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Abstract
This article introduces a psychologically grounded framework to describe cognitive demands in the teleoperation of highly
automated agents. It builds on established models of information processing, situation awareness, and occupational stress
to explain how remote operators perceive, process, and act upon task demands in dynamic environments. Three scenarios
from ground-based transportation illustrate varying operational contexts and support the identification of objective task
demands. The framework highlights key human factors such as attention, working memory, and situation understanding,
while also accounting for individual differences in cognitive resources. It provides a theoretical foundation for future
empirical studies and supports the human-centered design of adaptive teleoperation workplaces.
Practical Relevance: The framework supports the design and evaluation of teleoperation workplaces by identifying cognitive
demands across diverse scenarios. It provides guidance for designing adaptive interfaces and task allocation strategies in
event-driven, safety-critical environments that feature frequent context switches and uncertain sensor-based information. It
helps practitioners and system designers to address the specific challenges of teleoperation as a complex socio-technical
system.
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Teleoperation verstehen: Ein menschenzentriertes Rahmenwerk für die Gestaltung von
Arbeitsplätzen

Zusammenfassung
Dieser Artikel stellt ein psychologisch fundiertes Rahmenwerk vor, um die kognitiven Anforderungen bei der Teleoperati-
on von hochautomatisierten Agenten zu beschreiben. Er baut auf etablierten Modellen der Informationsverarbeitung, des
Situationsbewusstseins und des beruflichen Stresses auf, um zu erklären, wie Teleoperatoren die Aufgabenanforderungen
in dynamischen Umgebungen wahrnehmen, verarbeiten und danach handeln. Drei Szenarien aus dem bodengebundenen
Verkehr veranschaulichen unterschiedliche Einsatzkontexte und unterstützen die Identifizierung objektiver Aufgabenan-
forderungen. Das Rahmenwerk hebt menschliche Schlüsselfaktoren wie Aufmerksamkeit, Arbeitsgedächtnis und Situati-
onsverständnis hervor und berücksichtigt dabei auch individuelle Unterschiede bezüglich der kognitiven Ressourcen. Es
bietet eine theoretische Grundlage für zukünftige empirische Studien und unterstützt die menschengerechte Gestaltung von
adaptiven Telearbeitsplätzen.
Praktische Relevanz: Das Rahmenwerk unterstützt die Gestaltung und Evaluierung von Telearbeitsplätzen durch die Iden-
tifizierung kognitiver Anforderungen in unterschiedlichen Szenarien. Es bietet eine Anleitung zur Gestaltung adaptiver
Schnittstellen und Strategien zur Aufgabenzuweisung in ereignisgesteuerten, sicherheitskritischen Umgebungen, die häu-
fige Kontextwechsel und unsichere sensorgestützte Informationen aufweisen. Es hilft Praktikern und Systemdesignern, die
spezifischen Herausforderungen der Teleoperation als komplexes sozio-technisches System zu bewältigen.

Schlüsselwörter Teleoperation · Informationsverarbeitung · Situationsbewusstsein · Kognitive Arbeitsbelastung ·
Konzeptioneller Rahmen

1 Introduction

More and more systems are becoming increasingly auto-
mated. While this automaticity relieves humans of the need
to take active control in a given situation, it may add com-
plexity when overseeing one or many systems in situations
the automation cannot handle itself. This is most evident
when the systems are not implemented in a closed-loop
system (e.g., London Underground). These situations may
represent edge cases of the automation, outside its opera-
tional design domain (ODD), or problems in sensor-based
detection. Academia and the industry agree that fully au-
tonomous systems in human interaction situations can be
solved with teleoperation (Kettwich et al. 2022;Majstorovic
et al. 2022). Teleoperation is thereby an umbrella term for
remote monitoring, remote assistance, and remote driving,
where remote operators are located outside the situation
and do not have direct sight of the systems environments
(Working group “Research Needs in Teleoperation” 2025).

Due to the requirement for remote locations of operators,
there are many challenges, especially those known from
drone control research (Saffre et al. 2021; Kangunde et al.
2021; Tsung et al. 2022) and conceptual investigations into
teleoperating road vehicles (Tener and Lanir 2022). These
can be categorized into a lack of physical sensing (esti-
mation of acceleration, speed, road inclination, force feed-
back), human cognition and perception problems (more de-
tailed in human factors constructs situation awareness (SA),
cognitive load (CL), Spatial awareness, depth perception,
proper development of mental models), video and commu-

nication quality (latency, low frame rate, cameras, resolu-
tion), remote interaction with humans, impaired visibility,
and lack of sounds (Tener and Lanir 2022). These chal-
lenges are primarily related to unfamiliar situations, system
perception problems, ambiguity, or contradictory informa-
tion, which lead to problems in decision-making, as well as
sensory problems associated with poor weather or lightning
conditions (Kang et al. 2018; Tener and Lanir 2023a).

Based on these challenges, it becomes clear that there are
many possibilities for designing the evolving professional
field of teleoperation (Lee et al. 2022). It is particularly
important to think about influencing factors in advance.
Teleoperation of highly automated agents, especially in the
domain of transportation, is here to stay. It cannot be as-
sumed that we will be working in closed-loop systems in
the medium term. Mixed traffic and the interaction with
humans can always lead to problems. It is therefore a per-
sistent solution that is relevant to the field of human en-
gineering (Kettwich and Dreßler 2020; Majstorovic et al.
2022; Schrank et al. 2024b). Compared to other situations,
there are almost endless design possibilities that need to be
utilized in the sense of prospective ergonomics. Therefore,
effective workplace design is crucial for a safe and efficient
work environment (Schrank et al. 2024a).

Our conceptual approach aligns with the stages of hu-
man-centered workplace design. First, we will look at the
objective task demands and analyze possible effects in
terms of human information processing. For this purpose,
conceivable application scenarios for ground-based teleop-
eration are described in the following sub-section, which
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will be analyzed later with regard to objective task de-
mands. The practical applicability of the established model
must then be tested for empirical validity and applicability
in future work. We use the term remote operators, event-
based teleoperation in regards to remote assistance and
remote driving, grounded in the SAE Standards (On-Road
Automated Driving (ORAD) committee 2021). Continu-
ous remote driving was excluded from our examples and
framework.

This work focuses on human-centered workplace design
and human engineering for ground-based transport. By this
framework, we try to answer two questions: 1) Which influ-
encing factors should be considered in the human-centered
workplace design for teleoperation, and 2) how can remote
operator performance and mental demands be explained by
human factors in various teleoperation domains.

1.1 Application scenarios

To illustrate the various possible manifestations of ground-
based traffic, we created three application scenarios for tele-
operation. These examples are intended to illustrate differ-
ent domains including their special requirements and char-
acteristics, as well as their different levels of complexity
and varying information needs. They are described below
as examples to emphasize the relevance and influence of
the framework’s constructs and requirements.
Scenario 1: Teleoperation by infrastructure manipula-
tion of an intercity train journey to transport goods

A fully automated freight train operates along a prede-
fined intercity rail corridor. The onboard system has de-
tected an inconsistency between the planned route and the
current infrastructure configuration, which it cannot resolve
autonomously. This results in a clear and well-defined trans-
fer of control to a remote operator. The remote operator is
informed of the situation by a system alert and is able to ac-
cess fixed infrastructure-based cameras to inspect the phys-
ical switch status. Instead of directly controlling the train’s
motion, the remote operator intervenes at the infrastructure
level by remotely adjusting a track switch.

The described task is primarily based in longitudinal con-
trol or the influence on infrastructure without lateral control.
Since the vehicle carries no passengers, there is no require-
ment for user communication. The environment is clearly
structured with predefined tracks and no mixed traffic. This
simplifies the situation assessment for the remote operator,
so that the transfer of control is highly predictable based on
the identifiable system boundary.
Scenario 2: Event-based remote driving of a shuttle bus

An automated shuttle operates in an urban environment,
providing last-mile transportation for multiple passengers.
As it approaches a visually complex intersection with ob-
scured sightlines and ambiguous right-of-way markings, the

shuttle comes to a stop. The cause of the stop is no clear sys-
tem failure but based on uncertainty in sensor-based scene
interpretation, which triggers an event-based and instanta-
neous control transfer request to the remote operator. Upon
receiving the alert, the remote operator accesses the shut-
tle’s onboard camera views to assess the traffic situation.
The operator takes over direct control of the vehicle and
tele-drives the shuttle through the intersection safely, con-
sidering all other road users (VURs, other motorized ve-
hicles). These control transfers are especially challenging,
for example, when poor weather conditions or darkness
impair vision. Simultaneously, passengers are informed via
onboard displays or voice announcements, meeting the de-
mand for transparency and communication with passengers.
This scenario is characterized by temporary lateral and lon-
gitudinal control, necessitated by complex, unstructured en-
vironments with mixed traffic. The time to decision is mod-
erate but constrained, requiring rapid context switching and
high situational accessibility under uncertainty and sensory
ambiguity. The interface provides high-fidelity information
with low latency, ideally through an immersive and multi-
modal information display.
Scenario 3: Event-based remote assistance of a net-
worked robot fleet

A hospital relies on a fleet of autonomous mobile robots
to transport medication and lab samples between depart-
ments. The system operates under routine conditions, with
intra-fleet vehicle-to-vehicle (V2V) communication man-
aging most interactions autonomously. During one shift,
a robot reports that an unexpected obstacle blocks its path
in a hallway. This report triggers an alert without requir-
ing immediate remote control. A remote operator reviews
the status and determines that a rerouting strategy is re-
quired. The operator uses maneuver-based remote assis-
tance, which relies on sensor data and fleet coordination
protocols to resolve the issue. The robot’s front-view cam-
era image is visible to the operator to offer additional visual
information about the obstacle. The tasks in this scenario
include assisting multiple systems, event-based fleet-level
coordination and control through high-level planning rather
than vehicle-specific motion commands. The robot’s envi-
ronment is semi-structured without formal traffic rules. The
interaction partners are relatively predictable.

2 Objective task demands

As illustrated in the application scenarios described above,
the teleoperation of highly automated agents can place vary-
ing demands on the remote operator, depending on the ap-
plication context, the type of agent, and the respective en-
vironmental conditions. Based on these different demands,
the authors have identified overarching objective task de-
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mands, which, in their respective manifestations, play a cru-
cial role in understanding and designing teleoperation.

One identified objective task demand is the cause of
the control transfer. It can, for example, be triggered by
system limitations, such as exiting the ODD, or it can be
event-based, for example, caused by uncertainties in en-
vironmental perception (Bundesministerium für Digitales
und Verkehr 2021, 2024; Gadmer et al. 2022; Cogan and
Milius 2023). Closely related to this is the predictability of
the control transfer, which can vary greatly, from planned
handovers due to infrastructural inconsistencies to sponta-
neous handovers in dynamic traffic situations. Furthermore,
the type of problem, which can be immediately apparent or
initially unclear to the remote operator, was identified as
another objective task demand.

Additionally, decision-making time can differ signifi-
cantly between situations. While structured scenarios allow
for longer analysis times, highly dynamic situations in-
volving mixed traffic and potentially vulnerable agents in
the vicinity of the highly automated agent require faster
decisions. Depending on the scenario, the number of agents
to be monitored is also relevant: When monitoring only one
highly automated agent, full attention can be directed to it,
whereas in other contexts, multiple agents may need to be
monitored simultaneously.

The degrees of freedom in teleoperation are another cen-
tral objective task demand for remote operators. Depending
on the situation and the agent’s automation, remote opera-
tors must either assume longitudinal control, lateral control,
or both simultaneously.

Moreover, communication with other system members
was identified as another objective task demand: in public
applications communication involves passenger interaction
and transparent information exchange, whereas it may not
be required in purely warehouse logistics. This is closely
related to operational transparency or situational accessi-
bility, which is determined by the quality and availability of
sensory and visual data. Finally, the complexity of the envi-
ronment plays a central role: highly structured, predictable
environments place lower demands on perception and inter-
pretation than urban or semi-structured scenarios with high
potential for disruption and variability.

In addition to the objective task demands derived from
the application scenarios described above, the authors have
identified further objective task demands, which are pro-
vided in an online repository (https://osf.io/npcyx/?view_
only=f3383a397f9c44dab9b95eb9c6a315f4). However, it
should be noted that the described objective task demands
are merely examples and do not claim to be exhaustive.
Nevertheless, the objective task demands described high-
light the diversity and complexity of situations that remote
operators may encounter in teleoperation. These demands
not only represent situational challenges but also directly

affect the cognitive information processing of the remote
operator. To systematically capture these interrelations,
a conceptual framework was developed based on estab-
lished scientific models and expert discussions, which is
described in the following section.

3 Conceptual framework

Based on the existing literature on teleoperation (especially
on means of transportation) and joint expert discussions
of the authors, the following framework was developed
(Fig. 1). It aims to relate relevant human factors concepts to
one another and to serve as the basis for planned empirical
studies. It incorporates the information processing model
by Wickens and Carswell (2021) and Endsley’s (1995) SA
idea, extended by the concept of situation understanding.

While other models concerning teleoperation have
focused on the overall interaction between remote operator,
environment, and assisted agents (Working group “Re-
search Needs in Teleoperation” 2025; Yelchuri et al. 2025),
we set out to highlight the human-centered view using
this framework. By utilizing constructs from various psy-
chology-related human factors disciplines (neuroscience,
occupational psychology, and engineering psychology), we
present a holistic, remote operator-centered approach to
understand workplace and job characteristics. For in-depth
explanations of each of the framework’s segments, please
refer to Chap. 4.

Our conceptual framework consists of three major con-
stituents: the environment, the socio-technical system, and
the remote operator. The environment imposes (objective)
task demands on the remote operator, who processes these
demands through multiple cognitive stages before executing
motor actions, creating a feedback loop between environ-
ment and operator (Sheridan 2016). The remote operator is
also part of a socio-technical system or work organization
(Grabbe et al. 2024), which provides contextual constraints
and characteristics to the task. To develop an appropriate re-
sponse, the remote operator must process information from
the environment through a series of stages as described
by Wickens’ and Carswell’s information processing model
(2021; with extensions by the authors): sensory processing,
perception, working memory operations including situation
understanding, comparing working memory input with long
term memory representations, response selection, and fi-
nally response execution.

The relationship between the above-mentioned objective
task demands and remote operator performance can also be
understood through the lens of the German occupational
science framework of the stress-strain concept, as defined
in DIN EN ISO 10075-1. The objective task demands rep-
resent the external stress and load, which describe the to-
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Fig. 1 Conceptual human-centered framework of remote operator task processing in teleoperation, integrating task demands, cognitive resources,
and interaction via a suitable interface for dynamic environments
Abb. 1 Konzeptionelles, menschenzentriertes Rahmenmodell für die Aufgabenbearbeitung durch Remote-Operatoren in der Teleoperation. In-
tegriert sind objektive Aufgabenanforderungen, kognitive Ressourcen und die Interaktion mit dem System über eine geeignete Schnittstelle für
dynamische Umgebungen.

tality of all detectable influences from the environment af-
fecting the person psychologically. As these demands flow
through the information processing stages, they are modu-
lated by the remote operator’s individual resources, which
comprise both current states (e.g., fatigue, alertness) and un-
derlying traits (e.g., cognitive abilities, personality traits).
Attention serves as a limited resource that must be selec-
tively allocated across these information processing stages
and plays a central role in forming and maintaining situa-
tion understanding. Long-term memory supports this pro-
cess by providing mental models, experience, knowledge,
and expectations, which together shape how information
is interpreted, integrated into the situation model, and ulti-
mately influence the response selection (Endsley 2000). The
resulting strain, defined as the immediate effect of psycho-
logical stress on the individual, depends on how effectively
the operator can allocate these resources to meet task de-
mands. Importantly, identical external loads can lead to dif-
ferent individual strain responses among different operators
or even within the same operator under varying conditions
(Rohmert and Raab 1995), as the efficiency of information
processing varies with available cognitive resources and in-
dividual differences in processing capacity.

This operator-centered model provides a comprehensive
framework for understanding teleoperation performance by

integrating information processing theory with the concept
of situation understanding and occupational stress-strain
concepts. By mapping the cognitive pipeline from envi-
ronmental input to motor output, the framework identifies
where individual differences could manifest as performance
variability and reveals critical intervention points for system
design. Most importantly, it demonstrates that effective tele-
operation depends not merely on interface features or task
characteristics in isolation, but on the dynamic interplay
between environmental demands, cognitive processing ca-
pabilities, and socio-technical context. This integrated per-
spective is essential for developing adaptive systems that
can accommodate operator variability and maintain perfor-
mance under diverse operational conditions. To deepen this
perspective, the following section takes a closer look at the
sub-constructs of the presented framework, outlining their
relevance to teleoperation.

4 Relevant constructs

As can be seen in Fig. 1, the presented framework comprises
several important constituents, each representing a distinct
yet interconnected element of the teleoperation process.

K



Zeitschrift für Arbeitswissenschaft

This chapter provides a detailed explanation of these el-
ements and relates them to the remote operator job.

4.1 Interface and environment

The term human-machine system (HMS) refers to systems
in which objectives are achieved through the integrated
functions of a human operator and a machine. The role of
humans is shifting from simple machine operators to super-
visors of autonomous, intelligent systems (D’Aniello and
Gaeta 2023). In HMS contexts, models of situation under-
standing are extended to include controls, input information
(e.g., video, audio, tactile signals), and the machine itself
as part of the system. Specific cognitive mechanisms and
information-processing components are also included. It is
crucial to highlight that situation understanding is essen-
tial, particularly for accurate comprehension of given situ-
ations (D’Aniello and Gaeta 2023). Human-machine inter-
face (HMI) design involves structuring interactive systems
to align with users’ cognitive, perceptual, and motor capa-
bilities. It is a central concern in human factors research, as
interface design directly influences situational understand-
ing, decision-making, and overall performance (Helle et al.
2022).

In teleoperation, interface design determines how remote
operators perceive the remote environment, issue control
commands, and integrate system feedback into their mental
models. Key interface factors include the reliability, view-
point, depth cues, and field of view of video feeds, as well as
the clarity and relevance of contextual information (Tener
and Lanir 2022). Research suggests that interface trans-
parency, in terms of the extent to which system states and
actions are observable and understandable, plays a critical
role in enabling safe and efficient teleoperation (Almeida
et al. 2020). Psychological and motor processes are shaped
not only by the task itself but also by how information
is structured, selected, and presented through the interface
(Wickens and Carswell 2021). Frequent task and context
switches can be assumed to elevate mental demand, reduce
attentional stability, and increase the risk of information
overload (Monsell 2003). In teleoperation, where time-crit-
ical and safety-relevant decisions must often be made under
uncertainty, these dynamics make interface design a critical
factor. How information is selected and presented influ-
ences the remote operator’s ability to maintain focus and
make effective decisions.

From a human-centered design perspective, this includes
identifying how visual and contextual information can be
prioritized and presented in a way that aligns with human
cognitive capacities. While such considerations are well es-
tablished in other domains (e.g., aviation, process control),
their specific application to teleoperation of highly auto-
mated agents remains largely uninvestigated and is part of

the exploratory focus of this work. Operating highly au-
tomated agents remotely entails interacting with complex
and potentially fast-changing task environments. Remote
operators may face rapid context switches. These dynamics
may increase mental demand, particularly when the cause
of a problem is not immediately apparent and must be iden-
tified first. The complexity of the task, the amount and clar-
ity of required information, and the way this information is
presented all influence the remote operator’s ability to main-
tain situational understanding and decision-making perfor-
mance. Frequent task and context switches require interface
designs that explicitly support human attention and prob-
lem-solving under dynamic conditions (Fan et al. 2022).

While numerous guidelines exist for interaction and be-
havior-oriented interface design (Gnatzig et al. 2012; Gafert
et al. 2022), their application to teleoperated autonomous
agents is still limited. This indicates a gap between es-
tablished knowledge in related domains and the current
state of practice in teleoperation, especially for highly au-
tomated and complex agents. There is a need to better un-
derstand how existing design principles should be adapted
or extended to support teleoperation contexts. The interface
functions as a dynamic gateway to the environment of the
highly automated agent. It not only transmits environmen-
tal information to the remote operator but also shapes how
this information is perceived, interpreted, and acted upon.
Conversely, the characteristics of the remote environment
influence which interface features are most effective or nec-
essary. For example, in highly dynamic or unstructured en-
vironments (Scenario 2), richer visual feedback or adaptive
information presentation may be required. This reciprocal
relationship highlights the importance of considering inter-
face-environment coupling as a key factor in teleoperation
system design. However, it is not sufficient to examine only
the design of the interface itself, as even a perfect interface
does not necessarily lead to a successful teleoperation. This
is because the remote operator’s ability to effectively ex-
tract relevant information from the presented environment,
interpret it and translate it into decisions is one of the key
factors for the success of teleoperation. It is therefore essen-
tial to consider the cognitive requirements and information
processing of remote operators in the following.

4.2 The operator

Information processing during remote operation fundamen-
tally differs from direct operation due to the mediated na-
ture of sensory input. Operators must construct mental rep-
resentations of remote environments through displays and
interfaces, creating unique cognitive demands (Woods et al.
2004). This process follows the stages outlined in Wickens’
and Carswell’s (2021) information processing model, from
perception through attention to higher-level cognitive func-
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tions, with attention serving as the critical bottleneck that
determines which information reaches conscious process-
ing. The operator receives environmental information pri-
marily through visual displays supplemented by auditory
alerts and occasionally haptic feedback.

4.3 Signal detection and perceptual organization

Following signal detection theory (Gongvatana 2011;Wick-
ens et al. 2013), operators must distinguish meaningful sig-
nals from noise under conditions of uncertainty. In teleop-
eration, this challenge is amplified by factors such as sensor
limitations, transmission delays, and display resolution con-
straints. The operator’s response criterion—the threshold
for declaring a signal present—must adapt to these degraded
conditions while balancing the costs of misses against false
alarms. Once sensory signals are detected, they are orga-
nized into meaningful patterns in the perception stage. Tele-
operation interfaces typically present information across
multiple displays, requiring operators to mentally integrate
spatially distributed elements. This integration process can
be facilitated through adherence to ergonomic design prin-
ciples, e.g. the proximity compatibility principle (Wickens
and Carswell 1995), which suggests that information ele-
ments requiring mental integration should be displayed in
close physical proximity.

The relevance of signal detection in teleoperation is ex-
emplified by scenarios such as intersection assistance (Sce-
nario 2) where the remote operator must integrate infor-
mation from multiple cameras, sensor displays, and status
indicators to form a coherent understanding of the shuttle’s
position relative to traffic flow. This perceptual integration
task becomes particularly demanding when sensor ambigu-
ity requires rapid switching between information sources to
resolve uncertainties, especially under conditions of poor
weather or darkness that further impair vision.

4.4 Attention as the information gateway

Attention serves as the critical gateway controlling which
presented information enters further processing stages. In
our context, attention can be categorized into four distinct
types, each serving different functions in the information
processing pipeline (Kahnemann 1973; Matthews 2000).

Selective attention must be strategically deployed across
multiple information sources according to their expected
value—a function of information importance and change
probability (Wickens 2015). The SEEV model (Salience,
Effort, Expectancy, Value) predicts which information
operators will selectively attend to based on bottom-up
salience and top-down factors of effort, expectancy, and
value. However, teleoperation introduces unique challenges
as the physical separation eliminates natural attention-

capturing cues like peripheral motion or subtle auditory
changes (Endsley and Kiris 1995). Sustained attention or
vigilance—maintaining alertness for rare critical events
during prolonged monitoring—presents the second criti-
cal attentional challenge. This is especially challenging in
highly automated systems where operators primarily su-
pervise and monitor rather than actively control. The vig-
ilance decrement—declining detection performance over
time—poses significant risks in safety-critical teleoperation
contexts (Warm et al. 2008). Environmental monotony, lim-
ited sensory feedback, and periods of passive monitoring
exacerbate this decrement.

Divided attention represents the third attentional de-
mand in teleoperation, which frequently requires attending
to multiple tasks, e.g. maintaining correct mental mod-
els, monitoring system status, and communicating with
agents. This multitasking is particularly evident in Sce-
nario 3, where operators must monitor multiple robots
while coordinating fleet-level decisions and managing ex-
ternal disruptions. The limited capacity of divided attention
(Kahnemann 1973) creates performance trade-offs, as allo-
cating attention to one robot necessarily reduces monitoring
quality for others. Focused attention enables operators to
process critical information, concentrating on a single stim-
ulus while filtering out distractors (Kahnemann 1973). This
is crucial in Scenario 1 when the operator must precisely
assess track switch status through infrastructure cameras,
requiring focused analysis of specific visual elements while
ignoring irrelevant background information.

4.5 Workingmemory and situation understanding

Working memory serves as the cognitive workspace where
perceived information is actively maintained and manipu-
lated (Baddeley 2003). In teleoperation, working memory
may face high objective task demands due to the need to
maintain dynamic mental models of remote environments
that cannot be directly perceived. These models must track
spatial relationships, predict entity movements, and antici-
pate system behaviors based on limited and potentially de-
layed sensory input. The three teleoperation scenarios illus-
trate varying working memory demands. Scenario 1 benefits
from environmental predictability and structured rail corri-
dors, allowing operators to rely on well-established mental
models. Scenario 2 imposes a high working memory load
through rapidly changing spatial configurations and mul-
tiple dynamic entities, requiring constant model updating.
Scenario 3 requires maintaining parallel mental models for
multiple agents, taxing working memory capacity through
the need to track individual robot states while maintaining
awareness of fleet-level patterns.

Working memory operations are inherently supported by
long-term memory, which provides schemas, procedures,
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and experiential knowledge (Tulving 1985). Expert teleop-
erators may develop specialized mental models that effi-
ciently organize remote environment information, reducing
working memory load through chunking and pattern recog-
nition (Song and Cohen 2014; Pan et al. 2022). These mod-
els include expectations about system behavior, common
failures, and effective intervention strategies.

However, long-term memory can also introduce chal-
lenges when stored mental models conflict with current
remote reality. Operators may incorrectly predict system
behavior based on previous experiences, leading to mode
errors or incorrect situation assessments (Norman 1981).
This is particularly problematic during control transitions,
where operators must rapidly calibrate their mental models
to match the current situation and system state.

4.6 Situation understanding

Situation understanding is a comprehension-based interpre-
tation of SA that uses frameworks from text comprehension
(e.g., Kintsch 1998) to explain the generation and mainte-
nance of how humans create a meaningful and coherent
mental representation of the current situation. This men-
tal representation, called the situation model, is identical
to Endsley’s (1995) SA as a product. That is, the situation
model serves to represent the results of the three levels of
SA as defined by Endsley (1988): the perception of relevant
information in the environment, the comprehension of this
information for the current situation, and the projection of
how the situation will develop in the future, but explains in
more detail how it is created and maintained. Situation un-
derstanding thus means an operator’s comprehensive under-
standing of the current, dynamically evolving situation. For
the creation of situation understanding, attention is decisive
for which elements of the environment are perceived. Thus,
poor attention allocation or cognitive overload can create
gaps in situation understanding, where critical information
never reaches conscious processing (Endsley 1995).

As described in Endsley’s (1995) model, the operators’
situation understanding forms the basis for their decision
about which action they consider appropriate in the current
situation, and consequently, for the execution of actions by
the operator. It is assumed that the operator’s goals and
expectations have a significant influence on what informa-
tion the operator considers relevant in a situation to make
an appropriate action decision and thus to achieve the task
goal pursued (Endsley 1995). Thus, the operator’s current
goals and expectations strongly influence the understanding
of the situation.

Achieving such a comprehensive understanding of the
current situation and how it might develop is therefore es-
sential for any operator working in a dynamic environment
and controlling dynamic technical systems. This is espe-

cially challenging when the relevant situational information
is only accessible remotely for the operator, as in teleopera-
tion. The remote operator must be able to perceive relevant
aspects of the teleoperated agent’s environment. As the de-
scribed application scenarios illustrate, one of the central
challenges for the remote operator is to establish an ade-
quate situation model despite the fact that the remote op-
erator is not able to experience the situation directly. All
information about the situation in which the to be teleoper-
ated agent is in is mediated via the HMI that represents the
remote operator’s workplace. Consequently, it is of essen-
tial importance to understand how a sufficient situation un-
derstanding can be established and maintained under such
circumstances and how it is influenced by environmental,
task, and personal characteristics.

The three application scenarios described above can
serve as examples to illustrate how diverse the environ-
mental and task-related factors influencing the remote
operator’s situation model can be. One key challenge can
be that the remote operator is only made aware of a sit-
uation by a system message or a specific event, and then
has to gain a comprehensive understanding of the situation
in a very short time. This includes, in particular, the fast
identification of the problem and the assessment of whether
and in what form intervention is required, for example by
tele-driving, tele-assistance or indirect intervention via the
infrastructure.

Another key influencing factor is the criticality of the
situation (i.e., the urgency with which a decision must be
made). In safety-critical contexts, the time available to make
a decision can be very limited, which restricts the possibility
of in-depth analysis. In this case, the remote operator must
be able to quickly identify which of the many available in-
formation is relevant to the current situation. This ability
is additionally influenced by the complexity of the envi-
ronment at the location of the teleoperated agent. A dense
urban traffic situation with unpredictable road users places
completely different demands on the achievement of situ-
ation understanding than a clearly structured, predictable
environment, such as an isolated rail network or a hospital
corridor with restricted access. Another important factor is
the time at which the remote operator is informed of the
need for an intervention: if the handover to the remote op-
erator is announced well in advance and can therefore be
planned, it can be assumed that the remote operator has
sufficient time to achieve adequate situation understanding
before a decision and intervention by the remote operator
is required. In contrast, a spontaneous handover (e.g., due
to an unexpected event or sensor uncertainty) places signif-
icantly higher demands on the remote operator’s ability to
quickly receive and process information. Lastly, the number
of highly automated agents that need to be monitored simul-
taneously also has an impact on the demand for the remote
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operator’s resources to update and maintain an adequate
situation model. While a single, clearly focused situation
allows the operator’s full attention, the parallel monitoring
of several agents requires a high level of cognitive switch-
ing, prioritization and efficient resource allocation. Thus,
the risk of missing or incorrectly weighting relevant infor-
mation might increase as the number of highly automated
agents and information density increases.

In summary, the remote operator’s situation understand-
ing appears to be characterized by a large number of envi-
ronmental and task-related influencing factors, which can
differ considerably depending on the context and applica-
tion scenario. The influencing factors illustrated using the
above-described application scenarios (e.g., the complexity
of the environment, the criticality of the situation or the
time at which the remote operator is notified) are merely
examples and do not claim to be exhaustive. It should also
be noted that personal factors also play a significant role in
the remote operator’s ability to create and maintain an ade-
quate situation understanding. These can include, for exam-
ple, individual experience in dealing with certain systems
or situations, the remote operator’s current level of attention
and the goals and expectations of the remote operator.

4.7 Cognitive abilities

A question that is not sufficiently answered so far is “Who
is a good remote operator?” in cases of teleoperation of
highly automated agents. The individual skill set of remote
operators matters and these skills can be used as cues to
identify suitable persons for emerging teleoperation work-
places. Following a cognitive fit perspective, a relationship
between individual and cognitive characteristics and tele-
operation performance can be derived (Pan et al. 2021).

Human abilities and performance in teleoperation con-
texts are mainly investigated within the domain of robot
teleoperation. Teleoperation performance in three-dimen-
sional space is found to be related to control accuracy,
cognitive consistency, and the challenge of perception and
interaction in 3D settings (Tang et al. 2024). Research re-
sults from other domains suggest that spatial abilities (e.g.,
mental rotation accuracy, spatial memory), attention and
sustained attention, perceptual abilities (distance percep-
tion deviation, direction perception deviation, movement
anticipation), and reaction and decision time may impact
performance and mental demand (Long 2011; Tang et al.
2024). These may be especially relevant in teleoperation
environments where effective processing of temporal and
spatial information, planning and executing control com-
mands, as well as quick adaptation to varying task demands,
is essential. In addition, in robotic arm teleoperation per-
ception mode, individual spatial ability, and control mode
were influencing performance in teleoperation (Guo et al.

2019). Remote driving and assistance in highly complex,
dynamic environments (such as urban driving scenarios or
Scenario 2) remain largely under-researched. The relation-
ship between cognitive abilities and mental demands in
these contexts is not yet well understood. In the context
of the three application scenarios, it can be assumed that
different cognitive abilities are more relevant in one domain
than in the other. For example, high-level guidance in Sce-
nario 3, giving clearance when the obstacle is no longer
there or selecting one out of proposed maneuvers requires
different skills than in Scenario 2. Which factors influence
task-switching performance need to be investigated empir-
ically. In addition, there is a gap in understanding how spa-
tial awareness and situational understanding interact under
varying teleoperation conditions (Yekita et al. 2024). Be-
sides these abilities, peripheral vision, attention and work-
ing memory capacity are considered for future empirical
studies.

4.8 Personality traits

In addition to cognitive abilities, several personality char-
acteristics may influence mental demand and performance
over time in different teleoperation contexts. While person-
ality traits are not direct predictors of task-specific cognitive
performance, they can moderate how remote operators ex-
perience workload and stress during prolonged or complex
teleoperation tasks. For example, extraversion and consci-
entiousness have been associated with more effective cop-
ing strategies, greater task persistence, and more structured
working styles (Pan et al. 2016; Santamaria and Nathan-
Roberts 2017; Qin et al. 2022). In demanding teleopera-
tion scenarios, higher conscientiousness may help remote
operators maintain performance under a sustained work-
load. These influences could be empirically investigated in
the three different application scenarios. It can be hypoth-
esized that teleoperation performance in urban traffic sit-
uations with various VURs over time leads to correlations
with personality traits due to the high demand. In more pre-
dictable and restricted scenarios like one and three, these
effects can be overshadowed and potentially not found due
to lower demands.

Another relevant characteristic is immersive tendency,
particularly aspects related to the dimensions of telepres-
ence (Witmer and Singer 1998). Operators with higher im-
mersive tendencies may find it easier to engage with medi-
ated environments, potentially enhancing situational under-
standing and reducing the cognitive costs associated with
spatial dislocation. However, due to the frequent context
changes, too much telepresence could also have a negative
impact on performance in frequent reorientation. The dif-
ferences in context changes are likely to play a central role
in the impact of the immersive tendency. This could be an
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advantage for the robot fleet (Scenario 3) in a defined re-
stricted space. For the teleoperation of trains (Scenario 1),
there is already a larger possibility space. As in the example,
it could be an overland journey in freight transport, a station
entrance, or a level crossing. In urban road traffic with the
last-mile shuttle (Scenario 2), the variance of possible situ-
ations is even greater. The influence of immersive tendency
could vary in domains or have no relevant influence. Previ-
ous research from other domains can provide preliminary
insights for the relevance of immersion (Fern and Shively
2011; Gregor et al. 2023). Whether and in which direction
immersive tendencies, telepresence, and immersive inter-
faces have an influence on event-based teleoperation has to
be investigated.

4.9 Response execution

Response execution can be described as a goal-directed out-
put of cognitive processes as a discrete unit of behavior
(Zacher 2017). In HMS, the human information process-
ing, including situational understanding and decision-mak-
ing, forms the basis for action. The remote operators’ action
is thereby the input to the control interface as an execution
of the decision made (Endsley 1995; D’Aniello and Gaeta
2023). The range of actions available to remote operators in
various systems differs substantially depending on the op-
erational context and interface design (Rea and Seo 2022;
Gholami et al. 2022). In direct remote driving, like Sce-
nario 2, remote operators typically engage in continuous,
fine-grained motor control of vehicle dynamics, requiring
sustained attention and high perceptual-motor coordination.
In contrast, remote assistance (Scenarios 1 and 3) and fleet
management involve higher-level decision-making, super-
visory control, and occasional interventions, placing differ-
ent cognitive and communicative demands on the opera-
tor. The existing approaches to teleoperation of road ve-
hicles vary greatly (Gafert et al. 2022; Tener and Lanir
2023b; Schrank et al. 2024b). The choice of input modal-
ities ranges from physical controls (e.g., steering wheels,
joysticks, gaming controllers) to graphical user interfaces or
voice commands. The decision for an input affects both the
remote operator’s workload and the nature of the interaction
(Pan et al. 2024; Wolf et al. 2024). These differences also
imply that performance measurement should be adapted to
the specific form of teleoperation, with distinct metrics re-
quired to validly assess remote operator effectiveness in
continuous control versus supervisory or support roles.

5 Discussion and future work

The proposed framework presented in this article integrates
psychological theory and domain-specific knowledge to de-

scribe cognitive requirements in the teleoperation of highly
automated agents. Rather than offering an empirically val-
idated framework, the framework serves as a theoretically
grounded structure to guide future hypothesis-driven re-
search. Its primary contribution lies in providing a gen-
eralizable structure to guide systematic investigations into
the cognitive mechanisms and boundary conditions of tele-
operation in complex socio-technical systems, particularly
in application domains with frequent context switches.

The framework builds upon established psychological
theories explaining human information processing, deci-
sion-making, and action in complex environments (Wick-
ens and Carswell 2021) as well as Endsley’s (1995) con-
cept of SA. While rooted in these traditions, the presented
framework extends them by addressing remote human op-
eration across various teleoperation applications in ground-
based transportation. Unlike other approaches tailored to
specific domains or tasks, the framework provides a cross-
domain explanation of teleoperation. The aim was to cap-
ture key tasks and mental demands, cognitive mechanisms,
and individual resources that may apply across a broad
range of teleoperated agents. This generality enables the
framework to serve as a reference for both applied system
design and empirical validation across diverse application
domains. Beyond its theoretical contribution, the framework
offers a structured perspective for approaching the design of
remote operator work environments. By highlighting core
mental demands and their interdependencies, it supports
the identification of design requirements for adaptive inter-
faces, workspace ergonomics, and task allocation strategies
across teleoperation scenarios.

At the same time, the framework has several limitations.
It was developed conceptually and has not yet been empir-
ically validated. In addition, the framework does not spec-
ify operational definitions or measurement strategies for
constructs such as mental models, individual resources, or
attentional control. This openness allows for methodolog-
ical flexibility but highlights the need for future empirical
studies to refine, test, and operationalize the framework in
concrete settings. In particular, detailed task analyses will
evaluate the validity of identified objective task demands,
especially considering the variation in operational goals, as-
sistance types, and environmental complexity across teleop-
eration scenarios. It is important to emphasize that existing
findings from monitoring tasks in traditional control room
operations cannot simply be transferred to teleoperation.
Although both involve supervising technical systems, the
underlying task structures, dynamics, and demands differ
fundamentally. This has direct implications for the applica-
bility of existing research and design principles.

Compared to traditional control room operations, teleop-
eration introduces a fundamentally different set of demands.
Control room operators frequently work within stable en-

K



Zeitschrift für Arbeitswissenschaft

vironments, monitoring system states that require vigilance
and collaborating with others to maintain and ensure safety,
process stability, and correct operation (Savchenko et al.
2018; Lin et al. 2023). In contrast, teleoperation is event-
driven, request-based, and reactive. A highly automated or
human agent triggers teleoperation in potentially ambigu-
ous or safety-critical edge cases that automation cannot re-
solve. The situations where support is required can vary
a lot, as highlighted in the application scenarios. This re-
sults in high variability and low task repeatability, requiring
remote operators to manage frequent context switches be-
tween different agents and operational environments, which
is related to a high degree of cognitive flexibility, rapid sit-
uation understanding, and decision-making. In addition, the
operational level varies from providing support in decision-
making, maneuver selection, and guidance to direct control
(Kettwich and Dreßler 2020; Schrank et al. 2024a). It is
known that design and interaction concepts can moderate
or determine operator performance (Meshkati 2003; Flegel
et al. 2022), which needs to be considered in teleopera-
tion workplace design, particularly concerning digitaliza-
tion, automation, and the application of AI.

In summary, the presented framework provides a founda-
tion for future interdisciplinary research at the intersection
of cognitive psychology, human factors, and teleoperation.
It encourages the integration of behavioral, physiological,
and task-based approaches to understand and support re-
mote operators in safety-critical and frequently changing
environments.
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