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Fig. 1. Four tasks of restaurant service training are shown on the left. These tasks sim-
ulate common incidents a restaurant server faces at work. Given the trainee’s perfor-
mance, our approach adaptively generates training sessions. A trainee receives training
in the interactive virtual restaurant as shown on the right. In this simulated training
environment, the trainee can walk freely, interact with virtual customers, and take re-
quests from tables like working in a real restaurant.

Abstract. With advances in consumer-grade virtual reality (VR) de-
vices, VR training gains unprecedented attention in research and indus-
tries. Although the nature of VR training encourages trainees to ac-
tively learn through exploring and gathering information in a simulated
virtual environment, designing effective virtual training environments is
non-trivial. We propose an adaptive approach that guides trainees to de-
velop psychomotor skills in a simulated virtual environment. As a show-
case, we demonstrate our novel approach for restaurant service using a
game-based VR application. By incorporating the trainee’s performance
and learning progress into optimization objectives, our approach uses
mixed integer programming (MIP) to generate VR training sessions it-
eratively. Through collecting the trainee’s performance in VR training,
our approach adapts the VR training sessions by considering the trainee’s
strengths and weaknesses, guiding the trainee to improve over training
sessions. We validated our approach through two experimental studies.
In the first study, we compared our approach with a random training task
assignment approach and a performance-only MIP approach through
performing simulated restaurant service training. In the second study,
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we compared our approach with the random assignment approach by
evaluating trainees’ skill developments in restaurant services. The re-
sults show that our skill-driven adaptive training approach outperforms
the random assignment approach.
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1 Introduction

With advances in consumer-grade virtual reality (VR) devices, many companies
start to employ VR as a supplement to their workplace training. For example,
Walmart uses VR to simulate common and uncommon scenarios that could hap-
pen during Black Friday and prepare their employees for all possible upcoming
challenges [23]. Similarly, United Rentals, the world’s largest equipment rental
company, created virtual construction sites to engage their employees in learning
customer service skills and raising safety and site awareness [34]. Both examples
demonstrate that users can gain practical experience through interacting with
and working in a simulated environment.

Compared to traditional training methods (e.g., lecture-based training), VR
training appears to have many advantages. It is accessible from anywhere, config-
urable to anyone, and most importantly, provides an active learning environment
for trainees to involve in gathering information, thinking, and problem solving
[4, 36]. However, designing VR training is not trivial because active learning does
not simultaneously happen in the virtual environment, it requires a delicate de-
sign of teaching methods that are constantly adjusted based on the learning
progress of a trainee. Such monitoring of trainee progress can help prevent the
learning system from assigning a task too difficult too soon, which may discour-
age the trainee[22, 26]. However, monitoring the progress of individual trainees
and manually adjusting difficulty is not ideal as VR training is often applied to
a large number of new employees with different skill levels in a company.

This highlights the necessity for adaptive learning, which employs compu-
tational techniques to customize learning materials and training based on indi-
viduals’ needs and performance. [14]. Recent research in adaptive learning has
focused on musical tasks [38], machine tasks [11], and academic skills [33] to
improve individuals learning efficiency. However, there is a dearth of research to
enable psychomotor learning developments. Psychomotor learning refers to the
learning process of a person in learning component skills (e.g. how to interact
with customers, how to place orders), then compiling these individual psychomo-
tor skills together and automatizing them with higher-level executive functioning
(e.g., to work in a restaurant) [7].

Acquiring psychomotor skills in some workplaces is challenging as trainees of-
ten have to learn in rapidly changing, intricate environments to gain proficiency,
such as performing surgery or flying an aircraft. While VR can simulate these
complex conditions, the training may not immediately enable active learning as
individuals have unique learning curves. To this end, we propose an adaptive
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learning approach focused on psychomotor skill development using restaurant
service training as a showcase. Our approach is driven by trainee performance
on psychomotor skills (e.g., performance in interacting with customers), which
are collectively measured and evaluated in an interactive and configurable sim-
ulated restaurant. Such an environment encourages trainees to actively gather
knowledge about restaurant service responsibility and participate in restaurant
service training. By adaptively adjusting training tasks and task difficulty, we
provide a full psychomotor learning development experience in an efficient way.

There are four key attributes in constructing personalized adaptive learning;:
user profiles, competency-based progression, personal learning, and flexible learn-
ing environments [25]. Motivated by these design guidelines, we propose a skill-
driven adaptive training approach. We build user profiles through pre-evaluation
to understand the trainees’ skill sets. We evaluate the trainees’ progress at each
training session by measuring their performances during training. Our approach
uses an optimization-based algorithm to create the next training session, taking
into consideration the trainee’s performance records and their training experi-
ence (such as enjoyment). The algorithm balances conflicting training goals (such
as being easy but boring vs. being challenging but exhausting) and adapts to
each individual’s needs, resulting in the creation of a personalized training path
to develop their psychomotor skills. By using VR, we enable a flexible active
learning environment that supports adaptive adjustment of learning materials.
Furthermore, we chose a restaurant as our running example because its workflow
is familiar to most people, with a dynamic nature which demands multi-tasking
abilities, task priority assessment, and task management. Other workplace train-
ing programs and other VR game applications can be adapted into our approach
similarly. The main contributions of our work include:

— We present an optimization-based algorithm that considers a trainee’s perfor-
mance and eagerness to adaptively generate training sessions. This approach
can be applied to workflow training in general.

— We created an interactive virtual restaurant to simulate restaurant service
tasks. This simulated environment encodes many commmon scenarios a
restaurant server faces. It also enables trainees to speak and interact with
virtual customers. It is configurable and extensible for training staff to pre-
pare for possible challenges in a real restaurant.

— We conducted a user study to compare our adaptive training approach with
a baseline training approach. The results show that our adaptive training
approach is more effective and efficient.

2 Related Work

2.1 Virtual Reality-based Training

VR training is widely applied in different domains such as retail business [30],
workplaces and factories [3,29], and vehicle control [20, 17|, because of its repli-
cability and low cost. For high-risk occupations such as first responders and
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military and medical learners [27], VR training also provides a mistake-tolerant
training environment. We refer our readers to a review on VR training applica-
tions for more details [36].

Many current VR training research focuses on knowledge acquisition through
training. For example, Li et al. proposed an optimization-based approach for
synthesizing construction safety training scenarios, allowing trainees to explore
those training scenarios to identify potential hazards [19]. Similarly, Aati et al.
developed work zone inspection scenarios for training engineers to inspect the
quality of work zone sign placement. They believe this virtual simulator is a
safer, cheaper, and more effective way to train inspectors than a field visit [1].
Shao et al. proposed an interactive-learning approach to teach American sign
language. Their approach leveraged the third and first-person views for motion
demonstration and practice [28]. Moreover, virtual patients have been widely
used for testing clinical examination interview skills in the medical field [18,
13]. For example, Tavassoli et al. presented a virtual training platform named
JAYLA to teach medical students about symptoms and severity levels of Autism
Spectrum Disorder in young children. Through encoding verbal and nonverbal
behaviors associated with age-appropriate autism into virtual patients, JAYLA
provided a new way to enhance professional training for early detection of autism
in young children [31]. Another common use of virtual patients is for training
clinicians to acquire social skills needed for clinician-patient interactions. Yao
et al. trained a classifier to identify empathy levels of a clinician’s responses
from their interactions with virtual patients and to provide feedback based on
evaluation results [37].

Since VR simulation can provide a blame-free environment, trial and error
in VR training provides a powerful learning mechanism, especially for high-risk
task training. For example, the Brazilian Navy developed a VR simulator for
training landing signalman, who was responsible for visual signaling to the pilot
and ensuring general safety conditions of the flight deck area [6]. Since this task
is often performed under stressful conditions, VR simulation training can help
relieve the burden of making mistakes. Crisis management training, another ex-
ample that uses VR as a learning tool, has been shown to be efficient in VR. By
training through a crisis in a subway station in VR, Conges et al. believed that
they could prepare practitioners for real-life crises in cities [5]. Moreover, since
VR training provides an accessible and scalable manner of training, it can help
manufacturing industry to train inexperienced workers to fill workforce short-
ages. For example, Ipsita et al. present a VR-based welding training simulator
that can be easily adapted and distributed at different scales [12]. Those works
either focus on educating trainees through immersive simulation or on the inter-
actions between virtual agents and trainees to improve interpersonal skills. In
contrast, we propose an adaptive training approach integrated with virtual re-
ality. Through tracking trainee performances during VR training, our approach
adaptively modifies training tasks and adjusts the difficulty level of the next
training session to enhance training efficiency.
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2.2 Psychomotor Learning

Skill development generally involves complex muscular movement and cognitive
control, which requires a substantial amount of practices. Psychomotor Learning
refers to the relationship between cognitive functions and physical movement.
Playing a sport, driving a car, or dancing are examples of psychomotor learning.
Fitts and Posner proposed a three-stage model for psychomotor skills develop-
ment, comprising the cognitive stage, the associative stage, and the autonomic
stage. It describes the learning process of a person in accomplishing the task
goals. The process starts from gaining theoretical information and attempting
to take actions, then gradually becoming fluent in individual actions with slow
transitions between these actions, and finally becoming capable of performing
skills seamlessly. They also pointed out an important feature of the three-stage
development model: a rapid progression usually happens in the cognitive stage
and a slow progression usually takes place towards the autonomic stage [15, 7].
It implied that trainees must take sufficient practice to achieve full psychomotor
skill developments. Adaptive training appeals to fast-paced and high-demand
work environments for training workforces to be proficient in multiple tasks in
a short amount of time.

Merriénboer et al. defined complex learning as the achievement of multiple
performance objectives and emphasized the importance of learning how to coor-
dinate and integrate separate skills to achieve goals [32]. It suggests that when
designing training for a complex learning environment (e.g., a workplace), one
should not evaluate skills separately. They should also consider proficiency in
completing tasks using skills in a coordinated and integrated fashion. In our ap-
proach we consider psychomotor skill development in our trainees; in particular,
our trainees first obtain knowledge of each task (i.e. workflow of each task) and
gradually progress through three stages of psychomotor learning. Since our ap-
proach uses mixed integer programming to synthesize training tasks targeted at
addressing participants’ weaknesses, our approach gradually increases the com-
plexity of the multitasking level. To help trainees perform, we evaluate their
performance from a complex learning perspective, that is, we evaluate not only
the performance of completing each task, but also the ability to coordinate with
other tasks through a multitasking lens.

2.3 Adaptive Training and Interfaces

Although research has shown that adding an extra layer of reality can bring
effectiveness to training, it is not easy or intuitive for VR/AR creators to encode
learning opportunities into AR/VR [2]. On one hand, many research focuses on
creating personalized digital space and improving the usability of mixed reality
interfaces. For instance, Lindlbauer et al. proposed a context-aware optimization-
based approach to automatically control mixed reality interfaces [21]. In particu-
lar, this automated process leverages users’ cognitive load and information about
their tasks and environments to support MR interface adaptation. Inspired by
this work, we track a trainee’s performance during training and leverage this
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Fig. 2. An overview of our approach. Our approach obtains the trainee’s performance
metrics from a VR training session, including the number of hints asked, the number of
mistakes made, the walking path, and the order of tasks performed. Then it leverages
such performance metrics to adaptively generate the next training session through an
optimization, aiming to help the trainee improve efficiently. In particular, it adjusts
the difficulty levels and appearances of different tasks to keep the trainee engaged with
the training.

information to adaptively generate the next training session for the trainee to
practice.

On the other hand, a few research investigates different training strategies
to improve training performance. For instance, part-task training is often used
for training sequential components of a complex task, and increasing training
difficulty is effective as long as the increased difficulty is adaptive |7, 35]. Yuksel
et al. used an increasing-difficulty strategy to adaptively teach users to learn to
play the piano with Bach’s music pieces. They measured the learners’ cognitive
workload in real-time to increase the difficulty level of the music learning tasks
[38]. Other research aims to combine multiple instructional strategies to achieve
better training results. Huang et al. proposed a system that used a combination
of macro and micros-approach for adaptation. They collected learner historical
records and real-time input to adaptively teach users to master machine tasks
[11]. The previous works focused on evaluating the effectiveness of different train-
ing strategies in music and machinery tasks. Inspired by these works, we devise
an adaptive training approach to synthesize psychomotor skill training sessions
for virtual reality-based training.

3 Overview

To illustrate our approach, we create a virtual restaurant to simulate training in
a workplace. This virtual restaurant enables trainees to speak, walk and inter-
act with virtual objects/agents in the environment. We describe the details of
the virtual environment, object manipulation, and restaurant tasks involved in
Sect. 4. By using this virtual restaurant as an illustrative example, we explain
how our approach can generate tasks to train people adaptively with respect to
skill development. Fig. 2 shows an overview of our approach.

Since our approach focuses on psychomotor skill development and multi-
tasking ability development, we formulate a trainee’s learning experience and
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training record into design objectives (e.g., workflow of a task, number of hints
used, mistakes made) as well as a set of constraints (e.g., multitasking difficulty
level). We use mixed integer programming (MIP) to solve this multi-objectives
optimization problem (Sect. 4.2) while satisfying the constraints. Given trainee
performance from the previous training session, our approach assigns different
tasks and adjusts their difficulty levels for the next training session, while grad-
ually increasing the multitasking difficulty.

Lastly, we validate our approach through two experiments (see Sect. 5). In
the first study, we compared our approach with a random assignment approach
and a Performance-Only MIP approach through performing simulated training.
The goal of this simulation experiment is to see whether our approach can train
trainees to progress more efficiently than baseline approaches given the same
trainee with a fixed learning ability. In the second study, we compare our ap-
proach with the random assignment approach by training trainees to work in
a virtual restaurant. The goal of the second user study is to evaluate efficiency
in restaurant skill development and multitask strategy skill development under
two different training conditions.

4 Problem Formulation

4.1 Virtual Environment and Interaction

Restaurant Service Tasks. A good
must excel at communication, front-of-house tasks
(e.g., cleaning up tables), time management, and also
multitasking. Thus, a restaurant service training not
only considers individual skill development but also
the ability to combine and use skills in an optimal
manner. For our virtual restaurant, we design eight
tasks to represent major customer requests restaurant
staffs need to handle in their daily work routine. We Fig.3. A snapshot of
included regular tasks such as taking orders, deliv- the “check out” task. The
ering food and checkout; and two incident tasks that trainee was about to re-
described some common accidents in a restaurant (e.g. turn the credit card to the
drink dropped, food overcooked). Refer to Table 1 for customer, who was angry
description of four major tasks. as it was taking too long.
Each task has a difficulty level and a property that reveals the characteristic
of this task. For example, the “check out” task is time sensitive because this task
requires trainees to return the customer’s credit card within a time limit, other-
wise the customer will be angry at him (see purple agent in Fig. 3). Each task
also is associated with a property value, which is used to set up constraints for
multitasking level difficulty training (see Sect. 4.3). Please refer to the supple-
mentary material for more details of each task setting. With these constraints,
trainees can practice their multitasking ability in training sessions generated by
our optimizer.
Virtual Environment. As shown in Fig. 4 (left), our 6m X 6m simulated
virtual restaurant contains four tables, one food counter, and one point-of-sale







