specified the exper-
iment’s requirements and having started the experiment, Prolific has sent attrac-
tive test persons to the A3I artifact, which enabled the parallel experimentation via
the following hyperlink:https://lime.lswi.de/index.php/225396?ang=en-informal&
prolificld=MaxMustermann_ID&prolificStudy=MaxMustermann_Study&prolific
Session=MaxMustermann_Session.

At Prolific, participating test subjects were shown live in an overview so that
each individual test subject could be approved for payment, rejected due to invalid
experiment execution, approved for re-execution or automatically deregistered by
Prolific (see Fig. 8). Examples of an invalid test execution are the idling of the
test, the changing of experiment workstation or having a lunch break instead of
concentrating on the execution of the production process because, for example, the
time measurement was disturbed.

Master Perspective on Local Experiments. The second perspective is related
to the researchers using the A3I as research tool to realize local experiments in Pots-
dam’s Z1P4.0. Although these managing parties have the very same responsibilities
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Fig. 8 Managing access to the A3I experimentation tool

as shown in the remote experimentation, namely compiling a representative list of
local experiment test persons, managing their access and realizing test person pay-
ment, the access provisioning is realized via emails manually. Here, the very same
hyperlink was used.

Participant Perspective. The third perspective is related to the test persons using
the A3l as research tool to be part of the experiment. These parties are payed for
realizing the production processes provided by the experiment. Figures 9 and 10 clar-
ify extracted test person views that are displayed in individual test person browsers
when the previously mentioned hyperlink was used. Their sub-figures are clarified
in the following.

Figure 9a provides the general scenario context: test persons are part of the second
level support team caring about packages with broken QR code in a logistic center. In
a step-by-step routine, participants are taught to deal with the work area in a tutorial
(see Fig. 9b) in Experiment Phase 0. Please note, the experiment phase labeling
is in accordance with the designed course of experiment (see Fig. 4). However,
Fig. 9c shows the work area when participants were faced without Al support (as
reference in Experiment Phase I as well as in Experiment Phase 3 as Al breakdown).
Before Experiment Phase 1, this work area was trained and the reference process
was practiced. Before Experiment Phase 3, the very same work area was augmented
with Al support. Between the experiment phases, relevant information has been
surveyed, as Fig. 9d shows. After having trained the production process, the reference
production process (Experiment Phase I) was introduced by a video (see Fig. 9e).
As Fig. 9f shows, the integration of an Al to the production process (Experiment
Phase 2) was introduced by a video, too. The video transcripts were shown below
the videos, so that test persons were enabled to read the text, hear the text and see
relevant items. This should appeal to different types of learners.
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Fig. 10 presents further details of the test person view. Their sub-figures are
clarified in the following:

In the Experiment Phase 2, the AI-CBR system was visualized as shown in
Fig. 10g. Since the Al shows an explanation on the bottom right (transparency con-
dition) and a countdown is indicating the AI’s autonomous proceeding on the center
right (autonomy condition), this figure shows the most complex visualization at sce-
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nario 4. After the AI-CBR system has finished working, the AI-ANN system starts
working, which is shown in Fig. 10h. Thus, the ANN’s explanation is displayed in
addition. After having finalized the productive process, the test person’s intermediate
impression was conducted directly via the work area (see Fig. 10i). This enabled the
analysis of the course of Al trust and Al frustration. Fig. 10j shows, how the Al
breakdown scenario was introduced (Experiment Phase 3). One Al breakdown has
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been explained as maintenance work. The on-site workspace of three test persons
is shown in Fig. 10k. While the work area has been the same for remote and on-
site test persons, physical movements of the current fruit order and corresponding
sensor data (pictures taken from the current fruit delivered) have been displayed at
the video screen on the top right of the work area. This enabled remote and on-site
test persons to have the same information. A pretest indicated this to be essential for
remote workers.

6 Discussion About A3l Instrument-Based Experiments

As last phase of the design-science-oriented research cycle, the DSRM envisages
the evaluation of the A3I artifact and clarification of the research contribution. This
addresses the question, to what extend the artifact has proven to be useful in the
demonstration case and goes along with communicating the meaning of research
insights.

Evaluation of Requirement Fulfillment. In a first evaluation step, the require-
ments that have been collected before the A3I artifact design was set up are checked.
For this, the following clarifies the requirement fulfillment by using the same require-
ment numbering as Sect. 3 shows.

Req. 1 (node-independent device configuration) can be satisfied, because the
(1) software-based work area, the (2) AI-CBR system, the (3) AI-ANN system,
the (4) survey tool LimeSurvey, as well as (5) their required sub-systems have been
set up as a Docker containers, which can be initialized and run on any computing
device, such as laptops, raspberries and servers. This clarifies the node-independent
experiment provision and its software required for providing the experiment. As the
experiment simply can be accessed via one hyperlink carrying the relevant external
information as URL parameters, the node-independent participation can be realized
on any computing device, such as laptops, raspberries and desktops.

Req. 2 (online and on-site experiment realization) can be fulfilled, because test
persons can either participate at the experiment remotely via their laptop, smart-
phone or desktop machine. Alternatively, test persons can participate at the exper-
iment locally in ZIP4.0, because the very same experiment tools are provided at
its processing cubes—the so-called machines (compare with Fig. 10k). Req. 3 (first
experiment phase) can be satisfied, because three repetitive training sessions have
enabled the pedagogic valuable learning of the production process by experiment
participants. (cf. Experiment Phase 0 in Fig. 4) Since the real productive environ-
ment was provided in an extra experiment phase (cf. Experiment Phase I in Fig. 4),
Req. 4 (second experiment phase) has been fulfilled. The variation of the standard
production process is the realized by a following experiment phase (cf. Experiment
Phase 2 in Fig. 4). Here, the Als are provided in addition, so that Req. 5 third
experiment phase has been satisfied.

Req. 6 fourth experiment phase has been fulfilled, because the experiment has
provided the original production process phase after making test persons comfortable
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in working with Als (cf. Experiment Phase 3 in Fig. 4). Req. 7 (combination of
multiple Als) is satisfied by the A3I artifact due to the provision of two cooperating
Als, namely (1) the AI-CBR and (2) the AI-ANN. Since the AI-ANN builds on the
AI-CBR decision, failure cascades can either confuse human workers if not clarified
(intransparent condition) or can make Al behavior plausible if clarified (transparency
condition). Here, each Al was designed to be reliable or not. So, Req. 8 has been
fulfilled, too. Since Prolific has been used for setting a representative selection of test
persons, realizing test person payment and managing the number of total experiment
participants ad hoc, Req. 9 (external service provider) has been fulfilled.

Research Contributions and Practicability for Practitioners. The article has
presented a software-based work area design for manifesting different kinds of Al
autonomy. This was exemplified in Industry 4.0 context and one production process.
A software vendor could bring the very same Al autonomy operationalization to
alternative production processes or to software of different domains. For instance,
an Al-based trading system could come up with invest options and carry them out
autonomously, if a human expert does not intervene in a certain period of time.

Further, the article has presented a design for a work area manifesting different
kinds of Al transparency. This was exemplified with two types of cooperating Als,
namely an AI-CBR and an AI-ANN system. The very same kinds of transparency
increasing explanations can be provided by Al-supported software. For instance, a
software vendor could display an AI’s reasons of coming up with a certain decision
to increase trust of its users in the cooperating Al provided via the software’s work
area. This might reduce Al frustration in addition.

The article has not only examined a software-based work area providing different
manifestations of cooperating Als interacting with human workers. This new kind
of Al-supported work area has been embedded in an experiment proceeding that
enables the examination of different experiment conditions, influence variables, Al
manifestations and Al interaction sets. For instance, an ERP supplier could use the
very same experiment routines and survey tools developed to identify the end user’s
trust and frustration levels when facing the user with an Al-based ERP system. So,
Als having different ways to interact with an user at the ERP’s selected work areas
can be analyzed with statistical instruments. Best ways to design cooperating Als in
ERP systems can be identified by this.

Coming back to the original objective of intended studies, namely the exploratory
examination of evolving Al on human forgetting and vice versa. The A3I has been
proven to be an adequate tool to carry out experiments on evolving Als, forgetting
humans and transforming business environments. Each of which can be designed
explicitly and integrated into the A3I. As its collects any kind of data specified in
advanced and provided as survey question, it so suits as an adequate experiment tool
to research quantified effects of the socio-economical team of Al, human and their
cooperation context.

Limitations. Although requirements on the A3I research artifact have been ful-
filled, the demonstration proofed the technical functioning of the A3I research instru-
ment and its complex components, only. To what extend this artifact is useful to
measure the quantified effects of forgetful Al-based CPS on forgetful people, which
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corresponds to the initial research question, has not been addressed in this article.
However, data has been gathered and its analyses are published next.

Outlook. The literature shows the importance in designing Al autonomy and
transparency levels carefully. Thus, in particular, researching the Al design, its man-
ifestations and ways to interact with software users are very meaningful. With the
A3I developed, a tool for systematically researching these objects of investigation
has been provided. So, after having completed data analysis on the Industry 4.0 con-
text provided in this article, and being able to quantify the effect of forgetful AI-CPS
on forgetful people, the A3l re-use and adaptation to further production processes,
software contexts and alternative domains are attractive.

In particular, once effects of forgetful AI-CPS on forgetful people have been
identified, the way of integrating learning and forgetting Als to software can be
recognized as instrument to guide and manage learning and forgetting human workers
so that the joint team of human and Als are aligned to business needs. A second
research focus on their purpose-related design should be established, then.
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1 Introduction

Quick and adequate responses to emergency situations are as crucial as they are stress-
ful for everyone involved. Emergencies can arise in various domains and contexts,
including social, economic, as well as environmental crises like shooting rampages,
epidemics, financial breakdowns, major fires, or oil spills. Response teams, such as
fire fighters, have to assess the specific situation accurately, allocate resources, and
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initiate action to prevent damage under time pressure. Time is often limited in emer-
gency situations, which leads to a high amount of cognitive workload for such teams
as they attempt to identify and implement the best possible response measures.

Cognitive workload can be understood as the amount or oversupply of information
that has to be processed for making a decision [16, 26]. Having limited information
processing capacity (IPC), humans (as well as computers) suffer from information
overload if their cognitive workload exceeds their IPC [14, 33]. This can lead to
mistakes due to poor decision-making, particularly in stressful situations. Previous
research shows that cognitive workload can be reduced by subdividing complex prob-
lems into more manageable tasks and assigning them to specialist team members [12,
14]. In a team of fire fighters, for instance, there are team members responsible for
actually fighting a fire, those for rescuing injured persons, those for closing off routes
for public traffic, and various more tasks which require different competences. Effec-
tively, this specialization is a form of intentional forgetting, as team members can
neglect, ignore, or remain unaware of information that is irrelevant to their specific
tasks [48]. Specialization can increase a team’s IPC as each member can concentrate
on their specific responsibilities. In fact, research shows that a smart allocation of
work roles and tasks can reduce workload and increase efficiency [8, 47].

Nevertheless, it remains a challenge to plan adequate role configurations for emer-
gency response teams in advance; i.e., to forget intentionally and goal directed. In
addition to real-world training exercises, computer simulation can provide insights
into team performance in different situations. While simulation is a well-established
method for designing and evaluating processes in industrial applications, simula-
tion for planning and assessing teamwork in critical situations requires an addi-
tional level of complexity. It has to include models of human decision-making and
cognitive capacities. For that reason, this chapter introduces a novel agent-based
model of human decision-making with limited information processing capacity. This
model is designed to represent human IPC in teamwork situations in order to enable
simulations of information overload.

The objective of this chapter is to develop the aforementioned simulation model
and to evaluate whether it is suitable for simulating team performance under stress
in various configurations between role specialization and generalization of team
members. This approach is an interdisciplinary endeavor with a computer science
and artificial intelligence focus on designing and evaluating the simulation model.
Based on psychological and simulation research, the model extends the Beliefs-
Desires-Intentions intelligent agent architecture with cognitive workload and heuris-
tic decision-making. Subsequently, the chapter demonstrates how to apply that model
in an agent-based social simulation of fire fighting in teams which represents a psy-
chological experiment covering the same task. Both the laboratory experiment and the
simulation are presented and discussed in detail. They show how information over-
load leads to mistakes and how these can be reduced through alternative team setups,
implementing intentional forgetting. Moreover, the agent-based model is validated
by fitting social simulation results to the experiment data which leads to parameter
values that match well-known findings from psychological research. This demon-
strates the agent decision-making architecture’s capability of plausibly representing
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the effects of cognitive workload in teams as observed in the experiment, making it
potentially usable for planning intentional forgetting through re-organization. Finally,
the chapter closes with a concluding summary and an outlook on future research.

2 Cognitive Workload and Decision-Making in Teams

Modeling and simulating human decision-making, IPC, as well as cognitive work-
load requires a thorough understanding of psychological research. Consequently,
this section first discusses psychological foundations of human cognition and for-
getting in teamwork and their application to emergency response situations. More-
over, it presents related work in the field of social simulation to identify promising
approaches to model decision-making using artificial agents. It discusses their appli-
cation potential for emergency response simulation as well as shortcomings which
motivate the design of a new approach to cognitive workload modeling.

2.1 Psychological Foundations: Information Processing
in Teams

In psychology, cognitive workload is defined as the amount of information an individ-
ual is required to process at a given time to make a decision or perform a task [16].
Information processing includes different steps, such as perceiving new informa-
tion input or stimuli, comparing this information with existing knowledge, retrieving
information from long-term memory, and making action decisions [30, 51]. In a bush
fire emergency, for example, a fire chief has to process information about the loca-
tion of fires, predict their development, check for available fire fighting capacities,
as well as assign particular tasks to fire fighting teams. In order to perform this task
effectively, a certain amount of information needs to be processed via the limited IPC
of the individual decision-makers. The limited IPC stimulates an overload condition
when the workload rises too high and therefore exceeds the IPC of an individual.
The resulting state is called information overload [16].

Information overload has been associated with low performance, poor decision-
making, as well as high occurrence of errors [16, 51]. Studies in cognitive psychology
show that high amounts of workload impede the perception of stimuli as well as mem-
ory retrieval capabilities [17, 33]. Under these conditions, the required knowledge to
analyze the situation and decide on appropriate action can become incomplete [44].
This is particularly critical in emergencies when situation assessments and reac-
tions have to be determined quickly and under stress. In such situations, humans
utilize heuristics to make decisions [19]. Instead of meticulously planning optimal
courses of action, heuristics provide cognitive shortcuts to find feasible solutions.
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For instance, the aforementioned fire chief might simply allocate the nearest fire-
fighters to each fire. While this reduces travel times and spares decision efforts, the
resulting composition of assets and capabilities to extinguish those fires can be sub-
optimal. Hence, this approach, although highly time efficient, can lead to biases and
error [18]. For example, decision-makers applying the mentioned take-the-best (i.e.,
take-the-nearest) heuristic are prone to stop comparing options too early and thus
decide for erroneous action.

Nevertheless, the problem of limited individual IPC can be mitigated in appropri-
ately organized teams. Teams can be understood as collective information-processing
systems [24]. Subdividing joint tasks and assigning them to team members with par-
ticular roles reduces the amount of information each member must process [14].
This is effectively a form of infentional forgetting. A fire chief who is only respon-
sible for a specific region can ignore any events which do not affect this region
and delegate the handling of these events to other decision-makers. Consequently,
the distribution of responsibilities in such teams (i.e., its role structure) determines
the cognitive workload for its members [27]. In psychology, these distributions are
called team cognitions [25]. They describe the extent to which knowledge is shared
(generalist knowledge) or distributed (specialist knowledge) between team mem-
bers [12, 14]. To reduce cognitive load and avoid information overload, teams should
be predominantly specialized.

However, it is often impossible to form fully specialized teams because coordi-
nation requires a minimal amount of shared competences and awareness of other
members’ responsibilities [34]. In fact, this shared knowledge enhances trust within
the team and improves team performance as too much specialization will also lead
to mistakes due to mis-coordination. A fire chief ignoring fires in some regions still
needs to know who is responsible for fighting them to make sure the emergency is
kept under control. Thus, it is necessary to strike a balance between specialization
and generalization. The challenge of striking such a balance is to guarantee smooth
team functionality while keeping individual workload sufficiently low to avoid criti-
cal mistakes. This is the challenge to be met when planning for intentional forgetting
in a team context.

2.2 Agent-Based Social Simulation: Modeling
and Simulating Decision-Making in Emergency
Response Teams

The aforementioned cognitive aspects of teamwork and individual decision-making
are analyzed by psychologists in small group experiments. In addition, agent-based
social simulation has become the de facto standard to analyze and plan emergency
responses [40]. This includes simulations of evacuation and first responder actions by
authorities as well as the RoboCup Rescue competition [23]. Agent-based models
used for these simulations represent individuals in terms of agents. These agents
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can interact with each other as well as with their shared environment. This makes
them particularly suitable to simulate small teams, larger organizations, and entire
populations to evaluate the interdependent behaviors of their members.

Existing models of emergency scenarios can be categorized by their respective
purpose which directly relates to the modeling techniques being used. For instance,
models for evaluating disaster response plans focus on demographic properties of
a population with daily routines in order to analyze the effects of early warning
strategies on evacuation movements [11]. Their purpose is to evaluate rescue plans
and warning strategies according to how fast a population can be evacuated or how
severely a disaster will affectit [10, 43]. For such objectives, it is frequently sufficient
to abstract from individual preferences or cognitive capabilities of potential victims
and rescuers represented as agents in the model.

By contrast, several other models focus on organizational structures to repre-
sent teamwork between emergency responders and analyze their effectiveness [38].
Agent teams define roles of their members as well as communication channels. Anal-
ogous to psychological team research, these roles define which knowledge each team
member has to process and allow for evaluating different team structures [2, 42, 54].
However, these evaluations largely focus on the impact of communication structures
while leaving task distributions out of account. An exception to this is provided by
Timm et al. who simulate specialist and generalist team performance in a firefight-
ing scenario [49]. While that work shows benefits of specialist team cognitions over
generalist ones, it focuses on collective information processing without specifically
modeling individual cognitive capacities.

On an individual level, agent-based models sometimes use cognitive or delib-
erative architectures to represent decision-making processes, subjective behaviors,
workload, and motivations. One of the most common examples is the Adaptive
Control of Thought—Rational (ACT-R) architecture of human cognition [3]. ACT-R
is based on theories from cognitive psychology and neuroscience. It distinguishes
between declarative and procedural knowledge of an agent; the former consisting
of facts that can be retrieved and the latter comprising production rules that man-
age information flows between different components of the model. This architecture
allows for detailed representations of an individual agent’s perception, recognition,
and knowledge processing capabilities. It is especially well suited for modeling limi-
tations of these capabilities like limited IPC and mental workload [17]. Consequently,
ACT-R has been applied to emergency situations for modeling reaction times under
pressure or distraction as well as for evaluating emergency procedures in the transport
and critical infrastructure sectors [6, 13, 55].

An alternative option for modeling human decision-making is the Beliefs-Desires-
Intentions (BDI) architecture for practical reasoning [39, 52]. This architecture repre-
sents mental states of agents, including knowledge (beliefs), goals (desires), as well
as planned courses of action (intentions). Moreover, it provides decision-making
algorithms which define how these states are processed by an agent in order to come
to decisions about planned action for reaching its goals given its current knowledge.
In distributed artificial intelligence, BDI agents are particularly useful for modeling
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teamwork and defining knowledge structures in those teams [41]. In social simula-
tion, BDI agents are thus used for applications focusing on knowledge representation,
planning, emotions, and cooperation [1]. This holds specifically for emergency sim-
ulations in which the BDI approach has been applied to joint planning by rescuer
agents, to modeling personal preferences of residents facing bushfires, as well as to
representing emotions and social bonds between evacuees [29, 45, 50].

Given those successful applications, both ACT-R and BDI agents are gener-
ally suitable for modeling cognitive workload and decision-making of emergency
response teams. However, neither of their existing variants is fully capable of repre-
senting the aforementioned concepts of team cognition and limited IPC for planning
and evaluating intentional forgetting at the same time. As ACT-R focuses mainly
on an individual decision-maker’s limited ability to retrieve information from mem-
ory [4], this architecture excels at modeling individual forgetting. However, it keeps
teamwork largely out of account. While existing extensions of ACT-R (as well as
other cognitive architectures) for social simulation do provide modules for communi-
cation and collective activities of several agents [46], it remains difficult to explicitly
model a team’s role structure and agent knowledge about distributed tasks. By con-
trast, existing BDI approaches assume perfect agent capabilities for memory retrieval
and decision-making [52]. Deriving from artificial intelligence research, these agent
models are only limited by the available computing power instead of simulating cog-
nitive limitations of humans and the resulting heuristic decision-making. Nonethe-
less, BDI provides a well-established framework for cooperative problem-solving
in teams with extensive formalizations of shared knowledge and joint objectives for
coordinated action [52, 53].

To combine the advantages of both approaches, the next section presents a BDI-
based model which integrates cognitive limitations to represent workload and its
impact on decision-making in teams for agent-based social simulation. That model
utilizes the formal framework of BDI to make it compatible with cooperative
problem-solving approaches and with the authors’ previous model of team cog-
nitions [41]. However, it extends the existing BDI decision-making procedure with
a model of IPC and cognitive workload that has been derived from psychological
experiments and successfully evaluated in ACT-R models. Due to the well-defined
reasoning process of BDI, itis easy to identify those steps where this limited cognition
impacts an agent’s decisions. This makes the resulting architecture and its implica-
tions on teamwork in emergency response situations easy to apply and understand.
Hence, the approach presented in this chapter shows how to tap into the expressive
and explanatory power of BDI for modeling teamwork in social simulation while
mixing in mechanisms of limited cognitive capacity from models more true to the
actual processes underlying human cognition. This provides the technological basis
for simulating team configurations and their impact on cognitive workload in order
to identify the need for and plan the implementation of forgetting in teamwork.
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3 A Model of Cognitive Workload and Decision-Making

This section extends Wooldrige’s formulation of the BDI decision-making pro-
cess [52] with a model of cognitive workload based on the discourse agent for
representing team cognitions in distributed artificial intelligence [41]. As depicted
in Fig. 1, the BDI process consists of a repeatedly executed sequence of seven func-
tions. First, an agent generates percepts Per by observing the state Env of its environ-
ment: perceive Environment : {Env} — {Per}. Based on this information, the agent
updates its belief base B about the environment according to those percepts by
adding any new information, removing obsolete facts or replacing outdated knowl-
edge: revise Beliefs : {Per} x {B} — {B}. After this step, the agent has internalized
the required information for deliberating about its goals and making decisions about
appropriate action to achieve them.

In contrast to previous work, the agent can also revise its desires based on
its updated knowledge. While, e.g., Wooldridge uses the set of desires D solely
as a temporary collection of potential goals to generate intentions from, desires
remain persistent in this variant unless the environment has changed significantly.
Here, a desire describes a state of the environment the agent wants to be reached.
When revising its desires, the agent unifies that goal condition with its beliefs to
remove all fulfilled desires or add any new objectives it may consider to reach:
revise Desires : {B} x {D} — {D}. Subsequently, the agent uses its revised beliefs
and desires to reconsider its intentions /. An intention is a tuple of a desire and a plan
to reach the desired state: I € D x IT, where I is the set of all possible sequences
of actions an agent can take. Being the set of all currently pursued courses of action
to reach its goals, the agent must check whether its intentions are still valid, given
the observed environment changes: reconsider Intentions : {B} x {D} x {I} — {I}.
Figure 1 depicts a single-minded commitment strategy [39]. The agent iterates over
all of its current intentions and drops any of them which are either fulfilled or deemed
impossible. An intention is fulfilled if the associated desire is reached (whether by its
own or another agent’s activities or by the environment’s dynamics). Moreover, an
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or impossible?,
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Fig. 1 BDI agent decision-making procedure
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intention becomes impossible if the chosen plan to reach the goal state is no longer
applicable.

After reconsidering its intentions, the agent potentially has some currently pursued
goals left. It will add further intentions to them in accordance with its updated beliefs
and desires by generating and filtering options for further action. To that end, the
agent generates plans for each of its desires and combines these to tuples in a set
O C D x IT of optional new intentions. If there are several possible ways to reach
a goal, the agent can create different options for the same desire. If no plan can
be generated for a desire, that goal cannot be reached by any means at the agent’s
disposal. However, the agent will also consider only those tuples as options which
match its current beliefs; i.e., which contain a plan that is applicable to the current
situation: generate Options : {B} x {D} — {O}. While the resulting options are all
individually achievable, O can still contain contradictory goals and courses of action.
Therefore, the agent must prioritize them together with its current intentions to filter
out inconsistencies and select only the most important ones as its next intentions.
Since option priorities depend on the current situation, the filtering process takes the
agent’s beliefs into account, as well: filter Options : {O} x {B} x {I} — {I}. The
result is a consistent set of intentions in which there is one intention at most for each
desire and none of the associated plans conflict with each other. Then, the agent can
perform one or more actions {ay, ..., a,} € A from these plans: execute Intentions :
(I} — 24.

As pointed out in the preceding section, BDI agents are limited in the described
functionalities only by the computational power at their disposal. Humans, on the
other hand, have limited information processing capacity. This necessitates an exten-
sion of the BDI model to enable the analysis and design of intentional forgetting in
teams by means of social simulation. From an IPC perspective, cognitive workload
can affect the BDI process at different steps. For instance, information overload
can influence the perception and comprehension steps (perceive Environment, revise
Beliefs revise Desires, reconsider Intentions), thus hampering a person’s situation
awareness [15]. The result will be suboptimal decisions due to missing or outdated
knowledge. Alternatively, actions may not be executed as planned in stressful sit-
uations which leads to undesired effects. However, the most immediate location of
mistakes and limited cognitive capacity is the step of deliberating about potential
decisions: generate Options [18, 41, 44]. Hence, this chapter focuses on the effects
of cognitive workload on that part of the process.

Existing cognitive models of decision-making emphasize human limitations in
retrieving required information from memory [4]. From a decision-making perspec-
tive, such limitations lead to incomplete or uncertain information for planning appro-
priate courses of action. As pointed out in the preceding section, human decision-
making under uncertainty often uses heuristics as a shortcut to feasible albeit poten-
tially suboptimal solutions [19]. More precisely, the probability of retrieving required
information decreases as the workload increases [4]. This leads to an increasing prob-
ability for deciding heuristically as the information retrieval worsens under increasing
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amounts of cognitive workload. Consequently, individual performance of team mem-
bers can be modeled by choosing between precisely planned activities and heuris-
tically selected actions, depending on the cognitive workload a person faces. If that
person has enough information processing capacity available, they will attempt to
optimize their decisions, whereas they will tend to heuristic decision-making as their
workload increases.

In order to include the described concept into the BDI process, this chapter pro-
poses to decide whether to apply optimal planning methods or use a heuristic by
a workload-dependent stochastic choice in an agent’s generate Options function
(Eq. 1). Both methods produce a set of matching plans for each desire the agent cur-
rently has: plan : {B} x {D} — {O} and heuristic : {B} x {D} — {O}. However,
optimal planning guarantees to return the best solution at the cost of high cognitive
demands while heuristics are cognitively frugal at the expense of guaranteed opti-
mality. The decision for either of them depends on the available IPC which is directly
inverse to the current cognitive workload.

In psychological science, the amount of workload is given by the number of
stimuli to be processed. In BDI terms, stimuli are perceptions which lead to beliefs
and desires. Any perceptions that demand agent decisions change the set of beliefs
and subsequently the set of desires D in the agent’s revise Desires function. That set
also determines the amount of options the agent has to generate and decide about.
Therefore, the set of desires directly reflects the current cognitive workload such
an agent is facing, making the probability P (optimize|D) of planned or heuristic
decision-making dependent on D (Eq.2).

lan(B, D ith P (optimize|D
generate Options(B, D) = P an(. . ) W? (op lmlzejl _) (1)
heuristic(B, D) with 1 — P (optimize| D)

where P (optimize|D) = ———— with x = { I iF D] = loadmer
1+ ( D] 0 otherwise
a

If a person’s workload exceeds their maximum cognitive capacity load,,,,, that
person is in a state of information overload. In that case, activities are always chosen
heuristically as controlled by the factor x in Eq. 2. Otherwise, the probability of using
a heuristic increases monotonically with increasing workload using a sigmoid curve
with turning point a and slope b. This probability function is empirically corroborated
by Estes [17], who shows that logistic regression models fit well to relations between
the amount of processed information and the corresponding subjective workload. As
long as a person has only few tasks, any additional one increases their perceived
workload only marginally, leaving enough IPC to plan their actions optimally. The
increase intensifies if that person’s workload approaches their cognitive limit, leading
to them extending their use of heuristics as decision-making shortcuts. At high levels
of existing workload, any additional task will only slightly further increase the use
of heuristics as they are already the person’s predominant decision method. The next
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section shows how this model can be applied to simulate the effects of workload and
role configurations in emergency response teams.

4 Simulating Workload of Emergency Response Teams

This section applies the BDI-based IPC and workload model to a simulated emer-
gency response task. To that end, a, results from a laboratory experiment with human
participants are compared with those from an agent-based social simulation of exactly
the same setting. The purpose of this combined interdisciplinary empirical and sim-
ulation study is to evaluate the model’s feasibility for simulation of teamwork under
cognitive load. If the model can artificially replicate the laboratory experiment, it
can provide a tool for designing team configurations that implement forgetting by
reducing cognitive load through re-organization.

Consequently, the research question for the laboratory experiment is whether
different team cognitions (generalists vs. specialists) in the simulated emergency
response task actually lead to performance differences due to different cognitive load
for the team members. If this is the case, the experiment is designed to furthermore
measure the extent of this difference and provide reference data for testing the agent-
based cognitive load model in a simulation study. In that simulation, agents simply
replace the human participants in the experiment, facing the very same tasks with the
same independent variables and being evaluated in their activities according to the
very same dependent variables (i.e., team performance indicators). If the hypothesis
of the model being adequate to simulate team performance under pressure is valid, the
simulation study should be able to match the experiment results. Thus, the following
section first describes the experimental setting and procedure for generating reference
data. The subsequent section shows the simulation configuration and compares the
simulation and experiment results to evaluate the aforementioned hypothesis.

4.1 Serious Game Environment and Laboratory Experiment
Procedure

The laboratory experiment is based on a computer-based simulation task of firefight-
ing which utilizes the Networked Fire Chief (NFC) serious gaming and simulation
system [36, 37]. The NFC has been successfully used before to train teamwork of
emergency responders as well as to analyze cognitive workload and evaluate team
compositions according to their effectiveness in laboratory experiments [20-22, 32,
35, 49]. Research strongly suggests that the NFC is well suitable for generating
cognitive workload in a controlled decision-making environment and for measur-
ing its implications on situation awareness and teamwork. In particular, information
processing, working memory, and their impact on decision performance has been
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meticulously studied using the NFC [20, 21]. Therefore, this chapter adapts the NFC
to generate reference data on the relationships between cognitive workload and mis-
takes in decision-making. The original version of the NFC simulation system does
not allow for controlling the user input. Hence, to apply the BDI workload model,
the setting of the NFC is replicated by an agent-based simulation model in Repast
Simphony.!

The NFC is designed to simulate bush fires in Australia [35, 37]. It features a
grid-based map with various kinds of possible environment types (e.g., grassland,
woods, housing). Grid cells can catch on fire and spread the fire to neighboring cells.
To contain and fight those fires, fire trucks and other vehicles are available. These can
be utilized by participants to extinguish fires if they have water available, which can be
refilled in lakes. The participants can control these vehicles using a computer mouse.
Routes are planned by drag-and-drop actions on the vehicles whereas firefighting
and refilling at a vehicle’s current position are done by clicking on a vehicle. Team
performance in fighting fires can be measured by a scoring system based on the
amount of burnt or unburnt grid cells over time as well as by evaluating detailed
protocols of each participant’s activities. In order to compare the performance of
different teams in a controlled setting, it is possible to reuse particular maps and to
specify scheduled events that introduce new fires at specific times and grid cells.

For the experiment described here, a particular subset of the outlined features is
used. This subset is specifically designed to control cognitive load and to measure
its effects on team performance. To that end, the map consists of 40 x 40 grid cells
that display only grassland, houses, lakes, and fire trucks as shown on the left hand
side of Fig.2. Participants simultaneously control fire trucks in three-person teams.
Every team member has the same map displayed on their own computer screen and
is able to see the actions of their team mates on that map. The aim of the task is to
minimize damage caused by wildfires as well to accurately follow the preset rules
of asset usage depicted on the right hand side of Fig.2 and explained below.

Minimizing the damage can be achieved by extinguishing fire on houses and
grassland. The map consists of twelve blocks of buildings with eight colored houses
each. There are three colors such that there are four blocks of buildings for each
color. These blocks are symmetrically distributed over the map with respect to the
center point. Grouped around the center are six colored clusters of lakes (in groups
of two times three lakes for each color) as well as three colored groups of fire trucks
(each containing three trucks). The colors of houses, lakes, and fire trucks correspond
to each other and are referenced in the asset usage rules. Fire trucks have a limited
water capacity and need to be refilled (using the lakes) after four firefighting actions.

The experiment follows a2 x 2 design with task complexity (low vs. high) as well
as team cognition (generalists vs. specialists) forming the independent variables as
specified in Table 1 and detailed below. Participants were students from a German
university who took part in the experiment for course credit or a payment. The sample
size is N = 177 participants which were nested in 59 teams of three persons each.
The participants were split into two experiment groups, one consisting of 30 teams

! https://repast.github.io/.
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Fig. 2 Emergency simulation scenario (left) and high complexity fire truck usage rules (right)

of generalists and the other comprising 29 teams of specialists. The mean age of the

predominantly (71%) female participants was M4, = 23.33 years.

Table1 Laboratory experiment design overview. The two independent variables of task complexity
and team cognitions are operationalized in their respective two levels by means of different refill
rules (cf. Fig. 2), colors of vehicles controlled, and colors of houses where fires can be fought by
an individual participant

Task complexity | Team cognitions | Refill rule Vehicles Houses
controlled responsible for
Low Generalists Any lake 3 Trucks of all Houses of all
different colors different colors
(12 x 8 =96)
Low Specialists Any lake 3 Trucks of one | Houses of one
single color single color
(4 x8=32)
High Generalists Lakes of specific |3 Trucks of all Houses of all
non-matching different colors | different colors
colors for each (12 x 8 =96)
truck
High Specialists Lakes of a single |3 Trucks of one | Houses of one

non-matching
color with respect
to truck color

single color

single color
(4x8=32)
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The two levels of task complexity were defined in the experiment by the set
of knowledge rules on allowed asset usage that the participants had to follow to
successfully complete the task (cf. Fig. 2). These rules describe allowed combinations
of different colored fire trucks, lakes, and houses. For instance, a yellow fire truck
might be used to fill up water on a blue lake and extinguish fires on yellow houses—
there were no restrictions on which truck to use on grassland. The knowledge rules
were introduced to the participants and displayed to the them on the right side of
their screen during the entire experiment. While the participants were told to strictly
follow the rules, they were able to disregard them by mistake (e.g., by refilling water
at a wrong lake). The system allows for these actions to proceed in order to simulate
how people might deviate from regulations under cognitive workload and stress.

In the experiment, task complexity was manipulated by means of two different sets
of color combinations in the usage rules. For low cognitive complexity, the colors of
fire trucks and houses match and there is no restriction at which color of lake a truck
can be refilled. This makes it easy to recognize what asset can be used to fight which
fire while the nearest lake is always sufficient for maintaining a truck’s availability
for use. High complexity, on the other hand, uses rules with restrictions for refilling
the trucks with water as depicted in Fig.2. These restrictions use non-matching
colors. This increases the cognitive effort of the task because non-matching colors
are counter-intuitive and often lead to mistakes unless serious cognitive capacity is
allocated to memorizing, retrieving, or looking up the correct combinations due to
the so-called Stroop Effect [31].2

Furthermore, research indicates that task complexity can also be manipulated via
the amount of information assets, sources, or elements to be processed in a task [5,
28]. Therefore, the experiment additionally controls the rate of fires occurring in
the environment. This rate directly corresponds to the amount of time pressure the
participants face. Slow rates of fire occurrence lead to only few targets for firefighting
the participants have to be aware of. Consequently, they have a small number of
simultaneous goals to track which leaves time to remember and re-evaluate the rules
to follow when making a decision. By contrast, a faster pace increases the number
of goals to track at the same time and requires quick decision-making. Selecting an
appropriate rate of fire occurrence allows for fine-tuning the cognitive complexity
such that the overall task is neither too easy nor too difficult for the participants.

The second independent variable, team cognition, distinguishes between teams of
generalists and those of specialists. In generalist teams, each participant controls one
fire truck of each color. Thus, every participant has the necessary assets available
to extinguish fires on houses of any color. However, such a team member must
memorize and follow the complete set of usage rules for all of those assets. In
low complexity settings, this is easily manageable by color matching whereas high
complexity makes this task considerably more difficult. By contrast, specialist teams
consist of participants who control only fire trucks of a single color. While the

2 This effect can be observed in the form of delays in reaction times and increased occurrence of
errors due to incongruent stimuli. A common example is the difficulty to correctly read out a color’s
name which is written in a different font color; e.g., the word blue written in red letters.
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number of trucks controlled remains the same (i.e., three trucks per participant),
specialists only have to remember the single usage rule for their specific type of
vehicle. Hence, they can forget or do not even have to learn the other rules. This
lowers the cognitive effort of their decision-making and narrows down the number
of fires they are potentially responsible for fighting (only those four blocks of houses
that match the color of their trucks). This setting reflects empirical research on team
cognitions [12, 14, 34]: Generalists are more flexible in their actions at the cost of
having to process more information. Contrastingly, specialists can focus on their
respective expertise at the loss of flexibility which can lead to higher coordination
efforts for achieving the team goal.

The performance of these different team cognitions for either complexity level
was measured by three dependent variables: a team performance score based on
successfully extinguished fires, the amount of fire fighting mistakes, and the amount
of refilling mistakes. While the overall score allows for evaluating the general per-
formance of a team, assessing the application of knowledge rules allows for more
detailed analyzes of the individual participants’ cognitive workload and its impact
on their ability to correctly fulfill their tasks. To that end, all firefighting and refill
actions were extracted from the log files of each experiment run for each of the
teams. According to the asset usage rules, these can be subdivided into correct and
incorrect actions for every participant (with a mismatch between vehicle and house
colors indicating an incorrect firefighting action and a (mis)match between lake and
vehicle colors indicating an incorrect refill action). However, pre-tests had shown
that the overall amount of activities differs between participants: Some persons are
highly active and fight a lot of fires whereas others are either more reluctant or
more considerate which leads to fewer activities. Consequently, the ratio of mistakes
relative to the total amount of actions forms the respective dependent variable (for
each, firefighting and refilling actions). This balances out the increased possibility of
making mistakes for higher activity counts and makes individual scores comparable
between the four combinations of independent variable levels outlined in Table 1.

The experiment lasted about 90 min for each team of three participants and was
carried out in sequence between January 01, 2017, and January 01, 2018, with one
team at a time. The particular setting described above was part of a larger experiment
whichincluded an introduction phase, a learning phase, and an experimental phase for
each time. First, the participants were randomly assigned to one of the two experiment
groups (generalists or specialists; with the entire three-person team being assigned to
the same group). They received a short introduction about the background of the study
and filled out a demographic questionnaire (introduction phase). This was followed
by a presentation of the game functionalities and a 10-minute learning tutorial, in
which the participants were able to practice the functions of the computer-based
task on the basis of a task sheet (learning phase). Afterward, two task runs were
conducted, one for each complexity level with vehicle assignments according to the
team’s experiment group (experimental phase). Each task run consisted of a short
learning period of the rules (30s); a rules clarification period, in which the rules
could be discussed (60s); and the subsequent 3-minute simulation period, in which
the participants actually played the serious game and data for the dependent variables
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was recorded. Since the participants were made aware of the actual study goal and
procedure in the introduction phase, a formal debriefing was unnecessary. However,
a final question round was held to receive feedback on the experiment and to clarify
any misunderstandings.

From the 59 log file collections (one for each participating team), four contained
corrupt data and had to be excluded from further processing. Thus, all results used
as reference data for the simulation of teamwork under cognitive load are based on
the remaining 29 teams of generalists (87 participants) and 26 teams of specialists
(78 participants). This is still a large enough sample size for the mistake measures
to produce meaningful results since these are based on individual actions instead of
joint team performance.

In general, participants reported to have enjoyed the experiment and they were
able to successfully work together in fighting fires. However, they did indeed tend
to make mistakes; the amount depending mainly on the task complexity and the rate
of fire occurrence. In the low complexity setting, refill mistakes are impossible and
firefighting mistakes are easy to avoid by simple color matching. Consequently, low
complexity is unsuitable for comparing team cognitions by the induced cognitive
load which would lead to mistakes. This setting will be excluded from evaluating the
BDI model of cognitive workload. In the high complexity setting, slow occurrence
rates still make it easy to avoid mistakes for both generalists and specialists while
too rapidly occurring fires lead to both team cognitions to fail at avoiding mistakes.
Hence, a middle ground rate of fire occurrence is best suitable in this setting to
measure cognitive load and its impacts on individual as well as team performance.
This is in line with previous research results on teamwork under stress using the
NFC [49].

Moreover, the following simulation of cognitive workload for emergency response
team members will particularly use the refill mistakes measure as reference data to
evaluate the BDI-based model. This is due to firefighting actions occurring on both
burning grassland and houses. When experiment participants use their trucks to
extinguish fires on grassland, this will never be a mistake. This makes the variable of
firefighting mistakes less robust because a generalist team might assign one member
to save houses while all others just help contain fires on nearby grassland. In these
cases, the potential to make mistakes becomes underrated for generalists. By con-
trast, all members of both generalist and specialist teams face the same unavoidable
challenge of refilling their trucks in accordance with the rules as long as they use
them at all. Hence, the refill mistakes variable has turned out to be the most reli-
able in representing the impact of cognitive workload on a person’s accuracy of rule
application. The following section thus describes the application of the BDI-based
workload model to the NFC experiment setting and compares the simulation results
with the measurements for that variable.
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4.2 Simulation Configuration and Results

The goal of simulating individual and team behavior in this chapter is to evaluate how
well the BDI-based workload model is suitable for representing cognitive workload
and the effects of information overload in a social simulation. Consequently, each
player of the serious game (i.e., each experiment participant) is represented by a
BDI agent in the simulation. To make decisions, an agent keeps a set of beliefs
B about the entire current situation including all fires, locations of fire trucks, and
their water fill levels. Each time an agent activates, it perceives the environment and
revises its beliefs according to any changes. That is, an agent tracks and updates
information about the positions of fire trucks, their water tank status, and positions
of fires. Depending on its responsibility for specific (or all) houses and the state of
its controlled trucks, an agent can then decide whether any of the observed changes
require action to be taken.

Whether an agent needs to take action depends on its desires D. These desires
are to fight any existing fires it has the appropriate assets for and to keep its fire
trucks filled. When a new fire breaks out (as denoted in its updated beliefs), the agent
creates a desire to fight that fire if it has the correct truck to do so. Hence, an agent’s
workload | D| depends on the number of fires it is currently responsible for fighting.
In addition, if a fire truck runs empty, the agent creates a desire to refill it. Thus, its
corresponding cognitive workload depends on the number of assets it controls and
on their usage. The more fires it decides to fight, the more fire trucks an agent has to
refill in the process.

After revising beliefs and desires, the agent drops any existing intentions to fight
fires that have been or cannot be achieved. This is the case if a fire has been extin-
guished, the area has burned down, or all matching fire trucks need refilling. Intentions
that are still achievable are kept and the agent will continue working on them. That
is, it will not abort any firefighting activities if the respective truck is still filled with
water. Also, if a truck is on its way to a fire or to refill at a lake, the agent will proceed
with driving the truck there and perform the planned action. Thus, individual agents
and agent teams in this model remain committed to their intentions as long as they
are appropriate [7, 9].

Subsequently, an agent creates new plans for fighting fires as well as for refill-
ing trucks according to any new desires by means of its generate Options function.
These plans select a particular truck to use, calculate the shortest path to its desti-
nation (burning house/grassland or lake for refilling), and denote the action to be
taken there (fire fighting or refilling). Because refilling is a necessary prerequisite
for extinguishing fires, that activity always takes precedence when the agent prior-
itizes its newly generated plans. Moreover, this activity is also subject to the most
complicated rules, resulting in humans making the most mistakes when selecting a
refill lake for their trucks [49]. In order to model realistic human behavior under high
cognitive workloads, agents in this scenario should exhibit the same behavior.

To that end, an agent’s refill decisions are either optimally planned or heuristi-
cally made. For optimal planning, the function plan(B, D) selects the nearest correct
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watering place for each refill desire and returns all such optimized plan-desire-pairs
as options. Thus, optimal planning always takes the asset usage rules into account and
never makes mistakes. For heuristic planning, the function heuristic(B, D) imple-
ments the color heuristic, which simply selects a lake that matches the color of the
fire truck to be replaced. For the high complexity setting of the laboratory experiment,
this decision is a mistake. However, this behavior represents the difficulty of match-
ing different colors that is described by the Stroop Effect as outlined above [31]. As
the heuristic selects the first obvious (albeit wrong) solution that comes to mind, it
can be considered a variant of the take-the-best heuristic [19]. That is, the heuristic
stops searching for the best solution as soon as any seemingly feasible course of
action is found.

Depending on its current cognitive workload, an agent uses either its heuristic or
optimal planning as specified in Eq. 2. As aresult, agents facing high cognitive work-
load due to a large number of incidents within their area of responsibility tend to resort
to heuristic decision-making which can lead to mistakes. The parameters of its work-
load curve control when and how gradually or suddenly an agent will begin facing
information overload and thus tend to make mistakes as Fig.3 depicts. Asymmetric
workload curves (Fig.3, top left) represent model gradually approaching informa-
tion overload. These agents are either overwhelmed by information early on with a
long tail of retaining the possibility for optimal planning or they face slowly increas-
ing information overload until they suddenly reach their maximum IPC. Symmetric
workload curves (Fig. 3, top right) lead to a balanced gradual decrease in optimal
planning capability. These agents become overwhelmed by information around the
turning point of those curves while retaining some capability to plan optimally and
with the intensity of that effect being controlled by the curve’s slope. Finally, trun-
cated workload curves (Fig. 3, bottom) lead to a sudden drop in planning capability.
These agents become suddenly overwhelmed by information to be processed as they
reach their maximum IPC, similar to the effects of some asymmetric curves.

In order to evaluate whether an agent’s workload curve can be parameterized to
yield realistic rates of mistakes in the NFC-based experiment setting, the simulation
explores a variety of parameter combinations for that curve. In particular, the turning
point of the workload curve is varied between @ = 5 and a = 15, the curve’s slope
betweenb = 2 and b = 4, and the maximum IPC in steps of two between load ,, = 5
and load,,,, = 19. Moreover, the agents take either the role of specialists or that of
generalists with the respective responsibilities and fire truck assignments as applied
in the laboratory experiment. As depicted in Table2, this leads to a full-factorial
experiment design with 11 x 3 x 8 x 2 = 528 design points for the simulation. For
each of these design points, a team of three agents is assembled and run through the
same firefighting task that human participants faced in the laboratory experiment.
To account for the stochasticity of agent decisions, each of those simulation runs
is repeated 300 times (for a total number of 158, 400 simulation repetitions). Then,
the relative ratios of refill mistakes are derived from the log files of agent activities
in the simulation, statistically aggregated, and compared with the results of human
participants.
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Fig. 3 Examples of cognitive workload curves analyzed in the simulation. Top left: Asymmetric
curves with varying turning points @ (with maximum IPC load,,,, = 15 and slope b = 3). Top
right: Symmetric curves with varying slopes b (with maximum IPC load,,,, = 15 and turning point
a = 7). Bottom: Truncated curves with varying maximum IPC load,,,, (with turning point a = 7
and slope b = 3)

Table2 Simulation experiment design of varying workload curves and team cognitions. All param-
eter values are combined with each other in a full-factorial design of 11 x 3 x 8 x 2 = 528 design
points with 300 simulation repetitions each

Parameter Values
Workload curve turning point a {5,6,7,8,9,10, 11,12, 13, 14, 15}
Workload curve slope b {2,3,4}

Workload curve maximum IPC load,qx
Team cognitions

Simulation repetitions

{5,7,9,11, 13,15, 17, 19}
{generalists, specialists}
300 per design point

Figure4 shows the results of the laboratory experiment of the high complexity
setting (upper left) together with those of selected simulation design points for the
same setup. The y-axis of each plot depicts the ratio of mistakes made by members
of specialist and generalist teams when refilling their fire trucks (with 1.0 meaning
all refill actions taken are erroneous while 0.0 represents all refill actions conforming
to the rules). In the laboratory experiment, human participants in both generalist and
specialist teams tended to make a considerable number of mistakes. For generalists,
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Fig. 4 Fire truck refilling mistakes made by specialist and generalist teams of humans and agents
with varying cognitive workload curves (maximum IPC load,,,,; = 15; turning point a = 7; slope
bef2,3,4h

41.2% of all refill actions were against the rules on average (median value). Spe-
cialists tend to make fewer mistakes (median 36.2%) and the quantile width of their
performance is smaller than that of generalists. Nonetheless, in both cases there are
outliers toward the higher end of the spectrum. These participants possibly either
misunderstood the asset usage rules or they actively ignored them (a mistake rate of
100% seems very unlikely otherwise).

Overall, the laboratory experiment results show that a specialist team cognition
leads to better and more predictable performance than a generalist setup, confirm-
ing the experiment hypothesis. The amount of observed mistakes indicates a state
of information overload for team members in either role. However, specialists tend
to cope better with that situation as they have fewer information items to process
(responsibilities and rules to follow). This leaves them with slightly higher IPC
remaining to avoid making mistakes. These results are backed by existing research
on information overload in psychology and show that the NFC task is suitable
to distinguish between specialist and generalist team cognitions [14, 16, 17, 49].
Consequently, it can serve as a reference for evaluating the agent-based simulation
model.

Indeed, the simulation results shown in Fig.4 depict a similar effect. These are
measurements from the best matching design points out of the 528 examples in the
analysis. In these examples, both specialists and generalists suffer from information
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overload which leads to mistakes. Thus, their workload in the emergency response
scenario frequently exceeds their cognitive capacity for accurate planning. However,
while the ratio of mistakes in specialist teams is only slightly lower than that of
generalists on average, the former tend to vary toward fewer mistakes than the latter.
In these cases, the agents are less likely to use heuristics when facing small amounts of
workload, which makes their behavior more predictable and less prone to error. The
difference between generalist and specialist median mistake rates in the simulation
is most notable for a small workload curve slope value of b = 2. In this case, the
BDI-based cognitive workload simulation model can distinguish between these team
cognitions similar to the experiment with human participants. For steeper slopes, the
performance of both team cognitions becomes more uniform because mistake rates
increase more drastically as an agent’s information load approaches the turning point
a. Thus, the workload curve’s slope controls how gradual or abrupt an agent will begin
making mistakes when facing information overload.

In the depicted best-fitting result plots, all workload functions of the BDI agents
use a turning point of a = 7 and a maximum IPC of load,,,,, = 15. Interestingly, these
values reflect human information processing capabilities known from psychological
experiments [33]: On average, a person can memorize and retrieve seven informa-
tion items at a time. Thus, having the steepest decline in an agent’s capability for
optimal planning at that mark implements exactly that effect. Additionally, the value
of load,,, corresponds to the IPC being reached at twice that number of information
items. This leads to the same symmetric sigmoid shape of the workload curve (cf.
Fig. 3) as experimentally found by Estes [17]. Finding both these aspects reflected in
the best matching simulation results can be viewed as strong circumstantial evidence
for the BDI-based workload model’s validity in the NFC experiment.

Nevertheless, there is one obvious flaw in the results shown that is subject to
future research: The agents produce consistently higher mistake rates (ranging from
median values of 44.4% to 55.6%) and the quantile width of their performance is
larger than that of human participants. There are the following three possible reasons
for this phenomenon.

1. Agents that face information overload will always make mistakes when their
maximum IPC is exceeded. This is not necessarily the case for human participants
in the experiment. A person may be completely overwhelmed by the situation.
Still, that person is capable of making optimal decisions from time to time. To
account for this, the workload function can be offset in y-direction by a certain
value such that there is always a chance for an agent to plan optimally regardless
of cognitive load.

2. Agents are doomed to predictably make the same mistakes each time they decide
heuristically. While human experiment participants are likely to use heuristics
in their decision-making, they may apply several or different heuristics (e.g.,
sometimes wrongly choose a lake by color, sometimes just the nearest one).
These will not necessarily lead to mistakes. In fact, heuristic decision-making
has the strength of providing a shortcut to a decision that is correct in most
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instances [18]. Hence, switching out the color heuristic for a different one or a
set of heuristics can account for this potential problem.

3. Agents only refill their fire trucks when they have to. That is, an agent will
generate a refill desire only when a fire truck’s water tank is empty. This happens
particularly often when the agent has to fight a lot of fires. In this situation, the
agent faces high cognitive load. Therefore, it is especially prone to making
mistakes when its trucks need refilling. A more intelligent strategy is to refill the
trucks early when few fires need fighting. This can be implemented by adjusting
the conditions under which agents generate refill desires (e.g., by introducing a
conditional refill threshold that utilizes the full vehicle capacity when there are
many fires and refills early when there are few).

In order to determine which of these possibilities replicates best the behavior of
human experiment participants requires more detailed analyses of the existing log
files as well as information about their cognitive load. The latter has been gathered in
another experiment where secondary tasks and additional questionnaires are utilized
to track self-assessments of cognitive workload and free IPC similar to those used by
Estes [17]. These will serve to further validate and refine the BDI workload model.

Notwithstanding the aforementioned limitations of the simulation results, the cog-
nitive workload modeling approach presented in this chapter can still produce the
effects observed in the laboratory experiment to a large degree. Thus, it is a promising
candidate for a simulation-based tool to design emergency response team composi-
tions which enable their members to make correct decisions under stress. There are
three reasons for this. Firstly, the model reproduces the effects of information over-
load as well as their differences between specialist and generalist emergency response
teams in a social simulation. Secondly, it is based on psychological theory and its most
appropriate parameterization matches findings from psychological research. Finally,
it is embedded in the well-understood BDI framework of decision-making which is
particularly suitable for modeling teamwork tasks that require concerted activities,
joint intention, communication, and knowledge shared between team members [41].
If these results can be generalized, the work presented here is an important step
toward using agent-based models and social simulation for designing and evaluating
role configurations in teams which alleviate cognitive load; i.e., to plan forgetting
processes in an organizational context.

5 Conclusions

This chapter has presented the problem of limited information processing capacity
(IPC) of emergency response teams to illustrate the need for forgetting in organi-
zations. These teams have to make accurate situation assessments and decide under
stress for appropriate action. If the amount of information team members have to pro-
cess exceeds their IPC, this can lead to critical mistakes due to information overload.
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Psychological research shows that subdividing tasks between specialist team mem-
bers can prevent capacity overload, enhance team decision-making performance,
and help avoid individual mistakes. Since social simulation is the de facto standard
for designing and evaluating emergency response plans, the chapter has motivated
the need for representing cognitive workload in these simulations to reflect human
decision performance. Such a simulation model can then be utilized to better under-
stand, evaluate, and adapt so-called team cognitions of emergency response teams
to avoid mistakes. That is, it can provide a tool for planning to forget by means of
re-organization. To that end, this chapter has presented a model for integrating cog-
nitive workload into the Beliefs-Desires-Intentions (BDI) agent architecture. That
model utilizes an empirically supported workload curve as well as well-researched
heuristics to represent cognitive limitations of humans in social simulations.

To test real-world team performance and to generate reference data for the model’s
evaluation, a psychological laboratory experiment has been conducted. In that exper-
iment, human participants form specialist and generalist teams in a simulated emer-
gency response game in which they control firefighting vehicles. The results show
that both teams suffer from information overload when experiencing stress which
leads to mistakes. However, specialist teams tend to make fewer mistakes and are
more reliable than generalists in the experiment scenario. This shows that the sce-
nario is suitable for producing information overload, stress, and the resulting effects
on decision performance as reported by existing research in cognitive and organi-
zational psychology. Moreover, from a practical organization design perspective, it
shows the potential of forgetting by re-organization to avoid these effects.

Based on these results, the BDI model has been applied for evaluation to the
very same simulated emergency response scenario with agents replacing all human
experiment participants. In the simulation, this model reproduces the differences
between team cognitions as observed in the experiment: Specialists make fewer
mistakes than generalists and their performance tends to be more predictable. The
differences between these teams are in the same order of magnitude as those from the
laboratory experiment. Furthermore, fitting the parameters of the agent-based model
to the reference data results in values for an agent’s IPC that match well-established
findings from psychological research. This is a strong indicator for the model’s
validity in the simulated setting. Hence, the model is a potent contender for simulating
decision performance of human teams under conditions of information overload,
forming an important step toward planned intentional forgetting in organizations.

Nonetheless, additional research is still required to complement and expand on
those results. In particular, the modeled agents tend to make more mistakes than
human experiment participants for both specialist and generalist teams alike. There-
fore, possible adjustments of the agent behavior have been discussed in the chapter
that require testing in further simulation experiments. These will reveal implications
of agent strategies in the emergency response scenario as well as impacts of the
decision heuristics in the model in further detail. While the workload curve repre-
sents accurately when an agent is overwhelmed by information, the applied heuristics
determine whether and how this will actually result in a mistake. Thus, additional
and alternative heuristics should be tested.
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Moreover, planning ahead smartly can even avoid information overload in the first
place. The BDI architecture easily allows for including this typical human behavior
in future simulation studies. On the one hand, this will reduce the number of mis-
takes agents make and will result in overall more intelligent behavior. On the other
hand, planning and controlled action is hampered by incomplete knowledge and lim-
ited awareness of the situation in real-world emergencies [15, 44]. To represent this
and to avoid unrealistically rational behavior, additional cognitive limitations can
be included at other steps of the BDI process. This holds particularly for an agent’s
perception and knowledge retrieval where findings from other cognitive agent archi-
tectures can be integrated [4]. These tasks, however, are subject to the authors’ future
research.
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