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Abstract
The compatibility concept is widely used in psychology and ergonomics. It describes the fit between elements of a so-
ciotechnical system which is a prerequisite to successfully cooperate towards a common goal. For at least three decades,
cognitive compatibility is of increasing importance. It describes the fit of externally presented information, information
processing, and the required motor action. However, with increasing system complexity, probability for incompatibility
increases, too, leading to time losses, errors and overall degraded performance. The elimination of cognitive incompatibil-
ities through ergonomic measures at the workplace requires a lot of creativity and effort. Using practical examples from
mixed-model assembly, improved information management and the use of informational assistance systems are discussed
as promising ergonomic approaches. The ultimate goal is to avoid cognitive overload, for example in part picking or
assembly tools choosing. To find a fit between externally mediated work instructions via displays and the subjectively used
internal models and competencies is a challenging task. Only if this fit is given the system is perceived as beneficial. To
achieve this, the assistance system should be configurable to fit individual needs as far as possible. Successful system design
requires early participation and comprehensive integration of the assistance systems into the existing IT infrastructure.
Practical relevance: Varied manual assembly requires a high degree of cognitive work. A rise in complexity of the assembly
task increases the risk that cognitive incompatibility and thus cognitive overload will occur more frequently. It is shown
that such unhealthy conditions can be countered by better information presentation and by the use of individually adaptable
informational assistance systems.
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Kognitive Kompatibilität in der variantenreichenMontage

Zusammenfassung
Das Kompatibilitätskonzept findet in Psychologie und Ergonomie breite Verwendung. Es beschreibt die Passung zwischen
Elementen eines soziotechnischen Systems und stellt die Voraussetzung für das erfolgreiche Zusammenwirken auf ein
Systemziel hin dar. Von zunehmender Bedeutung ist die kognitive Kompatibilität. Sie beschreibt die Passung von extern
präsentierter Information, ihrer internen Verarbeitung sowie der anschließend ausgelösten Arbeitshandlung. Mit zuneh-
mender Komplexität nimmt die Wahrscheinlichkeit zu, dass es zu Inkompatibilitäten kommt, die zu Zeitverlusten, Fehlern
und damit defizitärer Performanz führen. Gleichzeitig bedarf es eines höheren Aufwandes, kognitiven Inkompatibilitäten
durch ergonomische Maßnahmen zu begegnen. Am Beispiel der variantenreichen manuellen Montage wird der Einsatz von
informatorischen Assistenzsystemen in Verbindung mit ergonomischen Maßnahmen zur Informationspräsentation erörtert.
Ziel ist es, kognitive Überforderungen im komplexen Montageprozess zu vermeiden. Herausfordernd ist hierbei vor allem
die Passung zwischen extern vermittelter Arbeitsinstruktion und den individuell eingebrachten internen Modellen und
Kompetenzen.
Praktische Relevanz: Die variantenreiche manuelle Montage erfordert ein hohes Maß an kognitiver Arbeit. Eine Zunahme
der Komplexität der Montageaufgabe steigert das Risiko kognitiver Inkompatibilität, die sich in kognitiver Überlastung
ausdrückt. Fallbeispiele zeigen, dass dieser Gefahr durch bessere Informationsdarbietung und durch den Einsatz von
individuell anpassbaren informatorischen Assistenzsystemen begegnet werden kann.

Schlüsselwörter Kompatibilität · Mentale Modelle · Kognitive Beanspruchung · Variantenreiche Montage ·
Informatorische Assistenzsysteme

1 Compatibility and information processing

Compatibility research represents a traditional topic in psy-
chology and ergonomics (Karwowski 2005). In psychology,
this concept refers to the workplace specific stimulus-re-
sponse patterns that must be designed and learned (Proctor
and Reeve 1990). Compatibility must be consistent between
what is required on the stimulus side and what has to be
done on the response side. From an ergonomic point of
view, the task is to find, practice, and permanently install
exactly the coupling or correspondence in which an ex-
pected stimulus pattern triggers a desired reaction pattern as
quickly, reliably, error-free as possible without overstress-
ing the worker. The question arises, how e.g. signals and
levers must be spatially arranged in relation to the employ-
ees’ line of sight or how various symbols and texts must be
prepared on a display streamlining the concrete work goal’s
efficiently realization. Designing specific working condi-
tions that ensure a high correspondence of sensory uptake
and motor response without exceeding the limits of strain
on physical and mental structures in the stimulus-response
mediation is a central aspect of ergonomics (Wickens 2008).

Over the past 70 years, information processing has been
focused as a mediator of meaningful stimulus and selectable
reaction patterns (Eberts and Posey 1990). For complex
human-machine interaction tasks primarily aircraft, car, or
train handling and cockpit design, as well as process control
and monitoring tasks were analyzed. These tasks require ex-
tensive cognitive processing as a link between stimulus and
response. In consequence, Wickens et al. (1983) developed

their famous S-C-R compatibility approach. S-C-R-compat-
ibility emphasizes the compatibilities between stimulus and
central processes (S-C) and between central processes and
responses (C-R). Tasks are performed quickly and error-
free if stimulus and reaction patterns are aligned with the
relevant cognitive structures for information-processing. As
such cognitive structures, attention, working memory, rep-
resentational codes, and internal mental models were in-
vestigated intensively. Based on these investigations Holl-
nagel (1997) postulated cognitive ergonomics, which sup-
plemented the traditionally more energetic or biomechani-
cal ergonomics. The central task is to create the highest pos-
sible degree of cognitive compatibility between humans and
work surrounding, especially in complex human-machine
systems. With a focus on manual mixed-model assembly
practical approaches will be presented in this article using
informational assistance systems to reduce cognitive incom-
patibilities. Reduction can be achieved through supporting
decision-making processes, avoiding individual uncertainty
and mental overload, while increasing efficiency and over-
all product quality. Simon (1996), however, pointed out that
ergonomics as a discipline only satisfices rather than opti-
mizes which suggests that incompatibilities in more com-
plex systems can probably not be completely eliminated.

2 Compatibility research in Germany

Helmut Strasser took up the concept of compatibility
around the time of the publication of Proctor and Reeve
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(1990). In various publications of the 90es, he outlines
compatibility in alignment with behavioristic positions
as a stimulus-response (S-R) compatibility, to which he
assigns patterns of compatible stimulus (S-S) and equally
compatible response (R-R) configurations. In his own work,
he concentrates primarily on R-R compatibility, specifically
on the correspondence of technical tools and anatomical
structures like the hand-arm system. The merging and co-
existence of suitably coordinated grip and hand structures
ultimately result in a compatibility effect from which every
performance benefits (Bullinger et al. 1987). For Strasser,
however, this effect is less evident for fast and error-free
work, but rather in the fact that employees are offered
protection against health and safety impairments (Strasser
1994, 1995). Compatibility is therefore a central part of
an occupational health and safety concept. Consequently,
design and ergonomics must “follow the guideline that
the human body is the ultimate standard” (Strasser 2009,
p. 364).

This nuance strongly illustrates a more normative ori-
entation. Strasser’s compatibility concept is based on the
idea of standardization. Just as the screw and the nut were
made suitable worldwide by standardization (Strasser 2021,
Fig. 1), technical tools and controls should generally be
adapted to the human’s anatomical conditions. “Similar to
that technical compatibility (...) all technical elements and
interfaces have to be designed in such a way, that they do not
exceed human capacity in order to optimize human well-be-
ing and overall system performance” (Strasser 2021, p. 1).
With this approach, Strasser goes well beyond the more
efficiency-oriented view of Bullinger et al. (1987).

In cooperation with diverse organizations Strasser aimed
and still aims to establish laws, rules, standards, guidelines,
and user manuals. He wants to make sure “that the design
of technical components of a work system according to
human capacity (...) is viewed as the most important duty”
(Strasser 2021, p. 4).

3 Compatibility in the context of human
factors ergonomics

Strasser is primarily concerned with compatibility in the
sense of congruence between technology’s artificial and hu-
mans naturally predetermined anatomical structures. The
latter are considered unchangeable, whereby compatibility
loses the character of a general relation between two in-
dependent parts of a system that influence each other and
work towards a common goal. However, it is precisely in
this dynamic reciprocity that the appeal of compatibility
lies in the socio-technical system. The pressure to adjust,
as well as the adjustment itself, can emanate or be made
by any element. On the one hand, this does not exclude ca-

pacitive upper limits, but on the other hand, it also has the
consequence that compatibility should not be understood as
an unattainable ideal state but rather as a normal state in
need of continuous improvement. This view, which is more
oriented towards a dynamic interaction of elements, is fur-
ther elaborated below with three focal points. Firstly, the
relationship between the various S-S-, R-R- and S-R com-
patibilities is examined in more detail and the traditional
S-R compatibility is brought back into the center of atten-
tion. Secondly, compatibility is not understood as a stan-
dardized state of only two elements but as the empirically
determinable result of a variable and dynamic interaction
of several, but at least two interdependently related ele-
ments in an observable process that is included in a goal-
oriented work system. Thirdly, cognition is also included
in the S-R relationship which provides an additional start-
ing point for compatibility, especially for internal mental
processes (Wickens and Carswell 2021).

3.1 Compatibility of stimulus and response patterns

Compatibility describes an interactional relationship be-
tween units that are independent of each other, but neverthe-
less related to each other, and which cooperatively influence
the achievement of goals and performance of an employee
or a higher-level work system in an interactive process. Kar-
wowski (2005) characterizes compatibility as a dynamic,
natural phenomenon that is affected by the human-system
structure, its inherent complexity, and its entropy or level
of incompatibility between the systems elements. Lack of
compatibility leads to a degradation of performance which
is reflected in the systems measurable inefficiency and asso-
ciated human losses. In this sense, compatibility represents
a relational state between consecutive S- and R-patterns.
Depending on the level of the selected man-made system,
the design of a display, the equipment of a workplace, or
the constellation of an assembly system can be regarded
as a S-pattern. At the same time, R-patterns could con-
sist, for example, in the selection of parts to be mounted,
in the motion sequences during the assembly of a larger
module, or in the overall assembly of a machine. In each
case, the process represents a chain of many coupled S-R
compounds, in which the controlled sub-target repeatedly
becomes the starting point for further stimulation for suc-
cessful task completion. Through the common goal, the
different elements are related to each other in a relatively
stable pattern and a dynamic compatibility relationship is
created.
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3.2 Compatibility as a feature of reciprocal dynamic
adjustment

In work systems, compatibility becomes a necessary condi-
tion of good performance but it is problematic to determine
only an isolated fit-relationship between two of several in-
teracting elements. Any compatibility between a pair of el-
ements can be modified by a third element in a positive or
negative direction. Compatibility thus becomes a feature of
an interdependently ordered system, which expresses a co-
operative rather than conflictual coexistence of at least two,
usually more, independent elements in a targeted process.
There is no standard for this. Where little compatibility is
diagnosed in a social or socio-technical system, there is
no integrative, goal-oriented cooperation. As a result, work
processes run delayed and stressful. Existing incompatibil-
ity between elements of a system causes inefficiency of the
entire system, unless it can be circumvented by compen-
satory measures that may generate additional costs.

Especially increasing complexity of work systems and
processes raises the question of whether an ideal state of
complete compatibility is achievable. Compatibility in one
relation is often achieved at the expense of the compatibility
in another relation. Each system consists of compromises
between compatibility and incompatibility. Thus, the pri-
mary ergonomic goal would be to avoid a dysfunctional
level of incompatibility. Increasing compatibility would
become only secondarily important. In his CREAM ap-
proach (Cognitive Reliability and Error Analysis Method)
Hollnagel (1998) uses the classifiers incompatible, com-
patible, and advantageous to describe the so-called quality
of common working conditions, which signal unfavor-
able or favorable effects on performance. Compatibility in
this method describes a satisfyingly normal value and not
an ideal value. Even in the field of technology, optimal
compatibility is unlikely to be achievable systemwide, be-
cause—in addition to high interindividual variability (also
anatomically)—various influences can have reducing or
increasing effects.

In his axiomatic approach for the ergonomic design of
compatibility between process-relevant functional require-
ments and technological artifacts, Karwowski (2005) for-
mulates two basic assumptions that support the previous
considerations. The independence axiom describes a need
for independence of functional requirements which are de-
fined as the minimum set of independent requirements that
constitute the design goal. The second assumption, the in-
compatibility axiom, stipulates a need for minimizing the
incompatibility content of the design. The design that has
the smallest incompatibility content or the smallest amount
of incompatibility requirements concerning work processes
is evaluated as the best design. Both assumptions imply
that the mutual independence of many functionalities cre-

ates incompatibility and that ergonomics must aim to min-
imize the extent of incompatibility between all elements.
Both axioms indicate that incompatibility can be equated
with entropy from an information-theoretical point of view.
Entropy arises in increasingly complex systems, such as
variant-rich mixed-model assembly. Drivers of this devel-
opment are higher processual randomness and uncertainty
with regard to the generated system states. This leads to de-
lays and errors. However, the general solution to the prob-
lem of increasing incompatibility is not to reduce complex-
ity, but to reduce the effort required for additional infor-
mation processing (e.g. through improved instruction man-
agement or additional competence training). Thus, the final
goal of ergonomics can only be to improve both the human
and the system and their mutually dependent performance
(Hancock 2017).

Interdependence and interaction of the individual func-
tionalities towards the shared goal implies that in the event
of incompatibility an attempt can be made to compensate
for any deficits that occur. Compensation represents a tar-
geted dynamic adjustment if despite anticipation the process
gets out of the loop (as a precursor to error avoidance).
However, compensation can only be provided temporarily
because it is associated with physiological effort and or-
ganizational costs. Work systems differ according to how
extensively they are prepared for such critical events and to
which extend employees are willing to react flexibly in such
crises. This brings dynamism into play, which compensates
for deficits and ensures that the normally functioning inter-
action and the common orientation of all elements to the
goal is relatively stable maintained. Prolonged disturbances
in interaction require systematic ergonomic reorganizations.

3.3 Cognitive compatibility as a fit between
informational input, information processing,
andmotoric output

Traditionally, ergonomics aimed at improving biomechani-
cal relationships between external working conditions, tech-
nical artifacts, and human anatomical and biometric struc-
tures to eliminate existing incompatibilities. Only in the
last four decades a variety of interdisciplinary efforts have
been made to address mental states and processes in real
work contexts and thus make them the subject of cogni-
tive ergonomics (for a recent overview see Salvendy and
Karwowski 2021). The physical stimulus becomes the in-
formation carrier and the motor reaction the result of a va-
riety of information processing activities up to the final
response control. Core concepts of this approach differ
widely, including awareness, attention, decision-making, or
mind, which also form starting points for cognitive engi-
neering. “Cognitive ergonomics puts the focus on the way
we think rather than the way we act, in particular on how
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Fig. 1 Model of the cognitive mediation of stimulus and reaction pat-
terns in the integrated work context which requires a co-functioning of
various elements towards a common goal
Abb. 1 Mediation der Kognition auf Reiz-Reaktions-Muster im ver-
netzten Arbeitskontext mit dem Schwerpunkt auf der Kollaboration auf
ein gemeinsames Ziel hin

people maintain control over their work” (Hollnagel 1997,
p. 1173), where control at its core means cognitive control.
In this approach, cognitive compatibility is aimed to create
a fit between perceived requirements and cognitive struc-
tures, as well as these cognitive structures and (re-)actional
performance. This is intended to contribute to an amplifi-
cation of the human capability to perform cognitive work.
The compatibility mechanism between sensory input and
motor output therefore consists of a cyclic sequence and
coupling of perceptual and action elements (Straeter 2008).

A currently discussed approach of neurocognitive er-
gonomics strives to make the underlying neurophysiolog-
ical processes of every information processing observable
and measurable, i.e. to show the coupling of cognitive pro-
cessing and action in a direct way and to react ergonomi-
cally in real time (Parasuraman 2003, 2011; Dehais et al.
2020a).

Employees expended effort to achieve their work goal
highly depends on the match and interaction of external
information and internal processing structures (Hancock
et al. 2021). Mental Workload is a variable “that attempts
to quantify the extent of demands placed by a task on the
mental resources we have at our disposal to process in-
formation” (Chen et al. 2016, p. 4). Simple work activi-
ties require little cognitive effort and lead to low workload.
If the initial situation, e.g. in human-machine interaction,
becomes more complex, the operators necessary cognitive

processing increases too. In the first case—so the assump-
tion—only a few intermediating cognitive steps between S
and R are required, in more complex situations several ad-
ditional steps or stages of internal information processing
will take place. Hacker and Sachse (2014) characterize this
sequence as action regulation. Such regulation includes nec-
essary resources for all psychological processes from per-
ception to motoric response. In addition, it is assumed that
this regulation takes place with varying degrees of cognitive
effort depending on task complexity (Rasmussen 1983). In
the case of simple tasks, the coupling of S and R is habit-
ual, fast, and less error-prone. In the case of complex tasks,
it works slower, more deliberative, and more error-prone.
Against this background, Kahneman (2012) distinguishes
between a fast system 1 and a slower system 2. In parallel,
Endsley (2000) speaks of intuition and reasoning.

A central aspect of cognitive processing is the operators
internal or mental model of the system or the task, but it
remains unclear where exactly such models are represented
and structured, how they look like, and how they work
(Eberts and Posey 1990; Bainbridge 1992). A comparison
between momentary informational input and comparable
past inputs is assumed as well as a subsequent selection of
an action output (see Fig. 1). If the comparison is positive,
the action selection takes place automatically and quickly
(cognitive automation), if it is negative, more time is needed
to select and decide as well as to plan the necessary steps
to achieve the goal. Concerning the first case, Hacker and
Sachse (2014) speak of a sensorimotor regulation, in the
second case of a conceptual-perceptive regulation of ac-
tion. Similarly, Rasmussen (1983) distinguishes between
a simple skill-based and a more complex rule-based reg-
ulation. Both forms of regulation are each embedded in
a profound, practice-oriented knowledge structure, which
Kantowitz et al. (1990) describe as a contextually bound,
meaningful frame.

There is currently no comprehensive psychological or
ergonomic theory that depicts all aspects of internal mental
models, their structures, and working methods. For exam-
ple, Endsley (2000) focuses with the situational awareness
theory on information extraction from the working environ-
ment, the integration of information in previous knowledge
across different perceptual cycles in order to obtain a co-
herent picture, and to determine the use of these pictures in
directing further perception and anticipating future events.
It is therefore primarily about the formation, maintenance,
and modification of a consistent theory. The goal is ulti-
mately a valid internal model that is compatible with the
external information and at the same time compatible with
the action goal.

The role of intermediary cognitive processes has been
recognized intensively by Wickens et al. (1983), who orig-
inally presented a model of Stimulus—Central Process-
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Fig. 2 Decision Ladder Model
applicated to manual mixed-
model assembly (according to
Rasmussen et al. 1994)
Abb. 2 Anwendung des De-
cision Ladder Models (nach
Rasmussen et al. 1994) auf die
variantenreiche manuelle Mon-
tage

ing—Response compatibility. The S-C-R compatibility ap-
proach emphasizes compatibilities between the stimulus
and a central processing unit and between the central pro-
cessing unit and a concrete response. Although the authors
postulate a central role of cognitive processing and men-
tal models, they take a rather narrow view on this concept
by examining only the code of mental model representa-
tion. Based on studies on operators’ attention while pilot-
ing an aircraft, they developed the idea of multiple cogni-
tive resource pools. It was found that auditorily heard and
verbally encoded instructions as well as visually presented
and spatially encoded information (arrangements of signals
in the cockpit) pulled cognitive resources from different
pools, which could be simultaneously tapped and better
time shared than if the tasks requested resources only from
the same pool (Wickens 2008). As a result of the positive
relation between task performance quality and the amount
of required resources, performance in high workload sit-
uations is dependent on the overall task structure and on
the representation codices of the subtasks. High S-C and
C-R compatibility result if tasks with verbal representation
codes use speech as an input, while for tasks with a spatial
representation the most compatible input is visual. Addi-
tionally, it was shown that verbal processing and speech
output and spatial processing with manual output results
in highest compatibility. The well-known Proximity Com-
patibility Principle refers directly to spatial representation:
Information specification and execution of the task should
be spatially close together (Wickens and Carswell 1995).

Mental models go far beyond representational codes
(Bainbridge 1992). They are used to control behavior and
to assist decision-making. The execution quality of separate
complex tasks depends on how well the compatibility, in
particular between real stimulus (displayed information)
and the processed mental model as well as mental model
and response selection, is designed. Incompatibility will re-
sult in additional mental transformations or decoding steps
(which take time and cause errors) or even in confusion.
This process is described particularly vividly in the so-
called Decision Ladder Model by Rasmussen et al. (1994),
as visualized in Fig. 2.

This model shows how—embedded in a comprehen-
sive knowledge structure—a cognitive path is chosen from
a given initial state to the execution of a response action.
The input triggers decisions in ascending order (metaphor-
ical one leg of an unfolded standing ladder), as to whether
a specific rule of conduct fits the case that has occurred
and whether a corresponding reaction should be triggered.
In the most complex case, you have to climb to the top of
the ladder and devise a new solution specially tailored to
the present case (reasoning) and then implement it. In the
simplest case, a skill-based rapid and intuitive implemen-
tation of the action and mastery of the task takes place in
the shortest possible way without delaying decision-mak-
ing. In between are rule-based procedures that are more or
less abbreviations relative to the longest decision process.

The more rules to check, the longer the process takes,
the more incompatibility there is between information dis-
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play and action. These findings are confirmed by Eberts and
Posey (1990). The faster and more comprehensive rules are
available or problem-solving paths with target hierarchies
are present, the faster and more correctly the necessary re-
action takes place.

Hollnagel (1998) approaches the problem on a compara-
ble path, but backwards instead of forward. Where the tra-
ditional mechanistic view suggests analysis from the stim-
ulus side, Hollnagel’s CREAM approach takes the inverse
path. It examines the S-C-R compatibility from the end
and starts at the incorrect output of an action and searches
for existing incompatibilities in profiles of cognitive de-
mands that are pre-matched to the context. These can be
an insufficient observation of the informational display, in-
correct interpretation of signals, confusion due to too many
simultaneously work steps, or high assembly part similarity.
Insufficient performance is conceptualized as an outcome
of an only deficiently controlled use of one’s own compe-
tence concerning cognitive functions that prevents a favor-
able adaptation to the situational requirements. In this way,
the detected error opens the window into the interior and
provides a view of internal cognitive processes and incom-
patibilities: “Slips are the window to the mind” (Norman
1979, p. 3). These errors can be linked to contextual fac-
tors, e.g. the instructional design or a display configuration.
In this sense, errors in the area of action control are seen
as the result of deficiencies in the cognitive system (e.g.
lack of mastery of cognitive functionalities) or the working
environment (e.g. bad light conditions), which both only
allow cognitive control to a limited extent.

All four previously briefly described approaches have in
common, that mindsets, mental states, and cognitive struc-
tures are important parameters for combining information
from and directed response action to the environment. Thus,
they determine the cognitive compatibility between input
and output factors. Their constellation determines how the
cooperation works normally and also in the event of a crisis
and what adjustments and compensational efforts have to
be achieved.

4 Operationalization andmeasurement of
cognitive compatibility

Measurements of compatibility must always refer to an or-
derly constellation of system parts that correspond together
in order to achieve a goal and overcome problems on the
way to this goal. The concept of the joint cognitive sys-
tem (Woods et al. 1987) expresses exactly this idea: The
aim is to derive in a problem, not technology, -driven ap-
proach which additional tools could “help people function
more expertly. (...) One must ask what aspect of the diag-
nostic performance of the current person-machine system

is the bottleneck” (p. 158). Through ergonomic work on
this bottleneck, it should ultimately be possible to ensure
better performance. This performance can be observed and
measured via various criteria such as assembly duration
or number of errors. All measurements of observable be-
havior in the field of information reception, processing, and
implementation can be understood as operationalizations of
compatibility or incompatibility. Observed parameters are
to be interpreted in comparison to specified times, quality
standards, or norm values.

4.1 Operationalization of cognitive incompatibility
using time and error analysis

Directly resulting from cognitive processing and actual per-
formance time and error measures can be used to oper-
ationalize cognitive incompatibility. Their final, objective
recording at the workplace usually raises only few measure-
ment problems. For better processual understanding tech-
nology-based observations might be the more appropriate
solution. Using either machine-data or data from motion
capturing systems it is possible to detect even smallest de-
lays and erroneous actions. Motion capturing can be used to
investigate erroneous action tendencies (movement correc-
tions) in the ongoing work process or to document strong
interindividual fluctuations with regard to concrete move-
ment sequences. Data gathered this way can not only reveal
concrete incompatibilities but can also be used to derive
concrete ergonomic countermeasures.

It remains relatively open whether detected incompatibil-
ities between e.g. information structures and mental mod-
els are the only effective cause of loss of time and quality.
Finally, there is a great uncertainty in the determination
of the absolute magnitude of incompatibility, because time
and error analysis can only be conducted against prede-
termined limits. In timeline analysis, quotients are formed
from time required to time available. The less time (with
higher availability) is required, the more information pro-
cessing resources remain unused and the lower the resulting
incompatibility turns out.

4.2 Operationalization via physiological indicators
and biomarkers

Modern physiological measurement instruments open up
further possibilities to operationalize cognitive incompati-
bility via physiological parameters or biomarkers, for ex-
ample in the case of high mental workload (Bläsing and
Bornewasser 2020). With the help of technically sophisti-
cated and mobile measuring instruments, continuous, non-
interruptive, and non-invasive measurements are possible
directly at the workplace and in work processes.
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Using eye-tracking and gaze behavior as methods for
incompatibility detection, it is possible to observe pat-
terns of pupil dilatations, eye movements, and fixation
durations over a human-machine work cycle (Bläsing and
Bornewasser 2021). So-called Areas of Interest analyses
can be used to determine which elements of the workplace
are fixated, how often, and for how long, in order to obtain
the necessary information in a short time or to exercise ac-
tion control. Such analyses can help to identify sources of
distraction and to derive appropriate ergonomic measures.

The mindless human factor ergonomics has now be-
come an increasingly mindful one using “machines for
minds” (Christensen 1987, p. 6). This trend is supported
by the increasing effort to analyze brain activities during
the work process and thus to determine the way how the
brain with its limited capacity works when people work.
The central mediating factor is, again, the concept of mental
workload. Instead of time and errors, (neuro-)physiological
biomarkers can be used to operationalize compatibility or
incompatibility as measurable workload changes (Parasur-
aman and Rizzo 2008; Matthews et al. 2015). Spatial and
temporal resolution of these methods have been increas-
ingly improved in recent years. Thus, with regard to cogni-
tive processing an increasingly accurate picture emerges of
which physiological process takes place at which time and
in which area as well as even at increasingly identifiable
cells and nerve fibers.

Dispositional constructs such as attention, workload, or
compatibility cannot be directly measured but be inferred.
Using measurement techniques with high temporal and spa-
tial resolution so-called neuroergonomists take an alterna-
tive path aiming to record neurophysiological states directly
by means of so-called brain-based metrics to directly deter-
mine their causal influence. The theoretical prerequisite for
this is to not longer record brain processes and states via
insufficiently operationalized dispositional constructs, but
to show direct results of biochemical reactions and trans-
missions in selected pathways. Dehais et al. thus empha-
size a “shift from limited cognitive resources to character-
izing impaired human performance and associated states
with respect to neurobiological mechanisms” (2020b, p. 2).
The prerequisite for this is to further improve the measure-
ment technology. The overarching goal of neuroergonomics
is—and this is probably what authors around Ayaz and De-
hais (2021) are primarily concerned with—to design neu-
roadaptive technology to monitor mental states and to trig-
ger appropriate cognitive countermeasures to mitigate the
deleterious effects on human performance (Dehais et al.
2020a). Such countermeasures should help to overcome sa-
tiation, to mitigate poor decision making, to stimulate neu-
rological activity, and finally even to reallocate tasks of
operator and machine. Decisive for such projects are less

theoretical concerns (Hancock 2019) and more technical
feasibility.

5 Informational assistance in mixed-model
assembly

Mixed model assembly requires high levels of adaptability
to changing working conditions with a low level of stability
between different assembly models. With increasing num-
ber of to be assembled products and product variants, as
a result of increasing entropy, information density and un-
certainty increase too. This leads to an overall increase in in-
compatibility. Karwowski (2005, p. 456) describes this con-
nection as the complexity-incompatibility principle: “As the
(artefact-human) system complexity increases, the incom-
patibility between the system elements (...) also increases,
leading to greater ergonomic (non-reducible) entropy of the
system and decreasing the potential for effective ergonomic
intervention”. This implies a high mental workload, and in-
creases the probability of absent-mindedness, mistakes, and
action slips (Reason and Mycielska 1982) and therefore
a loss of time and quality. Current complexity drivers are
the high number of different, and at the same time similar,
parts, the high dynamics of changes in individual products
during their life cycle, and the high number of additional
special assembly operations (software installation, product
markings, etc.) (Bornewasser et al. 2018). In this context,
empirical studies point to a variety of deficits in the in-
formational design of complex manual assembly systems
(Claeys et al. 2015), which lead to frequent task interrup-
tions, search processes, or consultations, e.g. with design-
ers. All that signals insufficient system compatibility.

5.1 Sources of incompatibility in modern manual
assembly

According to Hollnagel (1998) workers characteristics like
competence or attention are not the main cause of incom-
patibility. Potential sources are in the deficient design of
work environments, technical equipment, and information
displays. Designers have insufficient theories and ideas of
workers cognitive processing and cognitive control, lead-
ing to incompatibilities between technical artefacts, includ-
ing information management, and human internal models
of the task. Thus, in order to avoid difficulties, it seems nec-
essary to develop theories, concepts, and instructions that
might be in better harmony with cognitive theories.

A first consequence of this approach is to develop better
information management, which has to be adjusted to the
workers’ mental models. It is not enough to call for infor-
mation, that is accurate, complete, current, timely, relevant,
and which is communicated through the proper information
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Fig. 3 Increasing the fit between
instruction mode and worker’s
internal mental model leads
to increased compatibility and
decreased working memory load
Abb. 3 Eine Verbesserung der
Passung zwischen der Arbeits-
anweisung und mentaler Mo-
delle der Beschäftigten führt zu
einer Steigerung der Kompati-
bilität und einer Reduktion der
Beanspruchung des Arbeitsge-
dächtnisses

carrier on a correct detailed level for the intended receiver
with an unquestionable clarity (Beynon-Davies 2013).What
is additionally necessary is to ensure that each of these
attributes is tailored to the information processing of the
individual employee. What is current or relevant must be
defined in the eyes of the individual worker and the indi-
vidual possibilities to control the performance in the given
context. An error-free and clearly designed CAD construc-
tion sketch does probably not meet the informational needs
of the assembly employee. Likewise, the usage of rather
abstract article numbers for assembly parts (taken from the
internal ERP system) may not be the most sufficient way to
display the location information. Examples show that cog-
nitive compatibility might conflict with organizational, i.e.
hierarchical, compatibility. From an organizational point of
view, CAD sketches and article numbers are an important
prerequisite for the effectiveness and efficiency of the entire
organization, their use in the context of assembly instruc-
tions usually leads to incompatibilities. A second conse-
quence of Hollnagel’s approach is closely connected: There
is a need for better, early employee participation, starting
in the process of assembly planning. Using this participa-
tory approach, many factors can be identified in advance to
avoid efficiency losses (Imada 1991).

5.2 Approaches to avoiding incompatibilities in
assembly

Based on the complexity-incompatibility principle (Kar-
wowski 2005), incompatibilities in assembly can be avoided
by reducing or better mastering complexity:

� The reduction strategy aims to simplify and standardize
processes and to routinize and decognitize work activ-
ities. In the age of industrially oriented individual as-
sembly, the possibilities of this approach are limited. Al-
though there are considerable efforts, for example in the
field of product modularization or the implementation of
the principles of Design for Assembly (Boothroyd et al.
2011), a strategic reorientation of production, as a re-
sult of the globalization of networked markets, increasing

customization, and rapidly growing digitization could not
be prevented.

� The mastery strategy is based on the idea of explicitly
recognizing complexity, but limiting it in terms of its
harmful effects and maintaining a balance of intuition
and reasoning through improved tools for establishing
higher S-C-R compatibility (Wickens et al. 1983). The
core of this strategy implies assembly assistance systems,
which concern the S-C area and thus the information ac-
quisition and processing, but also the C-R area and thus
the competence-based behavior control. From a cognitive
ergonomic point of view, such technical devices could
temporarily organize some kind of task reallocation by
taking over partial actions of the worker at short notice.

Facing increases of mental workload, assistance systems
support through cognition amplification, i.e., strengthening
the possibilities to perform demanding cognitive activities
and to stretching the limits of adaptability, such as support-
ing the information intake process through better chunking
to exhaust the magic limit of 7 plus 2 bits of informa-
tion (Miller 1956) or supporting the choice process despite
a high number of alternatives. Wickens (1987) already re-

Fig. 4 Integrated information management systems reduce operator
choice complexity, ease decision making, and increase S-R compati-
bility
Abb. 4 In den Arbeitsablauf integrierte informatorische Assistenzsys-
teme sorgen für eine Reduktion der Auswahlkomplexität, erleichtern
das Treffen von Entscheidungen und erhöhen die S-R-Kompatibilität
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Fig. 5 Process optimization and attentional guidance (accompanied by a high level of intuitiveness) increases compatibility and productivity
Abb. 5 Prozessoptimierung und Aufmerksamkeitslenkung (einhergehend mit einer Erhöhung der intuitiven Nutzbarkeit) sorgen für einen Anstieg
von Kompatibilität und Produktivität

ferred to three major areas of possible support: Working
memory limitations (Fig. 3), decision-making (Fig. 4), and
attention (Fig. 5). Exemplary results from the project “Mon-
texas4.0” are reported as three use cases, showing the in-
fluence of incompatibility reduction on different aspects of
modern manual assembly.

Optimizing the workflow to reduce mental workload,
prevent working memory overload, and triggering system 1
usage is a valuable situational prevention strategy. In the
first use case the design of the assembly parts supply sys-
tem was changed based on the usage of approaches with
less informational load. The standard 10-digit system (im-
ported from purchasing) was compared to a 3-digit, 1-digit,
and a Pick-by-Picture (PbP) system. 3- and 1-digit solu-
tions where further supported by a color and shape aid.
The PbP system indicated the location of the part to be
picked using a green highlight on a simplified graphical
representation of the assembly station. Complexity assess-
ments, workload, and mean picking time were compared
over all four approaches indicating that the fastest picking
time, least complexity and workload were achieved using
the PbP approach (Fig. 3). Based on data of 20 participants
the raw NASA Task Load Scores of the 10-digit and the
PbP system revealed a difference of 33 points (48 and 15).
Increased practical relevance can be shown comparing the
mean picking times of 22.10s against 4.45s per part in
favor of the PbP approach. 3- and 1-digit solutions still
outperformed the 10-digit solution and might be an easier
to implement alternative to the PbP solution. PbP tends to
maximize the cognitive compatibility for the human opera-
tor directly highlighting the position of the part that needs
to be picked (e.g. highlighted container). Thus, this strategy

can be used to reduce operator’s mental workload while at
the same time reducing picking times by an incompatibility
reduction.

Informational assistance systems in manual assembly
help to reduce mental workload through increasing com-
patibility between individual cognitive prerequisites and
task demands. Following this approach, in the second use
case a digital Put-to-Light system was developed, indicat-
ing where and how to assemble different parts of a truck
support framework using the place and color of the light as
cues for specific assembly parts (Fig. 4). The overall reduc-
tion of information load can help to increase compatibility.
While cognitive load reduces, human performance (speed
and accuracy) increases, thus increasing the overall produc-
tivity. In this use case the task-specific digital assistance
system contributed to more compatibility in three ways:
1) Getting users included into the design process through
means of participatory ergonomics and consider their cog-
nitive processes; 2) Reducing the amount of unnecessary
displayed information and increasing the fit between users
internal models and presented informational cues through
a new Put-to-Light approach; 3) Offering individual con-
figuration possibilities of the assistance system concerning
details like color-schemes, font-sizes, or different point-of-
views for the assembly object.

The third use case focuses on the reduction of operator
choice complexity through proximity optimization of the
assembly part distribution. The main driver of increasing
complexity of modern manual assembly is the high number
of different models to be assembled at one working station.
This variety makes it necessary to store assembly parts of
all models at the same working station. As a consequence,
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operator choice complexity as well as incompatibility are
increased. In order to increase compatibility and to reduce
search times and error probabilities, low physical distance
between part containers should reflect cognitive proximity.
Following a logic similar to Hebb’s Law (cells that fire
together wire together) parts that are usually used in the
same models should be located close to each other. Us-
ing different optimization algorithms, a restructuring and
size reduction of a manual assembly station was achieved
(Fig. 5; Sehr and Moriz 2019). The increased compatibility
between the operator’s expectation of where to find the fol-
lowing assembly part and the physical location increased
the overall performance at this working station.

All these measures can be used to enable the mastery of
complexity in the manual mixed-model assembly. The main
purpose of such measures can be described as getting the
right amount of information in the right format and bring-
ing it to the right person at the right time (Johansson et al.
2017). This presupposes that the shown capacity limits in
the reception of information are observed and that incom-
patibilities between demand and resources are avoided as
far as possible. And it must also be ensured that workers’
internal mental models of the concerning task structure,
the assembly processes, and the required cognitive perfor-
mance are compatible with the tasks requirements. This
is the only way to ensure that the worker not only sees
and reads provided data structures, but also understands the
information contained in them and derives the right behav-
ioral consequences. This requires a high degree of infor-
mational compatibility between supply and demand struc-
tures. Woods et al. (1987, p. 1749) point out that “aiding
human cognitive performance requires description of appli-
cation-specific cognitive activities”. Such descriptions are
reflected in cognitive task analysis by Rasmussen (1986)
and Hollnagel (1998). Cognitive task analysis serves to en-
sure that employees have an accurate mental model of the
system and can readily assimilate present information in
their own model (Norman 1986). Informational assembly
assistance systems therefore aim to act as a compatibility
enabler by matching the stimulus and reaction patterns to
the workers’ cognitive structures in line with the S-C-R
approach. Mattsson and Fast-Berglund (2016) formulate
similar guidelines for a compatibility-promoting informa-
tion presentation: Support active cognitive processes, men-
tal models, abilities and limitations, individual preferences,
placement of information, and intuitiveness. The final er-
gonomic goal is always to improve compatibility by better
designing the information input, the information process-
ing and decision-making structures, and last but not least
the performance conditions.

5.3 Compatibility between assistance system and
individual user

According to Genaidy et al. (2007) work compatibility is
defined as a function of energy expenditure of different
environmental elements that interact with the person, si-
multaneously taking or providing energy. Therefore, each
assistance system also represents an element of the sys-
tem, which in combination with other compatible elements
contributes to the joint success. The ergonomic goal of the
work compatibility model is to identify those elements in
the work environment that contribute to good performance
and decide which elements require intervention. This raises
the question of information display design relative to the ex-
perience and internal requirements of the persons involved.
Four aspects are important here:

1. Selection of output devices and design of assembly in-
structions
In mixed-model assembly varying input and output de-
vices with different information interfaces are used. De-
pending on various factors different assistance systems
are possible, like permanently installed or mobile tablet
solutions, head-mounted displays or AR glasses that are
only worn and used as required, or projection-based as-
sistance (Hinrichsen et al. 2020). Empirical studies show
that the acceptance and use of support systems depend
to a large extent on the perceived usability of the indi-
vidual devices, which in turn are moderated by the previ-
ous experience of the employees. For example, the use of
a familiar medium such as a tablet in laboratory tests led
to shorter training and execution times compared to data
glasses (Bendzioch et al. 2020).
Informational assembly assistance systems act as ex-
ternal information stores that compensate for potential
working memory deficits. Designing those systems, it is
important to find the right fit between necessary infor-
mation from the designers and workers point of view and
to integrate them in an intuitive way. Important features
of processing are listed by Helander (1987): Informa-
tion should attract attention via prominence, novelty,
and relevance (conspicuity and important parts of nec-
essary information should be emphasized). Important
requirements for the selection of information concern
the intelligibility, timeliness, completeness, and stan-
dardization of information. With these requirements,
the challenge arises that a dynamical adaptation to the
different qualifications and previous experience must
be possible to consider inter-individual informational
needs. Otherwise, every assembly instruction loses its
usefulness, is perceived as disturbing, and is no longer
accepted (Bornewasser et al. 2018). A pragmatic imple-
mentation of this concept can be achieved, by offering
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short and long forms of assembly instructions, by allow-
ing the employee to decide autonomously when support
systems are switched on or off, or by offering the choice
between image- and text-based instructions (Hinrichsen
2020). What seems to be most important: Reducing am-
biguity, simplifying instructions, and making them more
accessible, i.e. suitably tailored to internal models of the
recipient.

2. Assembly assistance systems as part of an integrated op-
erational information management
In the future, assembly instructions for individualized,
customer-specific products will be generated more and
more (partially) automatically and be provided digitally.
The basis for such automated instruction creation are the
ERP system based order data, data of the associated dig-
ital product model (digital twin), and characteristics of
the individual assembly worker. Such an integration of
an assembly assistance system into the existing IT in-
frastructure will contribute to the design of end-to-end
digital value chains as a vision of Industry 4.0 (Hinrich-
sen et al. 2017). These chains include data on strengths
and weaknesses of individual assembly employees (e.g.
need of text in larger font due to visual impairment), as
well as data concerning previous experience with indi-
vidual product types. Data will be the basis for individ-
ualization of assembly instructions and a mean to avoid
incompatibilities.

3. Systems for error detection and process optimization
Even if assembly instructions are designed according
to requirements and suitable input and output devices
are selected, assembly errors can still occur due to dis-
traction, carelessness, or concentration problems of the
employee. Such human deficits can be compensated by
adding functions of error detection and real-time process
optimization to the assistance system, e.g. via automatic
visual inspection (Beyerer et al. 2012). For particularly
quality-critical assembly steps, test characteristics can
be defined in the software of the image processing sys-
tem. In combination with machine learning, errors can
be recognized and disturbances, fluctuations, and dis-
persion of execution times in the assembly process are
automatically identified. Additionally, the assistance sys-
tem could provide the employee with suggestions for
a suitable configuration of the software on the basis of
his degree of practice (e.g. concerning execution times
for partial tasks). As a result, there is more compatibility
between type and scope of the information output and
workers’ individual needs. Feedback from employees,
for example on insufficient assembly part arrangements
or unsuitable representations in automatically generated
assembly instructions, can lead to improved information
assistance systems as well as improved/re-designed work
places.

4. Training of competences
Intelligent and interactive support systems are also used
to build up employee’s competencies through training on
the job (Bornewasser and Kloyer 2018). In this way, per-
sonnel deficits that cause incompatibility are eliminated.
The aim of such programs is to become self-modify-
ing and generative, i.e. to change itself over a longer
phase of interactive learning processes (and for exam-
ple to set increasingly difficult tasks or to reduce the
amount of instruction) and thus to make itself adaptable.
Eberts and Brock (1987) outline some of the building
blocks of such programs that are still current today with
regard to content and their implementation in learning
instructions. These comprise, for example, the coordi-
nation of learning objectives with individual differences
regarding learning strategies of experts and novices in
the field or the design of continuous or distributed feed-
back processes that indicate to workers with as short
time delays as possible that goals have been achieved or
not achieved. So-called augmented feedback can already
be used in the course of task processing, e.g. by only
reinforcing individual sub-steps in practice phases or by
projecting alarming signals onto the screen in the event
of deviations (Hancock 1996; Dehais and Ayaz 2019).
In addition, individual sub-steps can be subjected to tar-
geted practical exercises instead of the entire course of
action, all of which serve to increase routine.

6 Conclusion

Cognitive ergonomics is becoming increasingly important
in individualized production and assembly. Especially with
an increasing demand for adaptability, agility, and flexibil-
ity in the work process, it is essential to extend the idea
of compatibility to the relationship between information
intake, processing, and concrete labor action and to un-
derstand cognition as an important, if not central, element
to ensure the smooth interaction of these factors towards
the shared goal. The cognitive side allows for more plas-
ticity and adaptability compared to the physical side. For
companies, the task is to push cognitive compatibility in
the narrower sense, with regard to assistance systems used
in mixed-model assembly. It is crucial to align the over-
all situation, not just selected individual relationships, with
ergonomic compatibility (Young et al. 2015). Two aspects
have to be kept in mind: With increasing complexity, com-
patibility of the overall system is becoming increasingly
remote.

Despite all the technical support, work should remain
human-centered (Hacker and Sachse 2014), i.e. even with
increasing cognitive stress, all support should only be of-
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fered in the sense that the worker remains autonomous and
has the ability to finally decide about how the assembly
takes place. A non-consensual automatic replacement, in
the sense of an automatic takeover, in the presence of spe-
cific physiological patterns (Dehais et al. 2020b) should be
out of question. What is already technically feasible, e.g. in
the context of military actions, should not be the benchmark
for industrial assembly work.
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