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Abstract. Digital motion-based games allow users to play computer games that
are controlled with body movements. They can also be used as so called exer-
games, purposefully combining exercises and games. Such computer games are
a relatively new phenomenon, based on enabling technology in low-cost track-
ing methods for game consoles that allow for affordable full body tracking. Ex-
ergames have three major benefits. First, they can raise the motivation address-
ing the homo ludens and the immersion of interactive computer software can
lead to a sustainable motivation for doing exercises. Second, they can give users
feedback on doing physiologically positive movements and aggregate perfor-
mance over time. Third, they can be customized (by adapting) to individual us-
ers. The latter is not only a great chance but also a great challenge in developing
exergames. When employing exergames as games for health, e.g. in physiother-
apy, many patients (players) have quite individual pre-dispositions and abilities.
Furthermore, depending on the reason for their condition, they might have
phases with more or less restrictions. Anticipating and adapting to physical abil-
ity and individual training goals on various time scales requires subtle mecha-
nisms that capture differences between individual users over time. We present a
structured analysis of the requirements of adaptivity, approaches for implemen-
tations, and argue for the introduction of anticipatory techniques in this context.
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1 Introduction

Motion-based games for health (MGH) are a kind of serious games aiming for involv-
ing users in gameplay that often use full-body input in order to implement interactive
physical exercises. In recent years such games received growing scientific and com-
mercial attention. These games can either address just general fitness of healthy play-
ers or specific needs for people who are in need of individual training or treatment [5,
21, 26, 32, 46].
One reason for the success of MGH is tied to the reason behind the fact that computer
games are one of the most successful genres of digital media. They address the fun-
damental human desire to engage in playful activities. The concept of the homo lu-
dens proposed by Huizinga [24] identifies game play not only as something that is
innate to mankind but also as a principle that leads to cultural evolution. If we enter
the magic circle of a game, we obviously follow a quite natural instinct [8]. The fun
of gameplay can be turned into a motivational driver for involving people in activities
with a serious background. Games for health and fitness (exergames) make use of this
fact. This is a MANUSCRIPT for non-commercial educational use only.
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In combination with new game console technology and advanced tracking methods,
games for health and fitness have turned into a mass market phenomenon. In combi-
nation with the automated feedback and the evaluation of the objective activity of the
player, custom programs and personalized sessions can be designed that act as a vir-
tual personal trainer. With this technology, not only young and healthy gamers can be
addressed. Rehabilitation patients, older adults, and people with special needs can
benefit from custom exercises with individual monitoring and feedback, especially in
situations where a therapist is not available and/or of prohibitive cost [39].
A central challenge for MGH is to adapt exergames to the specific abilities and needs
of individual users from heterogeneous target groups (adaptability) [1, 42, 43]. Recent
research and development aims for automated adaptation (adaptivity) [42]. An adap-
tive digital system can take numerous contextual factors into account, such as physio-
logical, cognitive, and situational parameters. Adaptation for such games is required
with respect to several different layers and time scales. First, there are principal, more
or less constant differences between individual users and specific target groups that
have to be addressed, e.g., the body height and other properties that do not change, or
change very slowly (such as the biological age). Second, the system has to support
medium-term changes, i.e., over several days, weeks or months, which are often
aligned to typical recovery cycles, but may also result from acute disease or acute
episodes of chronic maladies. Third, the system has to anticipate very dynamic short-
term changes and fluctuations, i.e., daily changes in user performance (a tired day,
forgotten to take a medicine, etc.). As an additional complication, these time scales
apply to multiple layers of heterogeneity (which introduce variance) that can be clas-
sified as follows: (a) the heterogeneous general application areas (such as MGH for
stroke patients, MGH for children with cerebral palsy, MGH for phantom pain, etc.),
(b) the heterogeneity within those target groups (i.e. commercial mass market and
pure entertainment games can afford to target a comparatively thin slice of a normal
distribution of their potential users, but games for health cannot afford to leave
somewhat deviating users behind and the variance with regard to individual capabili-
ties and needs can be quite extreme), (c) the heterogeneity within any individual user /
patient (e.g. with regard to varying capabilities and requirements at different times, as
illustrated above).

2 State of the Art

Exergames for physiotherapy, rehabilitation and prevention (PRP) have been a prom-
inent research topic for a decade now and the effort in scientific research is growing
steadily. Systems focus on information, explanation and teaching or active support of
physiotherapy, rehabilitation, and prevention (PRP) [15]. General exergames without
PRP focus [47] are already available on the game market. A number of studies could
prove the effectiveness of exergames for a number of target groups (e.g. stroke pa-
tients [3, 6], Parkinson¶V�disease patients [5] or older adults who face rather general
age-related challenges [18]).



Exergames involve users in a dual-task scenarios [10, 11]: they have to both act cog-
nitively in the game, learning the rules of that the game-mechanics entail, developing
and enacting strategies, tactics, etc., and to practice physical exercises. In classical
PRP such conditions are appreciated and considered to be especially effective. How-
ever, the mappings and appearance have to be designed with respect to the target
group and the needs of the user [20]. For older adults, for instance, age-related con-
straints have to be taken into account [19]. Next to an individual adaptation to skills,
the psycho-physiological condition of the user is of key interest for reaching a certain
game experience for all users [12, 33]. Automatic adaptation using modern sensor
technology can be used to achieve dual flow, i.e. matching both skills in the game and
exertion to the difficulty level of the game and the exercises [40].
In contrast to conventional instructions in PRP by exercise instruction sheets, exer-
games have a number of advantages, in particular support for motivation, feedback,
and analysis and can lead to a more efficient performance of the exercises [43, 45].
Some motivational dimensions and therapeutic effects have even been shown to be
significantly in favor of MGH when comparing to instructions by a live physiothera-
pist [44]. Another benefit of MGH is that they are always available, unlike a real ther-
DSLVW�DQG�WKH\�PD\�DOVR�VHUYH�WR�JDWKHU�D�FRQVLVWHQW�REMHFWLYH�YLHZ�RI�RQH¶V�WKHUDSHu-
tic progression. In contrast to a wide-spread misconception, playing computer games
is not an activity only for young people, but also for older adults [27], who show
growing interest in computer games that can contribute to their physical and cognitive
well-being [37, 42].
The challenge in PRP is to keep a constantly high level of effective treatment quality.
This is difficult due to several problems, in particular when patients practice their
exercises without supervision. The self-controlled adherence to the correct execution
and right number of repetitions is a dominant problem [7, 45]. Even life-threatening
diagnoses do not ensure a high quota of adherence to the exercise plan as was shown
with cardio patients [25]. Feedback, encouragement, social interaction and emotional
engagement in particular can make a positive difference [41]. Hence, exergames can
be ideal vehicles, as they can include such factors. The wealth of sensor devices for
the game market such as vision- or motion-based controllers made it possible to use
devices that were originally designed for entertainment purposes also for PRP with
positive results [17].
Next to sensing and proper game control mappings, user- and context-dependent ad-
aptation is necessary. Even though early adaptive systems were often received quite
critically [23], today many software systems successfully employ subtle adaptation
mechanisms. In particular in games, it is an aspect of balancing, that aims for level-
ling out differences of individual players [35] and allows for similar player experience
even though the skills may vary [4]. Such concepts are also discussed for exergames
[16, 38], where physiological data can be used for online adaptivity and customization
[29, 30].
User models for continuous adaptation for individual players have been proposed [34]
and used, e.g., for games for depression prevention [28]. More generic ways of adap-
tation for exergames have been discussed in recent research [21, 22], but the present



approaches are still largely reactive in their adaptivity. The following section provides
an example of a contemporary approach to adaptive exergames (or MGH).

3 Towards Adaptive and Personalized Interactive Motion-
Based Games for Health

How should an ideal MGH adapt to a user? This is a complex questions and we want
to illustrate this claim with the example of a rather simple H[HUJDPH�IRU�3DUNLQVRQ¶V�

disease patients [5]. In the game Starmoney, the patient stands in front of a monitor
and is tracked with a vision-based sensor. The task is to make wide movements with
the arm in order to follow a trace of stars that is dynamically generated. Each star that
is hit can be caught and in turn can be collected as a point for the XVHU¶V�VFRUH��

)LJ�����([HUJDPH�IRU�3'�SDWLHQWV��6WDUPRQH\��

There are basically three game-related parameters that can be adjusted:
The scaling of the mapping of the user´s hand to the position of the hand on
the screen. This could, e.g., compensate for various arm and body sizes of
the users.
The size of the virtual hand. This would relate to the required accuracy for
hitting the stars.
The only dynamic parameter would be the timing, i.e., speed of the trail of
stars.

Starmoney is a simple game with only very limited game mechanics. Other games
might have a multitude of adaptable parameters. If we consider a certain user we
could one measure the arm length or better the area that can be reached, response time
and accuracy and set the parameters accordingly. However, this will not suffice if we
consider dynamic aspects. These play a role on various time scales [42]:



During a game session: in many exercise sessions it takes some warm-up or
activation times until patients reach their level of physical ability. In particu-
lar PD patients often suffer from a remarkable stiffness that is reduced after
some activation exercises
Positive effect due to training: If the PRP is successful, the exergames can
lead to an increased performance from session to session.
Negative effect due to aging or progression of a disease: In particular for PD
but also for aging we have to expect a progressive decline of physical ability
on a long term time scale.
Individual performance variances: due to many factors the day-to-day per-
formance can vary a lot. This can be due to infections, other treatments, med-
ications etc.

These temporal aspects show that dynamical variations are a challenge for automati-
cally adapting exergames. In particular since the users themselves adapt and antici-
pate the dynamics of the system. Such co-adaption of both users and systems can lead
to mutually unpredictable effects that can be positive or negative [13, 31]. Human
adaptation to exergames has been observed in a number of commercial sports games,
e.g., for Wii Tennis, where some users after a while do not perform full arm move-
ments anymore, but rather just move the hand with the controller resulting in the same
in-game effect. Thus, if users ± either consciously or unconsciously ± learn that the
system adapts to a low performance by lowering the physical demand of an exercise,
they might trigger a spiral of succeeding easier exercises.
This negative dual-adaptive process, however, has not been observed in our studies
with adaptive exergames. In contrast to sports games that focus on a game and not on
a sustainable training effect of the physical movements, exergames with clear physio-
logical goals seem to be less prone to this effect. Patients typically state that they are
DZDUH�RI�WKH�³VHULRXV´�DVSHFW�RI�WKHLU� interaction with the system. They can therefore
be more willing to accept sub-optimal scores [42] and may be hesitant to exploit
adaptive systems. However, since it is likely that not all users are like this, it seems
advisable to implement maximal relative offsets per adjustment cycle [44] and to
boost / slow-down extreme positive or negative developments with the motivational
tool-set of game design. It also seems likely that therapists will continue to play at
least a role as sporadic advisors / supervisors in adaptive systems for MGH in order to
prevent undesired positive or negative spirals.

4 Components of Adaptive Exergames

Considering a simple overarching model and building on the work of Adams et al.
[2], in order to realize an adaptive exergame, we need to consider the following ele-
ments:

Sensors
Models for estimatinJ�WKH�XVHU¶V�SV\FKR-physical state
Adaption strategies



4.1 Sensor technologies for adaptive exergames

In order to build an adaptive exergame, the system must reliably detect the state of the
XVHU�DQG�DVVHVV�WKH�XVHU¶V�SHUIRUPDQFH�DQG�ILWQHVV��0DQ\�H[HUJDPHV�DUe vision-based
and thus the visual input is the key for tracking the user and the exercises. Alternative
tracking is often done with motion sensors (e.g. with Wii controllers or mobile
phones). Less common are sensor mats or devices like the Wii balance board. Even
less common are complex medical devices, such as gait rehabilitation devices or re-
habilitation-robotics. Additional sensors can also be used to directly get data related to
WKH�XVHU¶V�SK\VLFDO�FRQGLWLRQ��6XFK�VHQVRUV�FDQ�EH��H�J���KHDUW� UDWH�RU�Elood pressure
monitors, multiple degree-of-freedom motion-trackers, and more. In principle many
FRPELQDWLRQV�RI�VHQVRUV�DUH�SRVVLEOH�DQG�DV�D�UHVXOW�RI�VHQVRU�GDWD�IXVLRQ��WKH�XVHU¶V�

state can be measured more and more comprehensively.

4.2 Psycho-physical user models

User modeling has been a research topic for the last 20 years. Usually, user modeling
aims for classifying users in groups according to user data such as demographic at-
WULEXWHV��DJH��JHQGHU��«��RU�EHKDYLRUDO�SDWWHUQV��DFWLYLWLHV�ZLWK�DQ�LQWHUDFWLYe system).
Such methods use -for instance- classification techniques like cluster algorithms,
nearest neighbor classifiers, or neural networks. For exergames such user models can
be a starting point. However, they have to be extended with respect to physiological
and psychological aspects both reflecting static as well as dynamic aspects. These
aspects can cover as rather static factors e.g.:

Physical abilities and limitations (e.g, arP�IOH[LELOLW\��YLVLRQ��«�

Diagnosed diseases �H�J���3'��'LDEHWHV��«�

Risks (e.g. high blood pressure)
Treatment/Therapy (e.g. Exercises against back pain)
Training goals
Game-related factors (e.g., highscore)

More dynamic aspects are:
Accuracy of the exercises (on the basis of the tracking data)
Physiological data (e.g., heart rate)
Exertion (relative to personal condition)
Performed repetitions
Game-related factors (e.g., score)

According to these factors the user can be both related to other users (or prototypical
users) or to historical data and to pathological models, in order to assess training pro-
gress. In many models the user model consists of rather simple data sets. More subtle
models would not just collect flat data but include deep models. E.g. therapy or treat-
ment could be an elaborate model of an actual physiotherapeutic treatment for the
individual user.



4.3 Adaption strategy

The adaption of motion-based games for health needs to be discussed along a number
of basic dimensions such as:

Automated vs. manual adaptation
Adaptation with regard to exercise and game
Temporal aspects of adaptation
Granularity of adaptation, complexity, etc.

With manual adaptation, users have full control on all settings. Moreover, additional
persons like physicians or therapists can use adaption interfaces in order to customize
exergames for their patients. But even though adapting parameters by hand allows for
control of all settings, it has two main disadvantages: it can be cumbersome if too
many parameters have to be adjusted and dynamic changes cannot be followed easily,
thus requiring frequent updates [44]. The first issue may lead to the permissive usage
of default parameter settings and thus the power of adaptability is wasted. The second
issue can lead to precise settings at the beginning but might entail a continuous drift
towards a misfit of the parameters. Therefore, automatic adaption methods are neces-
sary. They can, in turn, be combined with manual methods. Often this combination is
used such that in early phases manual methods are used, which are replaced over time
by automated techniques that are based on observations. In particular direct manual
adaption can often be interpreted as corrections and can be used as reward / punish-
ment cues for machine learning methods that improve the automated system.
The adaptation can influence both the physical exercises and the game play. For au-
tomated adaptivity, it is necessary to define goals towards which parameters and set-
tings are adjusted. Such goals can accordingly relate to both the game play and the
exercises. In many games the designers likely want to achieve a good balancing such
WKDW� WKH� GLIILFXOW\� RI� WKH� JDPH�PDWFKHV� WKH� SOD\HU¶V� VNLOOV�� 7KLV� UHODWHV� WR� WKH� IORZ�

theory [9], which assumes that players reach a flow state that correlates with a good
player experience when skills and difficulty are well-balanced. Similarly, for exercis-
es, exertion level and exercise intensity have to be balanced in order to avoid overex-
ertion or ineffective training. The demand to balance both aspects has been formulat-
ed as the dual-flow theory [40]. Obviously both aspects are independent when con-
trasting any two persons. A player can be physically very fit but novice to the game or
vice versa.
Modeling the complex dynamic fluctuations of user performance is a very difficult
task. Advanced models will take medical knowledge into account that would for in-
stance describe the flexibility and fitness of users depending on age and diseases dur-
ing individual sessions (e.g. before and after warm-up) and between sessions (e.g. wrt.
to training goals). But even simple models that merely aim to keep the user roughly in
the double-flow state can be helpful [42].
Lastly, the goal of motion-based games for health is usually not only to motivate the
players to perform exercises momentarily, but to support triggering lasting behavior
change. In the terms of the well-established Fogg Behavior Model [14], MGH can
support both the factor of motivation, and the factor of ability, if players are frequent-



ly momentarily motivated to exercise, which contribute towards moving individuals
DFURVV�WKHLU�³DFWLRQ�OLQH´�ZKLFK�IDFLOLWDWHV�ODVWLQJ�EHKDYLRU�FKDQJH�

5 Building Adaptive Exergames

The ultimate goal of adaptive games for health would be to integrate all aspects and
components discussed above. This has not been achieved for several reasons. In par-
ticular there are not yet models that cover all temporal, physiological and psychologi-
cal aspects. The good news, however, is that not everything has to be done automati-
cally and even simple models can serve as proof-of-concept. In an adaptive version of
the Starmoney game for PD patients (Fig.1), we considered adaption of timing, accu-
UDF\�DQG�WKH�GLVWDQFH�WKDW�FDQ�EH�UHDFKHG�E\�WKH�SDWLHQW¶V�DUP��)LJ������8VLQJ�D�VLPSOH�

threshold heuristics for the motion (amplitude) of the arms, we wanted to see in par-
ticular, how the effect of an adaptive game would be over a longer period of time
[42].

)LJ�����$GDSWLRQ�SRVVLELOLWLHV�IRU�WKH�6WDU�0RQH\�JDPH��WLPLQJ��DFFXUDF\��UDQJH�RI�UHDFK�

With a small number of participants but a study over 3 weeks, we could show that the
system works and was well received. Adaptation did not confuse the users. The per-
ceived difficulty correlates with performance. The patients expected a high level of
challenge and were not very confident in their own success. The study showed that
the amplitude (range of motion) actually developed positively over successive game
round and we observed an objective increase for all participants.
In a more recent development, results from a medium-term study of exergames for
physiotherapy and rehabilitation with 30 participants in the situated context of a phys-
iotherapy practice indicated that automated adaptive versions of exergames, even
when building on simple rubber-banding heuristics, can be roughly on a par with
manually adaptable versions regarding the user performances and experience. At the
same time, therapists appreciate the adaptive versions due to the lessened need of
manual effort [44].

6 Towards Anticipatory Exergames

The approaches that we summarized in the state of the art sections and the examples
that we introduced from our own practical implementations have in common that



these contemporary adaptive exergames are still largely performance-based and reac-
tive. This means that the system reacts after deviations from a more optimal course of
developments are detected. In many cases this means that a system even made an
adjustment that worsened the situation, only in order to then readjust. Binging true
anticipation into practical adaptive MGH (e.g. by relying on more predictive user
and/or group models, likely in combination with known models for average therapy /
rehabilitation progressions and context models), might help to eliminate this systemat-
ic over- or under-shooting and produce settings progressions that meet the paWLHQWV¶�
needs much more precisely. From the perspective of a general model, this means
moving from a system based on a performance evaluation and an adjustment mecha-
nism that takes only the most recent performance evaluation into account to an ad-
justment mechanism that also takes an anticipated reaction to upcoming changes and
anticipated development into account. This follows the main aim of preventing over-
straining or under challenging the players (cf. Fig. 3).
Anticipation in relation to games for health has been discussed by Nadin et al. in the
context of the project Seneludens1 [36]. Following the focus of that work, anticipation
is a human capacity, an indicator of the fitness to adapt to changes that is reduced
with increasing age. Motion-based games can arguably play a beneficial role in retain-
ing or improving the anticipatory profiles of individual players. The view presented in
this paper highlights the potential an anticipatory component in the adaptivity of a
motion-based game system to the needs and capabilities of a user, thereby providing
an additional perspective on the role of anticipation in the context of games for health.

)LJ�����0RYLQJ�IURP�UHDFWLYH�DGDSWLYLW\�WR�DQWLFLSDWRU\�FXVWRPL]DWLRQ��

7 Conclusions and Discussion

Exergames are a very promising approach to increase the motivation and adherence of
people needing to perform exercises on a regular basis and to increase the likelihood
of achieving effective and safe exercising. The users can be healthy individuals with
general fitness goals or patients who need to do exercises as part of some rehabilita-

1 http://seneludens.utdallas.edu, last viewed: 2016-04-05



tion or physiotherapy program. Exergames generally have the potential to provide
three positive aspects, namely motivation, feedback, and customization. Due to the
playful character, motivation can be increased and thus may lead to a more sustaina-
ble training program and long-lasting adherence to the scheduled exercises. Tracking
with modern sensor technology allows for precise guidance on how to perform certain
exercises correctly. Moreover the system can use the tracking for feedback. This can
be live feedback during a training session, reflective feedback after a session and
development feedback on the long-term change in performance over longer time peri-
ods.
Adaptive exergames are an important step forward in personalizing exergames to the
needs of users. In principle, many temporal, contextual, physiological and other per-
sonal parameters can be used to either manually or automatically adapt the game
and/or the exercise program. So far we have seen some first adaptive exergames.
More subtle models will allow for more complex adaption strategies. In the long run,
we expect exergames to become reliable personal trainers that may anticipate many
factors in order to guide users through a personalized and optimized training program
DYRLGLQJ�WKH�³QHHG�RI�SULRU�PLVWDNHV´�WKDW�LV�LQKHUHQW�WR�PDQ\�FRQWHPSRUDU\�DGDSWa-
tion strategies.
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