
TYPE Original Research
PUBLISHED 14 December 2023
DOI 10.3389/frobt.2023.1276258

OPEN ACCESS

EDITED BY

Federico Fraboni,
University of Bologna, Italy

REVIEWED BY

Tom Ziemke,
Linköping University, Sweden
Lorenz Steckhan,
Technical University of Munich, Germany

*CORRESPONDENCE

Setareh Zafari,
setareh.zafari@ait.ac.at

RECEIVED 11 August 2023
ACCEPTED 21 November 2023
PUBLISHED 14 December 2023

CITATION

Mirnig AG, Fröhlich P, Zafari S, Gafert M,
Kröninger L and Tscheligi M (2023), A
design space for automated material
handling vehicles.
Front. Robot. AI 10:1276258.
doi: 10.3389/frobt.2023.1276258

COPYRIGHT

© 2023 Mirnig, Fröhlich, Zafari, Gafert,
Kröninger and Tscheligi. This is an
open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which does
not comply with these terms.

A design space for automated
material handling vehicles

Alexander G. Mirnig1,2, Peter Fröhlich1, Setareh Zafari1*,
Michael Gafert1, Lukas Kröninger1 and Manfred Tscheligi1,2

1Austrian Institute of Technology, Vienna, Austria, 2Artificial Intelligence and Human Interfaces,
University of Salzburg, Salzburg, Austria

Material Handling Vehicles (loaders, excavators, forklifts, harvesters, etc.) have
seen a strong increase in automation efforts in recent years. The contexts such
vehicles operate in are frequently complex and due to the often very specific
nature of industrial material handling scenarios, know-how is fragmented and
literature is not as numerous as, for example, for passenger vehicle automation.
In this paper, we present a contextual design space for automated material
handling vehicles (AMHV), that is intended to inform context analysis and design
activities across awide spectrumofmaterial handling use cases. It was developed
on the basis of existing context and design spaces for vehicle and machine
automation and extended via expert knowledge. The design space consists of
separate context and interaction subspaces, that separately capture the situation
and each individual point of interaction, respectively. Implications, opportunities,
and limitations for the investigation and design of AMHV are discussed.
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1 Introduction

Along with the continuous automation of public and private transport as well as
manufacturing environments, material handling is another context that sees increasing
automation efforts (Machado et al., 2021a; Machado et al., 2021b; Li et al., 2018; Efthymiou
and Ponis, 2019). Not only does the number of employed front loaders, excavators,
bulldozers, forwarders, mobile cranes, and other material handling vehicles increase, but
their degrees of automation do as well (Ha et al., 2018; Heath, 2018; Frank, 2019), thus
increasing in-context complexity on two levels. Even without automation factored in,
material handling is a complex context by itself: Not only does it involve navigation from
one point to another, but destinations are usually also changing as tasks progress or are
finished (e.g., moving from stack to stack as they are gradually filled at the same location
or transitioning from one location to another entirely). On top of that, there is the non-
navigational handling operation, e.g., grabbing, dredging, lifting, etc., all mediated through
higher degrees of freedom (e.g., cranes with multiple junction points) and resulting complex
controls. In addition, material handling is needed in a wide variety of environments, many of
which are not regular on-road environments (e.g., construction sites, farmland, gravel pits,
forests, etc.). By adding automation to this already demanding mix, the additional challenge
of adequately keeping the human in the loop (Gil et al., 2019) receives greater relevance.

It is unlikely that any given material handling situation is limited to a single handling
operation of quantity X of material Y to a point Z. Rather, material handling exists along
a process chain, often at multiple points, and in interaction with other agents, which can
and often are themselves material handlers (e.g., loading containers via crane onto a train,
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then unloading container contents via forklift for a very common
example with already three vehicle handlers involved). Depending
on the levels of individual automation of each handler as well as
the automation of the entire handling chain, properly calibrating the
human-in-the-loop is not trivial: At which points in the handling
flow does a human need to observe/verify/intervene? Which
capacity/qualification does the human need to have, mediated by
the task that needs to be performed? At which physical point does
the interaction happen and does it need to be done on-site or can it
be done remotely? Can the interaction be prompted by a system or
must it be human-initiated? These and similar questions need to be
answerable in order to properly and safely operate heavy machinery
within a material handling context (Heath, 2018).

In Human-Computer Interaction (HCI), one of the best ways
to properly capture a context is via a design space. A design
space essentially is a “space of possibilities”, which organizes design
opportunities and constraints along specified dimensions (Heape,
2007; Beaudouin-Lafon and Mackay, 2009; Biskjaer et al., 2014;
MacLean et al., 2020). A comprehensive design space thus should
capture and structure a given interaction context, including related
stakeholders, points of interaction, and any variables that can
influence the interaction between stakeholders and machines or
devices within the context. The goal and purpose of a design space
is then to show where within the space activities can be done, whom
they will likely affect, and conversely what they are mediated by.
This greatly aids interaction designers in planning where, when, and
for whom to design - an essential step before the actual interaction
design begins.

Currently, there is no such design space for automated
material-handling vehicles. There are numerous related design
spaces, including in-car interaction (Kern and Schmidt, 2009;
Haeuslschmid et al., 2016; Wiegand et al., 2019) and external
communication of automated vehicles (Colley et al., 2017; Colley
and Rukzio, 2020). The transferability of these design spaces to
material handling is limited, as material handling involves specific
task types and interaction chains, driving maneuvers, and handling
actions combined, as well as greater contextual variability due to the
great variety of material handling scenarios. Due to the industrial
nature of material handling use cases, there is quite a good number
of automation projects with significant funding behind them, yet
there is also little knowledge exchange between these projects, which
would enable a common material handling automation knowledge
base.

Thus, a design space for material handling would be both
desirable and beneficial to 1) capture and categorize current
efforts and 2) structure, guide, and help align future design and
development efforts. In this paper, we present such a design
space that was derived from components of related design
spaces and enriched with aspects specific to material handling.
The multidimensional design space structures the automated
vehicle handling space via the dimensions task and purpose,
automation setting, situation, and interaction. The design space
allows specification of driving and handling tasks, mapping them
to individual interaction points, and defining the role of the human
not only in relation to the interactive device but also via levels of
autonomy of (a) the vehicle, (b) the material handler, and (c) the
operative process.

2 Related work

Heavy material handling vehicles are primarily or exclusively
used on private, off-highway grounds - be it construction and
mining grounds, industrial production sites, agricultural fields, or
logistics areas. The higher control over processes, traffic, and lower
regulatory demands have made material handling vehicles pioneers
for automated transport. Automated Guided Vehicles (AGV) have
been used for decades in specific industrial contexts (Wankhede
and Vinodh, 2021), and these are increasingly used in one-to-
many relationships through the remote management of driverless
vehicle fleets (Fottner et al., 2021). There is a high business interest
and considerable growth prospects with regard to achieving higher
autonomy levels (Krug et al., 2019; Gupta et al., 2022). The strive
for automatizing material handling vehicles is also motivated by
ongoing driver shortage (Costello and Suarez, 2015), the need to
increase the attractiveness of work within harsh environments, as
well as to reduce safety risks (Machado et al., 2021b). However,
despite the longstanding experience and growing relevance of
such systems for automated handling of heavy materials, there is
surprisingly little open scientific literature available about contextual
factors and HMI design, and if available, it is scattered across
different sub-disciplines (Krug et al., 2019; Machado et al., 2021b).
For such situations with little knowledge about the context variables,
general scope, and design alternatives, a design space can help
to provide a generic means of orientation. In the following, the
state of the art of design spaces is summarised. Then, taxonomies
for describing the level of automation and contextual factors are
described.

2.1 Design spaces in HCI

Design spaces have been used in architecture, computer science,
and especially in Human-Computer Interaction as a complement
to standards and guidelines, to inspire design decisions and
innovations (Simon, 1975; Card and Mackinlay, 1997; Shaw, 2012;
Haeuslschmid et al., 2016; Halskov et al., 2021). Their primary use
is to structure and group designs and parameters according to a
set of design dimensions. Each design option is ideally represented
as a point within that space, thus defining the parameters for each
of its constituting dimensions (Simon, 1975). While early work
focused on fundamental classifications of input devices (Buxton,
1983; Card et al., 1991) and information visualization (Card and
Mackinlay, 1997; Chi, 2000), important contributions have also
been provided for specific types of interaction, such as mobile
phone input (Ballagas et al., 2008), public displays or multimodal
interaction (Müller et al., 2010). Since Kern’s and Schmidt’s design
space for the car cockpit (Kern and Schmidt, 2009), further
more specific automotive user interface aspects were addressed,
such as augmented reality (Tönnis et al., 2009; Haeuslschmid et al.,
2016; Wiegand et al., 2019), conversational interaction (Braun et al.,
2017), multimodal interaction (Wang et al., 2022) as well as
application contexts like the mobile office (Li et al., 2020). With
regard to design support of automated driving, however, design
spaces for the internal design of automated vehicles are still rare,
but for the external communication of automated vehicles (Colley
and Rukzio, 2020) and teleoperation, first proposals have beenmade
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(Graf et al., 2020). While surveys on interaction issues with AMHV
have been put forward (Hoffmann and Chan, 2018), no design
space is available to support the development of human-automation
interaction for this category of systems.

2.2 Level of automation

With the constant penetration of automation and robotics in
industrial contexts, the nature of human tasks and involvement
with technology is changing (Chen and Barnes, 2014; Gil et al.,
2019). The increasing intelligence and sophistication of systems
enables human operators of AMHV to not only manually operate
them (“in-the-loop”), but also to transition into a supervisory
role (“on-the-loop”), where fleets of vehicles are monitored over
a distance [see related definitions in Merat et al. (2019)] Various
models within and across application areas to categorize the degree
of automation and human involvement therein have been proposed
[see Vagia et al. (2016), for a comprehensive overview). While
for automation of passenger cars, the SAEJ3016 taxonomy of
automation levels (Taxonomy, 2021) has become a de facto standard
(despite other existing standards (Hopkins and Schwanen, 2021)],
automation taxonomies for heavy machinery or load handling
vehicles are mostly specific to application fields, such as agriculture
(Benos et al., 2020), constructions sites (Lee et al., 2022), or mining
(Rogers et al., 2019). Only recently, Machado et al. (Machado et al.,
2021a) proposed an approach that makes reference to several
preliminary models (Heath, 2018; Heikkilä et al., 2019; Krug et al.,
2019), which is essentially constituted of a 2-dimensional matrix,
where both for driving and for handling (or “manipulation”) the six
levels of the SAEJ3016 are applied.

2.3 Contextual factors

Interaction design choices for AMHV will have to take account
of various contextual factors, in order to achieve optimal system
control and perception, worksite communication, and decision
making. Only a few scientific accounts, notably all of them from
the research area of Automotive UI, include contextual factors
like the traffic situations and involved traffic participants, thus
actually extending towards contextual design spaces (Wiegand et al.,
2019; Colley and Rukzio, 2020; Graf et al., 2020; Colley et al., 2022).
Taxonomies of context have a long tradition, as documented in
the standard definition of “context of use” in ISO 9241-210 and
ISO 20282-1 (for Standardization, 2010; ISO, 2006; Bevan et al.,
2015) and 20 years of discussion on context-aware computing
(Schmidt et al., 1999; Bradley and Dunlop, 2005; Bauer and
Novotny, 2017;Dey, 2018).However, there is no dedicated taxonomy
of physical, social, or organizational context factors for material
handling vehicles, let alone related to their automation.

3 Methods

While there is no standard method for creating design spaces,
we used a systematic procedure for developing the design space
that consisted of a literature review as well as two design and

evaluation cycles. The purpose of the initial literature review was to
identify existing relevant design spaces to use as a basis. We used
two iterative cycles so that we could do one in-depth evaluation
and fundamental iteration and then a second refinement afterward,
following a standard iterative approach. For practical relevance,
we focused on the AMHV domains of construction, agriculture,
intralogistics, and manufacturing, which are frequent subjects of
automation efforts.

After defining the scope, we conducted the initial literature
review across the ACM Digital Library and IEEE Xplore. These
two data sources were chosen for literature review work since both
ACM Digital Library and IEEE Xplore feature a wide selection of
reliable HCI works. We used the following search queries in August
2022 in English-language publications: “automated/automation
material handling vehicle”, “automated/automation crane”,
“automated/automation forklift”. This resulted in a total of 908
publications (633 publications in ACM Digital Library and 275
publications in IEEEXplore). After having the database, we screened
the papers that met our criteria. First, we looked for papers that
potentially had an example of design space by searching through
their title, authors’ keywords, abstract, and introduction with the
keywords “design space”. Second, as we found no single design
space paper for any automated material handling vehicle, we instead
focused on publications dealing with the automated vehicles. Third,
we focused on detailed descriptions or full overviews of design
spaces for the analysis and, therefore, targeted full conference or
journal papers only. Any formats that can be expected to only
mention or superficially describe design spaces, such as proposals,
panels, workshops, or doctoral consortium papers, were excluded.
After a metadata-screening for relevance and removing duplicates,
the number was reduced to 30 publications. A manual screening in
the full text of the publications with the goal of identifying the most
directly related design spaces resulted in seven final publications
(Kern and Schmidt, 2009; Colley et al., 2017; Mahadevan et al.,
2018; Wiegand et al., 2019; Colley and Rukzio, 2020; Graf et al.,
2020; Wang and song, 2022). We used the design spaces described
within them as inspirations for initial dimensions and categories.
We then enriched them with features specific to capture automation
as well as the human-in-the-loop characteristics to arrive at the first
draft of the contextual design space.

We then evaluated this draft through a series of in-depth expert
interviews with three AMHV domain experts. These experts were
selected for their experience and expertise in material handling
vehicles ranging from technical competence such as automation
aspects to process competence that demonstrates the interrelation of
various stakeholders. Experts had on average 4 years of experience
working with material handling vehicles in the areas of logistics
or mobility. Each interview lasted approximately 2 h, excluding
preparation time. Before the interview, each interviewee was
instructed to prepare a use case of their choice from within their
application domain. They were free to do so in any possible way, as
long as they would be able to fully describe the case and all relevant
actors during the interview. The interview itself then consisted of
three parts: an introduction, the design space population, and then
a final feedback and comments session.

During the introduction, the interviewee was informed about
the purpose of the interview as well as its duration and agenda
and was then introduced to the design space, its overall purpose,
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as well as all dimensions and categories. They were then explicitly
asked to raise questions regarding anything that was not clear before
moving on to the next part. The introduction lasted 10–15 min.
Then, the interviewee was asked to populate the design space with
the use case they had prepared. We conducted a semi-structured
interview, where the interviewer asked several predetermined
thematic questions based on each part of the design space “E.g.,
How many individuals are involved in the overall process and which
roles do they have?”. As the interviewee answered, the interviewer
completed the dimensions of the design space in an Excel Sheet.
This step took approximately 60–70 min. In the final phase of the
interview, the interviewee was asked to reflect on the completed
design space and comment on any aspects of the design space that
had not been situated in the use case at all or only incompletely.They
were also asked to highlight incomplete or inappropriately named
labels, category errors, or any other issues that came to their mind.

On the basis of the interview results, we created an iterated
version of the design space. This version was then validated in a
second round of interviews with seven human-machine interaction
experts. We selected our sample respondents by identifying the
target population as experienced HCI designers and researchers
with at least 4 years of professional experience in the field of
automated vehicles. While selecting more experienced individuals
might exclude the viewpoints of early-career HCI practitioners, our
goal was to provide a comprehensive design space by highlighting
the practical and industry-oriented insights that are crucial for
the implementation of automated material-handling vehicles. These
interviews were shorter, with a duration of 30–40 min each, and the
interviewees were no longer asked to prepare a use case description
beforehand, as this round of interviews primarily emphasized the
design perspective. Instead, the interviews consisted of a very
short introduction (5 min), after which the interviewer reviewed
the design space together with the interviewee, asking for each
dimension and its categories regarding relevance, comprehensibility,
cohesion, and completeness. This part took 20–30 min. At the
end, the interviewee was asked to provide a final valuation of the
design space’s appropriateness as well as sum up the definitive needs
for improvement, if any. The results from this second round of
interviews were collected and then integrated into the final version
of the contextual design space (see Table 1 for an overview of the
main implications from the subsequent phases of the development
of the design space).

4 Design space

In this section, we describe the design space that resulted from
the iterative process described in the previous section. The design
space consists of two main parts or “spaces”: Context Space, and
Interaction Space.

The two spaces complement each other and also serve to reduce
the complexity of any given context that is captured via the design
space. The Context Space serves to capture all factors pertaining
to the material handling context, including surface and weather
constraints, machines and their automation levels, user roles and
task types, etc. It is to be defined once for any given scenario or use
case.

The Interaction Space, on the other hand, defines any interaction
point within the context. An interaction point is any (physical)
instance where a machine or human interacts. E.g., a simple context
with two machines, each with one set of direct controls each as well
as a fleet management workstation would result in three interaction
points overall. The Interaction Space then defines in- and output
for each of these points but maps back to the Context Space to the
previously defined task types, user roles, automation setting, etc.

By doing so, the overall design space can efficiently capture
complex human-in-the-loop scenarios withmany differentmachine
types, several control interfaces, different automation levels and
intervention capabilities, without increasing exponentially. In the
following, we describe the sub-space (e.g., automation setting),
dimensions (e.g., driving), categories (e.g., level of autonomy), and
their characteristics (e.g., semi-automated) for each space in detail.

4.1 Purpose/task

Although there are two primary purposes that we cover for
automated material handling vehicles, that is, driving and handling,
we subdivided the purpose subspace into three scope elements:
driving, handling, and support tasks (see Figure 1, left side). Driving
tasks are those related to maneuvering the vehicle. Handling tasks
are about handling thematerial such as loading/unloading the cargo.
Lastly, coordination and support tasks are non-related driving or
handling tasks such as management of fleet scheduling, vehicle
allocation, and maintenance.

4.1.1 Task abstraction
As Table 1 indicates, the scope or abstraction of a task has

emerged as a relevant dimension from our first interview round,
but notably, it has so far not been proposed by previous design
spaces summarised in section 2. We identified three abstraction
levels of driving and handling tasks, based on Michon’s model
(Michon, 1979). Strategic tasks are those that plan the goal of the
action such as navigation. Tactical tasks are those that facilitate
the accomplishment of the task, for instance, detecting an obstacle.
Operational tasks are those activities that aim to maintain and
sustain a system such as loading the lattice box.

4.1.2 Degree of freedom
A factor of primary relevance was found to be the physical

direction in terms of movement. In order to capture this for the
design space, the degree of freedom has been incorporated as a
dimension of the design space. Notably, this aspect so far has not
been presented as part of previous related design spaces mentioned
in section 2. The most generic way to specify the target direction
along their trajectories is to specify degrees of freedom, separately
for the driving, handling, and support tasks (e.g., for directing
vehicle charging or maintenance personnel). It has to be noted that
the technical movements to be done by the handling components
are typically highly complex and fine-grained (Hamid et al., 2016;
Martin and Irani, 2021), thus in principle entailing many degrees
of freedom. However, from the perspective of task and purpose
specification, the actual defined movement targets can be specified
with significantly fewer degrees of freedom, essentially reducing it
towards three independent directions (x,y,z) in space.
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TABLE 1 Overview of the implications from the literature review and the two rounds of expert interviews.

Space Sub-
space

Dimension Main implications from the evidence
collected during the design

space creation process

Literature review 1st interview
round

2nd interview
round

Previous work adopted
for first draft

Resulting revisions
of design space

Evidence for the finalization of
the design space

Context
Space

Purpose/task

General Machado et al. (Machado et al.,
2021a): Main Driving and
handling (“manipulation”) as
main categories

Refined (3rd category of
coordination added)

Confirmed

Task abstraction - Refined (task types and steps) Consolidated (Michon’s model
implemented, based on expert feedback
(Michon, 1979))

Degree of
Freedom

- Refined (introduced different
types of DoF: actual and
translated)

Consolidated (simplified DoF options)

Duration Wiegand et al.
(Wiegand et al., 2019)
introduced duration “travel
time”

Introduced Confirmed

Automation
Setting

General - Refined (levels of automation) Confirmed

Level of
Automation

SAEJ3016 as widely accepted
taxonomy for automated
driving (Taxonomy, 2021),
Machado expand this for the
LoA of material handling
vehicles (Machado et al., 2021a)

Refined (summarizing SAE
automation levels 1/2 and 3/4)

Confirmed

Human operator
location

- Refined (Added option “no
human operator location”)

Consolidated (simplified the categories)

Situation

General ISO 9241-210 taxonomy for
social and physical context (for
Standardization, 2010); Colley
et al. ‘s design space contains
physical and social context
variables (Colley and Rukzio,
2020)

Confirmed Confirmed

Social Different user/operator roles
adopted from (Graf et al., 2020;
Colley and Rukzio, 2020)

Refined (added user role
“maintenance”)

Consolidated (final grouping of user roles)

Physical Physical context aspects are
broken as categories in ISO
9241-210 (for
Standardization, 2010), and
related to automated driving in
Colley et al. (Colley and Rukzio,
2020). Soil categories were
taken from (Deatherage et al.,
2004). Other environmental
factors, such as temperature and
light intensity, were taken from
(Yamazaki et al., 1998)

Refined (introduced
“Dynamicity” dimension,
added “sunlight” and “storm”)

Refined (Added dimension “Loading dock
type”), consolidated

(Continued on the following page)
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TABLE 1 (Continued) Overview of the implications from the literature review and the two rounds of expert interviews.

Space Sub-
space

Dimension Main implications from the evidence
collected during the design

space creation process

Literature review 1st interview
round

2nd interview
round

Previous work adopted
for first draft

Resulting revisions
of design space

Evidence for the finalization of
the design space

Interaction
Space

Human-
Automation
Interaction

Scope elements
Input/Output

Multiple design spaces with a
differentiation of input and
output (Nigay and Coutaz,
1993; Frohlich, 1992; Kern and
Schmidt, 2009; Graf et al., 2020;
Wang and song, 2022)

Confirmed Confirmed

User role profiles - Refined (added user role
“maintenance”)

Consolidation (consistency with user role in
social dimension)

Communication
type

Communication messages of
automated vehicles to road
users proposed by Colley et al.
(Colley and Rukzio, 2020)

Confirmed Confirmed

Modality Design spaces with modality as
a key dimension (Detjen et al.,
2021; Colley et al., 2022;
Graf et al., 2020; Ahmad et al.,
2018)

Confirmed Refined (added variation “biometrics” for
input modality)

Device Type Graf et al. propose partly
propose device types, as part of
their interaction space
(Graf et al., 2020)

Refined (added variation
“pedal”)

Confirmed

Locus (Detjen et al., 2021;
Colley et al., 2022)

Confirmed Confirmed

Degree of
Freedom

- Introduced Confirmed

4.1.3 Duration
This dimension distinguishes between short or long duration

of a task [adapted from Wiegand et al. (2019)]. According to the
duration of task performance, additional interactionwith the vehicle
would be required. For instance, a long duration may require
charging the vehicle.

4.2 Automation setting

For the characterization of the automation setting targeted for a
certain AMHV use case, we again analyze the vehicle’s driving and
handling, as well as the coordination and support activities.

4.2.1 Level of automation
For categorizing automation levels for driving, handling, and

coordination, we took reference to the SAE automation levels

(Taxonomy, 2021) [similarly to Machado et al. (2021a)], in a
condensed form.

• No automation: human operator is in direct control and
performs the tasks manually (equivalent to L0 SAE J016 level).
• Partial automation: operator in direct control, but supported

through partial automation (SAE L1+L2).
• Supervised automation: system is operated in an automated

way, but operator should be available to intervene (SAE L3+L4).
• Full automation: system is running autonomously with

interventions only in case of system errors (SAE L5).

This taxonomy is similar to the level of automation (LOA)
of decision and action selection (Sheridan et al., 1978), e.g., no
automation is equivalent to LOA scale 1, partial automation to LOA
2-4, supervised automation to LOA 5-9 and full automation to LOA
10.
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FIGURE 1
Human-Automation Context Space for AMHV (see description in sections 4.1–4.3).

4.2.2 Human operator location
The location of operators to material handling vehicles can be

either on the vehicle or distant from the vehicle, which results
in different design requirements. Also in case of coordinating or
supporting actions, it makes a significant difference whether the
scheduling or charging is done with the vehicle in sight. This
dimension emerged during the first round of interviews and was
refined in the second round.

4.3 Situation

The situation in which the operation is undertaken will entail
significant constraints on the design options for AMHV interfaces.
Referring to context models from HCI and pervasive computing
(ISO, 2006; for Standardization, 2010; Schmidt et al., 1999; Bradley
and Dunlop, 2005; Dey, 2018), as well as to previous design spaces
that had already adopted contextual dimensions (Colley et al., 2017;
Wiegand et al., 2019; Colley and Rukzio, 2020; Graf et al., 2020), we
include the following main elements for the situation sub-space:
social and physical context (see Figure 1, right side). The first two
dimensions - user roles and expertise - are related to the social
context and the other five are about the physical context (weather
characteristics, road type, loading dock type, environmental factor,
and dynamicity).

4.3.1 User role
A user is any person who is actively or passively engaged

with the AMHV. The most common roles of these persons who
need to be supported by AMHV user interfaces are direct control
of a vehicle (driver), monitoring and coordination of (fleets of)
vehicles, regular technical support, and interventions in situations of
malfunction (maintenance), and passive use of a vehicle (passenger).
This dimension has also been part of other design spaces (e.g., Colley

and Rukzio, 2020), and the categories have been specified by means
of the first round of interviews.

4.3.2 Expert mode
Depending on the user interacting with the AMHV, information

may embrace different degrees of detail. While the criteria in
assessing expert models of operators can vary depending on the
industry, equipment, and specific task, here we define expertise as
the extent of specialized knowledge and skills in operating amaterial
handling vehicle (Hetmański, 2018).This could be based on a history
of successful completion of similar tasks or relevant certification or
training in material handling operations. In order to capture this
important difference, we identify two modes, i.e., expert and novice
[adapted from Graf et al. (2020)]. For instance, a novice operator
who requires the supervision of a superior is considered a novice,
while an experienced operator is an expert.

4.3.3 Weather characteristics
Weather as a relevant contextual dimension has been proposed

for external HMIs of automated vehicles (Colley and Rukzio, 2020).
We identified different characteristics such as rain, snow, and fog
[adapted from Colley and Rukzio (2020)] that affect the sensor
functionality. Furthermore, we added two weather characteristics
that are particularly important for handling activities that emerged
from the interviews: storm and sunlight.

4.3.4 Road type
AMHV operation strongly depends on the road type, especially

whether activities are being performed indoors or outdoors. In this
regard, an indoor road can be part of a warehouse, whereas an
outdoor road is outside, for instance at a construction site.

4.3.5 Loading dock type
This dimension is discussed by reviewed publications. Previous

work lacks a description of the soil at the loading dock (i.e., pick up
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FIGURE 2
Human-Automation Interaction Space for AMHV (see description in section 4.4).

or drop-off points), therefore we add a new category for specification
of soil type, since loading or unloading the material can take place
in locations outside of a warehouse. According to a taxonomy
by the OSHA (Occupational Safety and Health Administration,
Department of Labor), we identify four characteristics such as solid
rock, clay, silt, and sand (Deatherage et al., 2004).

4.3.6 Environmental factor
Similar to Colley and Rukzio (2020), we incorporated

this category for environmental aspects that can affect the
vehicle’s performance in terms of energy efficiency, component
reliability, and communication interference. Two characteristics of
temperature and light intensity were added to noise (Yamazaki et al.,
1998), due to the relevance of this category in material handling.

4.3.7 Dynamicity
This dimension is introduced during the first round of

interviews.We added this category to distinguish static and dynamic
environments. It influences the design of communication protocols
and methods of data gathering. As AMHVs are expected to
communicate with other vehicles or with infrastructure via wireless
technologies, we further categorize the dynamic environment into
non-connected and connected.

4.4 Human-automation interaction

As Figure 2 shows, we propose the following dimensions to
describe human automation interactionwith AMHV. For both input
and output, the following dimensions are proposed.

4.4.1 User role profile
This dimension reflects any active (e.g., driver) or passive user

(e.g., passenger) who engages in an interaction with AMHV. The

most common users are the driver, who is in charge of operating the
vehicle. A truck driver could also communicate with the operator,
e.g., by requesting to park the AMHV at a specific destination
in relation to the truck. Other users, e.g., fleet coordinator and
maintenance, to some degree might interact with the AMHV. Also,
a system such as a fleet management system can be considered as an
active user, in case AMHV is connected to infrastructure or other
machinery. Furthermore, passive users can also be considered as
interacting partners. Passengers, for instance, might be informed
about the activity that the AMHV is about to undertake (e.g.,
parking).

4.4.2 Communication type
The communication type contains the elements advisory,

instruction, question, answer, notification, and prediction. These
characteristics are adapted fromColley andRukzio (2020). Advisory
and instruction are both guiding behaviors, however, instruction
has a relatively top-down approach. Question is demanding
information, while answer is providing information. Predictive is a
special type of answer when the provided information contains an
extent of probability. Notification is giving notice for instance about
the intent of the AMHV or possible failure in executing an action
such as a warning.

4.4.3 Modality
This dimension is discussed by reviewing design spaces and

refined during the second round of interviews. Based on previous
works [e.g., (Detjen et al., 2021; Colley et al., 2022)], we identified
three main interaction modalities, i.e., auditory, visual, and haptic.
Auditory inputs are, for instance, speech control and non-speech
sounds. Alarm or warning sounds are examples of auditory
feedback. Visual inputs such as laser point or gesture are efficient
for a simple command (such as selecting an option from a
given alternative) (Ahmad et al., 2018). Anything displayed on the
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monitor or the color of vehicle lights are examples of visual feedback.
Haptic controls such as pedals and the steering wheel are fixed,
installed at a particular spot. Vibrations are a common example of
haptic feedback (Detjen et al., 2021). Furthermore, we also include
the biometric as an additional input modality for determining
physical and behavioral characteristics, e.g., mental fatigue and
stress of the operator (Graf et al., 2020).

4.4.4 Device type
Depending on the modality of interaction, different devices can

be used. For input modality, we identified tablet, keyboard, mouse,
joysticks, pedal, wheel, and scanner. For the feedback modality,
tablet, loudspeaker, headset, head-mounted display, smartphone,
ruggedized industry PC, lights, and LED display can be listed.

4.4.5 Locus
Due to the different physical positions that team members can

have in relation to the vehicle, depending on the role (confer the
different roles specified in the context space) and operator location
(e.g., remote or on the vehicle), user interfaces may be located at
different locations. Based onMahadevan et al.’s design exploration of
external communication for automated vehicles (Mahadevan et al.,
2018), the locus of the interaction device can be on the vehicle, in
the infrastructure, or on a user’s personal device.

4.4.6 Degree of freedom
For system inputs, the degree of freedom that an interaction

device offers or requires is regarded as the number of defined modes
in which users can move the device to specify the command input
(Albertson and Womack, 1968). For instance, the rotary knob has
only one degree of freedom but a traditional mouse has two degrees
of freedom. The degree of freedom has so far not been proposed as
a dimension in related design spaces introduced above.

5 Illustrating the design space

Thecontextual design space introduced previously is intended to
support the design of concrete instances within a flow of activities.
In the case of the example of a forestry use case where a flatbed
logging truck equipped with a z-crane is driven to a log pile in the
forest and the driver uses the automated crane to load tree trunks
onto the flatbed, the context is first to be specified. Table 2 lists
the context parameters, highlighted in red, that apply to this use
case. While driving is an operational task that occurs with three
degrees of freedom and takes a long time to complete, the material
handling device (i.e., the z-crane) is mechanically equipped with
6 degrees of freedom. Loading the truck with this type of handler
is considered an operational task, but it takes a short completion
time. Coordination and support are only necessary in the event
of a fault (i.e., a defect) and can therefore be classified as an
operational (manual) factor with a relatively short time impact (i.e.,
repair on-site). In the selected use case, the approach to automation
of driving is still manual, with the driver performing the task.
However, the material handling is carried out autonomously under
the supervision of the user at the vehicle, while other tasks (e.g.,
maintenance, repairs on site) require the human to be in control of
the handler or vehicle (no automation). Since in this case automation

is only applicable to the handling level, the user still needs to
have expert knowledge of the situation. Furthermore, the physical
conditions, like weather conditions (i.e., rain or sunshine), loading
dock type (i.e., silt), and environmental disturbance factors (i.e., light
intensity) as well as a static dynamicity of the situation, in which
the automated material handler is only communicating with the
user directly, are prominent properties within the shown contextual
design space.

As shown in Table 3, on another example of a logistics use case,
where lattice boxes are to be picked up by an automated forklift
in a production area and then to be transported to and parked at
a drop-off spot, the context can be specified following the same
scheme. In this case, the operational task of driving an AMHV
is relatively short in duration, but it has a medium-range degree
of freedom (DOF) due to the technical and functional range of
motion of the vehicle. Similar parameters also apply to the material
handling and coordination tasks, although their task abstraction is
classified as strategic (i.e., preventive maintenance and allocation of
vehicles). A further specialty of this contextual instance is that the
technical material handling scope only reflects a small range in the
degree of freedom parameter field, due to the technical conditions
of the material handling device (i.e., forklift). For the chosen context
instance, the AMHV is assumed to have highly automated driving
behaviorwithout a human in the loop, while in thematerial handling
task, a human is assumed to act as an external (remote) supervisor
for any necessary checks and safety measures.

In terms of the situational context in this specific logistics
use case, the role of an expert user is to monitor the system,
communicating over a wireless network. The situational context
is furthermore characterized as dynamic, due to the changing
locations of goods and other vehicles, but not as connected, as here
machines are not communicating with each other. As regards the
environment, the forklift operates in an indoor environment, on a
stable surface such as tar or concrete. Thus, in this case, external
weather characteristics are not prominent, but sunlight (shining
through warehouse windows) may still be a factor of relevance,
also expressed by the environmental factor of light intensity. As can
be seen, the provided categories of our design space are neither
exclusive nor independent. For instance, the road type for the
discussed use case is both indoor and outdoor, as the boxes are
handled inside a warehouse but sometimes the drop-off point is
outside the warehouse building.

Based on the specified context, the possible options for human-
automation interaction can be specified. Table 4 shows a task flow
matrix on the example of a logistics use case. This matrix has been
adapted from (Prati et al., 2021) and is completed as a result of a use
case interview. As shown in Table 4, first the temporal sequence of
the tasks to be performed and the actors of the actions and tasks
(e.g., driver or AMHV) are defined. In our example, this process
starts with the worker bringing the lattice box to the pick-up point
and ends with an AMHV moving back to the parking area. In the
next step, for each interaction between the user and an AMHV, the
modality, device, its locus, and degree of freedom are clarified. Based
on this information, designers can be supported in the exploration
and allocation of a proper interplay of human actions and automated
system behaviors.

At the very right column of the task flow matrix in Table 4,
standards are provided, which have to be considered or followed
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TABLE 4 Task flowmatrix of example logistics use case, used for setting the parameters for dimensions of the interaction space.

Task User/Actor Communication type Modality Device Locus DoF Applicable
standards

Input Output

Bringing the lattice
box to the pick-up
point

Driver Instruction Haptic Scanner in the
infrastructure

Six EN 894

Turning on at
parking area

AMHV Notification Visual PC (via FMS) in the
infrastructure

EN 61310-1

Moving to the
pick-up point

AMHV Notification Auditory Speakers in the
infrastructure

EN 61310-1,
SAE J3134

Positioning in the
pick-up area

AMHV Notification Auditory Speakers on the vehicle EN 61310-1,
SAE J3134

Scanning/detection
of lattice box

AMHV Question Visual PC (via FMS) in the
infrastructure

EN 61310-1

Checking the lattice
box for loading

Driver Answer Haptic Touchpad in the
infrastructure

Two -

Loading the lattice
box

AMHV Notification Visual/Auditory PC/headset in the
infrastructure

EN 61310-1

Securing the lattice
box

Driver None Haptic Touchpad in the
infrastructure

Two OSHA 2236

Transporting with
lattice box to the
drop-off point

AMHV Notification Auditory Speakers in the
infrastructure

EN 61310-1,
SAE J3134

Positioning in the
pick-up area

AMHV Notification Auditory Speakers on the vehicle EN 61310-1,
SAE J3134

Detecting the free
spot to unload

AMHV Advisory Visual Lights on the vehicle -

Confirming the
unloading spot

Driver Instruction Haptic Touchpad in the
infrastructure

Two EN 894, EN
61310-1

Unloading the lattice
box

AMHV Notification Visual/Auditory PC/headset in the
infrastructure

EN 61310-1

Moving back to
parking area

AMHV Notification Visual PC (via FMS) in the
infrastructure

EN 61310-1,
SAE J3134

when addressing the interaction design regarding a certain task, and
thus these can impose potential design constraints. The referenced
standards include design requirements for heavy machinery, such as
principles for visual, acoustic, and tactile signals (EuropeanMachine
Directive, EN61310-1 (for Electrotechnical Standardization,
2008a)), for visual displays and control actuators (EN 894-
1:1997 + A1:2008 (for Electrotechnical Standardization, 2008c)),
and for indications, actuation and marking (EN61310-2 (for
Electrotechnical Standardization, 2008b)). Also, standards applying
for the general scope of automated driving are to be considered,
most importantly the SAE J3134 for vehicle lighting towards other
road users (SAE, 2019). As regards operational health standards
for the material handling domain, respective standards like OSHA
2236 (Safety and Administration, 2002) also need to be taken into
account in the design process.

6 Discussion

In the following, we discuss the in-practice application of the
design space, as well as two related aspects, namely, the capturing
of human-in-the-loop aspects as well as the feasibility of strict
separation of the design space constituents.

6.1 Making use of the design space

The primary purpose and intended use of the design space is to
situate any given interaction context or specific challenge within it
and then identify the most suitable design options in a structured
way. In doing so, one can reveal, identify, and categorize all relevant
aspects (objects, actors, or parameters) that can (a) be subject to
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or targets of design activities, (b) influence interactions, including
the success of interaction designs within the context (Dove et al.,
2016). This aligns with the notion of a design space also being
able to serve as a practical foundation for promising and novel, but
also challenging and still insufficiently structured interface classes
or application areas (Ballagas et al., 2008; Kern and Schmidt, 2009;
Tönnis et al., 2009; Haeuslschmid et al., 2016; Braun et al., 2017;
Wiegand et al., 2019; Colley and Rukzio, 2020).

While only recently previous design spaces have started to
add contextual variables (Colley and Rukzio, 2020), the AMHV
context space necessarily had to be more comprehensive, given the
multitude of possible situations, automation settings, and allocated
tasks. Mapping out an entire use case within a specific context can
be time-consuming, which is why the space is modular and should
be used as such: The Context Space can be used on its own to
capture possible influences on any given design activity and be used
as a design aid even when the interaction space is not being used.
Users can already gain all relevant information regarding contextual
variables, possible task types, controllability of machines, and their
degree of automation, as well as elementary user characteristics.

The Interaction Space can be used to finely detail any given
interaction situation. It is intended to be detailed for any given point
of interaction, e.g.,: if there are two machines, a fleet management
interface for both, and each with its own on-machine control
interface, then that results in three interaction points overall. As a
result, a full capturing of this space would entail specifying input and
output three times, separately for each interaction point. Thereby,
the interaction space is specified in accordance with both the level of
interactional complexity in the specific use case as well as the design
needs - if the design for a specific interaction point is out of the scope
of the current activities, then that one can be omitted.

6.2 Capturing the human(s) in the loop

Describing the involvement of humans in automated processes
in the area of material handling is especially complex, as work roles
and team allocations are currently evolving (Cimini et al., 2020).
One of the bigger challenges of creating the design space was thus
to capture the human role within various scenarios of automation,
without introducing needless complexity into the design space, as
the space needs to be easily readable and graspable in order to serve
its primary purpose (Halskov et al., 2021). Since the context space
is defined once for a given use case and the size of the interaction
space is proportional to the number of interaction points, we aimed
to contain the human in the loop within the context space as much
as possible, in order to keep complexity low.

In our approach, we captured the aspects relevant to the
position of the human in the loop via the level of abstraction as
well as the automation setting for each task (driving, handling,
coordination, and support). While this does not result in detailed
human-machine-interaction workflows with exact indicators as to
when and where the human is involved to which capacity, it does
provide a similar result once the interaction space maps back to
it: Since the level of automation–and with it, the degree of human
involvement—are specified in the context space, this information
does not need to be repeated for every single interaction point.
Even high-level task durations are already specified in the context

space already. Also, the human operator location is specified for the
driving, handling, and coordination and support tasks, which gives,
in combination, an overall impression of the distribution of human-
automation task distribution among the team. Thus, by mapping the
interaction to the context space, any given interaction is specified
regarding the Where, When, and How of the Human-in-the-Loop.

This approach does have two drawbacks: The temporal
component is high-level and specific task durations or times when
certain tasks are performed are not supported by this design space.
In addition, it is not possible to specify different levels of involvement
within the same interaction point and user role, which can occur
in individual cases (e.g., different levels of experience between two
individuals sharing the same role leading to different involvement).
Especially the latter is very specific and out of the scope of a typical
design space (Simon, 1975; Halskov et al., 2021). Still, both are
relevant to finely specify the role and position of the Human-in-
the-Loop, thereby also suggesting a limit as to how far this can be
specified within a design space alone.

6.3 Managing definitions and delimitations

A design space, at least in its classical understanding (Shaw,
2012), implies that its dimensions are independent and that
parameters along these dimensions should be discrete. However,
in system types such as mechanical material handling vehicles,
delicate interdependencies need to be considered (Halskov et al.,
2021). We encountered a fundamental example of this during the
creation of the AMHV design space, as we were separating driving
from handling as the two elementary task categories. While both
involve movement to some extent, focus and challenge are different:
Movement is primarily a matter of (two-dimensional) trajectory
planning, steering maneuver execution, and dealing with different
surface types. Material handling, however, involves trajectories in a
three-dimensional space, with challenges more related to picking up
and putting down, and also concerned with the type and quantity
of material to be handled, as well as generally shorter trajectories.
In addition, there is also frequently a clear physical distinction
between a machine’s driving and handling means (e.g., wheels vs.
crane boom).

We had separated the two categories like that in the initial draft
already and the division held until the final version, with iterations
mainly concerning the dimensions and their refinement. What
became clear, however, was that a clear separation was sometimes
more challenging in practice and the term “movement” could
sometimes be misleading. Two machine types where this came up
more frequently were forklifts and swap-body trucks. Forklifts do
have a clear separation between fork movement and forklift steering
controls. However, part of the picking-up motion is purely driving:
The forklift is first, via the regular driving controls, maneuvered
into position so that the fork is positioned below the stillage. Only
then is the fork moved upwards. The question is then - how should
the initial maneuvering be classified: as movement or material
handling? Swap-body trucks face a very similar challenge. Such
trucks simply dock at a loading station, where their body is then
loaded automatically. A truck can dock onto any loaded body and
drive out for delivery, hence the term “swap body”. The question is
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whether the driving into the docking station constituted a driving or
a material handling task.

One possible solution to this problem could be to further define
tasks specific to their purpose. This could mean that if an action
is executed primarily for the purpose of handling or preparing to
handle material, then it would be classified undermaterial handling,
even if it uses driving controls and maneuvers only. If, on the other
hand, the primary purpose is the navigation of the entire machine
from point A to point B, then it would be classified under driving.
The challenge with this solution is the clear delineation in specific
cases - where does the driving end and howmuch of the approach of,
e.g., the forklift to the hall where the stillages are, is handling? Given
that there is no clear intrinsic distinction, this would need to be
defined at least on a machine-level separate for each machine type,
perhaps even on a contextual level (storehouse types, etc.), which
would defeat the purpose of a design space that should not impose
unnecessary restrictions and enable consistency.

Instead, we decided and subsequently suggest to separate the
task categories on the control level instead. If the task is executed
via driving controls and entails moving the machine, it is of
the driving type. If it is executed via non-driving controls and
either directly involves or has the immediate purpose of handling
material (including repositioning), then it is classified as thematerial
handling type. This means that both the initial maneuvering of
the forklift, as well as the entire docking operation of a swap
body truck, would be classified as driving. On the interaction level
especially, this renders the distinction clear, as there is no switch
from driving to handling on the same set of controls. For the swap
body trucks in particular, it would seem that this categorization
then misses the material handling component entirely. However,
the actual material bulk of the material handling challenge in these
cases happens during the container loading operation, where the
truck is simply not involved, and not during docking. As such, the
categorization also more adequately reflects the extent of material
handling involved, which is minimal to nonexistent in these cases.

7 Limitations

The design space was based on a foundation of existing
design spaces and was iterated on the basis of expert inputs from
professionals working in AMHV contexts as well as HCI. Due to
the often closed nature of industrial AMHV use cases and the
resulting difficulty of stakeholder access, gathering the ten experts
involved was already very challenging. While in line with or even
above the number of experts involved when creating a design space
(Braun et al., 2017;Wiegand et al., 2019; Colley andRukzio, 2020), it
still means that the number of individuals involved was on the lower
end. While the application domains we focused on (construction,
agriculture, intralogistics, and manufacturing) represent a broad
spectrum of material handling applications, we do expect that
applications outside of the investigated domains will yield further
requirements or extensions for the design space. To this end, one
should keep in mind that a design space should serve as a design
aid that should be adaptable along each tackled design project
(Heape, 2007). A particularly promising area of further extending
the AMHV design space has been proposed by (Steckhan et al.,
2022), suggesting the extension of lower-level abstractions

(e.g., functional driving dynamics as cues for interventions) and
user satisfaction as target functions. Another limitation lies with
our separation of task types between driving and material handling
and delineating the two on the control level.While this solution does
lead to a clearer distinguishability and reflects the involved actual
material handling well, it cannot appropriately capture some corner
cases, such as, e.g., using a crane boom to push oneself away, thus
constituting movement rather than any type of handling operation.
While such actions are typically outside of the intended scope (and
unsafe as well as nonpermitted as a result), capturing non-intended
use can be very valuable for accurately describing design contexts
(Satchell and Dourish, 2009) and we consider this potential room
for improvement.

8 Conclusion

In this paper, we presented a design space for AMHV.The design
space is based on six existing design spaces for either automation
or material handling and is the first design space that captures both
aspects and enables AMHV contexts to be fully situated within. The
design space consists of two sub-spaces—the Context Space and the
Interaction Space. This division enables efficient definition of each
interaction point in the Interaction Space by mapping back to the
contextual factors (user roles, task types, level of automation, etc.)
that are globally defined in the Context Space. The design space can
be used to support targeted design efforts that in configurations are
characteristic of automated material handling use cases, including
extended process chains and multiple interaction chains across
several machines that involve different user roles, remote vs. on-
machine operation, as well as different degrees of automation and
corresponding intervention or monitoring capabilities. It is the first
dedicated design space specific to AMHV and shall serve to be a
useful tool for future design efforts as well as provide a consistent
framing for AMHV contexts going forward.

9 Future work

One of the main goals of this design space was to provide a
tool to structure any given context in order to then situate one’s
design activities within it and to identify correct devices, locus,
users, etc. We plan to conduct prototyping-oriented research with
the help of the proposed design space, specifically focusing usability
and acceptability of fleet monitoring interfaces in multi-machine
contexts. We use the design space to mainly capture the type and
levels of automation and controllability for each machine involved,
then identify and design for the user roles that require access to the
fleet view, with the eventual goal of defining views with separate
indicators and different levels of detail, depending on physical
location and which user roles access it.
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