Designing Ubiquitous Computing Systems for Sports Equipment

Abstract ties very elaborate technical systems are in use. However,
these systems are very complex to operate and difficult to
In this paper, we report on a user-centered, iterative be used by amateurs and hobbyists. Additionally, high-
design process for augmenting sports equipment withend sensor systems are, due to the high costs, only avail-
ubiquitous computing technology. In several design it- able for atheletes in competetive sports. Our focus was
erations, a fully working system for training and physio- on developing a low-priced system which is usable by
therapy, comprising hard- and software components of a broad range of people. Consequently, sports, personal
ubiquitous computing technology, has been developedfitness and healthcare are interesting domains for ubiqui-
The prime focus of the project is on user needs in thistous computing research which we want to lay the focus
domain. In a multi-disciplinary effort we first investi- of our work on.
gated what shortcomings current practices have and how  yer recent years, interesting and useful systems have

novel technologies can help to improve the experiencepeen developed showing the benefit that can be achieved
and value _for users and instructors alike. The system isfrom using ubiquitous computing technologies in these
deployed, in use and has been evaluated with a large Usefig|ys [2,[9]. Especially small-scale embedded devices

study. Based on our experience we outline general p””'equipped with sensor input enabled the augmentation
ciples and design guidelines for ubiquitous computing 54 creation of devices that allow totally new appli-
applications in the field of sports. cations. In this paper, we report on a successfully de-
ployed novel system in the field of sports and health-
care. It consists of several pieces of sports equipment
1. Introduction augmented with sensors, communication and processing.
By recording and monitoring exercises and by provid-
ing audio-visual feedback, new experiences can be cre-
ated. The technology enables users to see how well they
perform their exercises and helps to correct and opti-

Integrating computing and communication technol-
ogy into sports equipment offers new opportunities for

creating novel devices and equipment with enhanced” . S o . o
9 auip mize their training. Monitoring and visualizing advances

functionality. Our research indicates that using technol- . . "
. inform and motivate users. Additionally, the automated
ogy probes/[B] and an extended user centered design pro-

cess allows the design of ubiquitous computing sportsContinuous feedpack eases the task of physiotherapists
systems that have an immediate and lasting impact. Bya.Ind CO"’_‘CheS as '.t reduges the need fqr .human-lnterven-
. , tion. This makes it possible that the training devices can
having a focus on users’ needs throughout the develop- . -
ment and deployment phase and by involving all stake- be used with less supervision and hence at lower cost.
holders during the whole project, could a valuable and  The goal of our research was to assess how a trans-
easy to use system be developed. By supporting commorier of pervasive computing technology into a real-world
usage patterns and integrating the new technology withScenario can be made possible. The challenge here lies
existing infrastructure, the various technological compo- i making technology work when used with and by real
nents deployed sum up to more than the mere parts td°e€ople and not only in a restricted laboratory scenario.
form a successful end-user system. The key to successMost current pervasive computing systems do work per-
ful development and deployment is to respect and ac_feCtly in a |ab0rat0ry situation but fail when taken out
knowledge the social and technological context of the into the real world. We therefore show how such a pro-
application domain and the resulting specific require- ¢€ss has to incorporate the stakeholders during the devel-
ments. This, though being taught in requirements engi-OPment process. We explicitly chose a scenario where a
neering for many years now, is often neglected in ubig- elatively simple technology like a wireless sensor node
uitous computing projects. Additionally, in ubiquitous With acceleration sensors can be used to create a mean-
computing, various specific aspects to software engineeringful end user system that can be deployed and main-
ing arise. Those specific patterns that we took into ac-tained by ordinary people and users.
count in our work, are discussed by Landay et.[all [11]. The contributions of the paper are as follows. First,
In competitive sports and professional training facili- we report on the positive experiences with technology



probes and an extended user-centered design proces2.1 Central Elements of the Design Process

We show how a requirement analysis was done and re-

port on the iterations to actually build the final system.  We used different methods and tools during the itera-
We demonstrate that knowledge transfer within the inter- tive design process. In particular, the following elements
disciplinary project team is highly necessary and can beare of interest and proved to be important for the success:
achieved.

Second, we describe technological aspects of the de 1.1 Technology Developers Learn About the Do-

ployed system, report on how the system was integrated main in Depth
into the existing infrastructure and explain the lessons we
learned in this process. Even though the development took place in a multi-

Third, we report on a two-weeks continuous user disciplinary team, it was invaluable that members from
study with 47 participants doing 100 training sessions €ach discipline had an in-depth understanding of the
in a large sports school. The study confirmed that novel other fields. To understand the application domain one of
technologies, if they focus on the users’ needs, canthe computer scientists regularly attended a sports school
achieve great acceptance with users and operators an@S ‘Customer’ and ‘user’. This was done before the start
that new technology needs to reach a high level of func-0f any development in the project for a period of more

tionality, beyond the prototyping stage, to be meaning- than three months doing regular sessions. This gave the
fully assessed. computing researchers insight in how people are taught

field of ubiquitous computing in sports and healthcare. ©''S and trainees were conducted looking for problem do-
mains where improvement would be welcome. During

this time, informal interviews with different stakeholders
were performed. This input was essential for the technol-
ogy developers to gain an understanding of the applica-
In the anonymizegroject [14], we explored options  tion domain and the work processes. Gaining knowledge
for the development of ubiquitous computing systems for i the domain helped to shape technology solutions, as
sports. The overall philosophy was to focus on stake-the experience gathered influenced many (small but cru-

holders’ needs while developing the best possible tech-cja)) decisions that had to be taken in the course of a
nical solution. To achieve this we consequently followed pgject.

a user centered design process that was extended by the

use of technology previgws and tgchnqlogy probgs. TheZ.l.Z Technology Preview and Technology Probes
development was done in several iterations, creating pro-
totypes of different fidelity. These have all been deployed To communicate the potential of available technology,
and tested with users in the real use environment. Duringseveral demonstration systems were used. These tech-
the process a multi-disciplinary team of physiotherapists, nology previews — either quick 'hacks’ or systems de-
sport coaches and computer scientists were involved.  veloped in previous projects — outlined basic function-

It has been a basic principle of our approach that dur-ality, such as real-time data capture with sensors, wire-
ing the whole process the interests of user and stakeless data transmission, and real-time visualization. Plac-
holders drive the development. We identified all potential ing the technology in the context of the application do-
stakeholders before any development to make sure thenain inspired the non-technical members of the team and
system can be evaluated according to the special needs afhowed them restrictions (data sensing and communica-
ubiquitous computing systems, as discussed by Scholtzion, etc.) at the same time.
et. al [15]. The objective was to build a system that was  Giving some technology parts, even if not handled
suited and customized perfectly to their respective needperfectly, to a domain expert proved to be very valuable,
and based on the latest technology available. The ad-as in further discussions they referred to what they knew
vances with regard to the technology were rather on thewas possible. We did not include end users in this process
system architecture side with the basic technology com-because to understand a specific system after only see-
ponents used as vehicle to achieve the goal — a workingng a crude technology preview requires an in-depth and
and widely deployable ubiquitous computing prototype. rather abstract understanding of the processes and goals.
The overhead necessary for our extended design proces®ur experience showed that many users at the school
is significant but results justify its employment. lack such knowledge.

2. Development Process



2.1.3 Paper Prototypes and Mock-Ups tem. Packet-loss and communication delay in the wire-
less sensor network used to acquire sensor data can be
Pa‘?er protot_ypes and mock-ups were used as COMMUNIE, ckled in multiple ways. In our example, designing a vi-
cation tools in early phases of the c_le.velopment. ,Usmgsualization that is robust against a certain amount of data
paper prototypes proved to be an efficient way for infor- loss was one solution which came naturally in the itera-
mal system specification and to document requirementsy; o design process as the iterations in the visualization

As all parflmpar_us C_OU,Id equally influence t_he appear ,qre quicker than in the development of network proto-
ance and ‘functionality’ of the prototypes, this methods cols

allowed a truly multi-disciplinary development. Non sur-

pr|s.|nglyz th'.s worked especially well for issues related comprised of the following parts: creation of an idea for

to visualization (hardware and software) and documenta- . . . e

. . i a design or improvement of a design, specification of

tion. It was interesting to see, however, that these meth- . : .
- ; . . .__the requirements and assessment of the technical feasi-

ods have limits when it comes to integration and real time

. . . . bility, feedback from the whole project team on the spec-
functionality. Here a great level of abstraction is required ...~ . : .

L ification, prototype or implementation, demonstration or

to see how such prototypes work. It seems that this is eas-

. X . deployment in the real use environment, and evaluation.
ier for technologists than for the other people involved. : .
This approach can be compared to agile software devel-

opment in standard software engineering.
2.1.4  Functional Prototypes At the early iterations the system was built on stan-

Throughout the project we developed functional proto- dard hardware, ha_rd!y |n.tegrated with the t arggt envi-
ronment and very limited in scope and functionality, but

types with different fidelity. Depending on the investi-
YP d P g functional. In later stages specific hardware was devel-

gated question and the target audience, these prototypeéJ . . NN .
ranged from simple demonstrators highlighting a single oped, integrated with the existing infrastructure, and with

issue to the final fully functional prototypical system that ?n i X;entd;d fl: nc-tlor_wallt)t/{ Eyen tr}OUQP funlctlontalltyfwas
is integrated into the existing infrastructure. Neverthe- imited at the beginning, having a functional system Irom

less, we learned that providing real functionality is es- the first step on was important. One very positive effect

sential to assess experience, especially if it is novel. For'/as tf;}e h'|gh met'V?,t on Iachliaved within the team by al-
demonstrators and simple prototypes we used Flash. invays having a functional system. i )
Flash the graphical elements can be defined and changed Ease of use, for all the people dealing with the system,

very quickly which allowed the rapid prototyping of the was a central issue during all |.t¢rat|.on§.. Some user'fea—
user interface and the exploration of different options for tures, that increased the usability significantly, required

the visualization the integration with the infrastructure. Therefore there
Low level functionality (e.g. acquisition of sensor was often a question of priorities what features to in-

data) was developed early in the project and remained bapIUde at what effort. Here, qur target was t? choose the
sically the same throughout the whole development pro_parts that allowed the best improvement with regard to
cess. It was very valuable to have developed these comEhe user experience from step to step.
ponents early in the project and to provide an easy to
access interface to have the data available for prototyp2-2 Augmenting Sports Equipment
ing. We used a wireless sensor network platform for data
acquisition and sockets for communication. As the initial goal was to assess how ubiquitous com-
By having functional prototypes, the experience and puting technologies can enhance the users experience
usage becomes very realistic and people using the systerwe did not know beforehand how the project would be
come across more issues than when just thinking or dis-implemented. There basically were two options to use
cussing about it. Issues like privacy surfaced only when technologies: either augment the human or augment the
people used the system, not when they just reflected orequipment. After the observations and interviews in the
the potential use of a system. early project phase it became apparent that following the
second approach, augmenting sports equipment, is the
more promising way to address users needs. Augmenting
the user immediately raises issues related to safety, pri-
Having quick development cycles was important as in vacy and comfort; additionally, there are already various
ubiquitous computing systems many components havedevices available in the mass marked (e.g. pulse monitor-
an impact on the experiences created with the overall sysing).

Each step in the iterative development was usually

2.1.5 Iterative Development



To decide which equipment to augment with highest of the training giving advise when the angles are correct
priority, a set of interviews was conducted. It was of par- and when not. Having continuous feedback and long-
ticular interest which devices where used most often in term monitoring of improvement appeared as one area
training by a wide variety of people. Additionally, it was where introduction of technology could help to improve
investigated where users had difficulties during training, the users experience.
especially with the devices used so far. The following e also investigated the other training devices shown
four devices fitted these criteria: Therapy Top (see Fig. in Fig.[] which are all used during regular training. We
[), Tilt Board, Shift Board, and Synchronous Training opted for the Therapy Top as it was the mostly used piece
Machine. We augemented all of these training devicesof sports equipment and can be used for more purposes
but will only present the process for the therapy top in than the other investigated training devices.
this paper.

2.2.2 Training with Equipment

Our observations revealed that for most of the equipment
used in the sports school a typical process can be ob-
served. The user is instructed by a trainer how to use a

(&) Therapy Tops certain piece of equipment. This usually fits into a larger
set of exercises designed for a particular person for a cer-
Figure 1. (a) Two therapy tops are shown. (b) tain goal (e.g. regaining full flexibility of the ankle). The
The Synchronous Training Machine is used description of the exercise changes over time depending

to bend and straighten the legs. The length he ad f1h
of the foot bar and the weight determine the on the advances of the user.
difficulty of the exercise. At the beginning, the instructor provides a lot of feed-

back, but over time the user is expected to understand

the exercises and training process and less feedback is

provided. Depending on the equipment, training is also
2.2.1 Therapy Top done at home (e.g. with the therapy top). In these cases

The therapy top is a widely used piece of equipment in (€ user gets no feedback at all.

the sports school that we investigated. 70% of all peo-

ple use it for training or rehabilitation purposes. Techni-

cally it is a disk with a diameter of about 40 cm that has 2.2.3 Prototyping Augmented Sports Equipment

a rounded bottom and a flat top to stand on, see[Fig. 1.

There are more than 30 regular exercises that can be dont the course of the project augmented versions have
with the therapy top (see the case study for details). Thisbeen created for several of the devices described above.
includes exercises for beginners and advanced users, inThese have been deployed and evaluated. In the next sec-
volving one or more feet on one or more therapy tops. tion we show how the therapy top was augmented in de-
The therapy top is used in sports schools, physiothera-ail.

pist practices and at home for several reasons, some of

them are:
3 Case Study: Therapy Top

e improve the equilibrium sense

e improve muscle disequilibriums in legs and ankles  After an initial study on potential candidates for a
novel augmented piece of sports equipment, the therapy
top was chosen. In an extended user centered design pro-

e muscle training in knees, backside and waist cess we created an augmented version of a therapy top.

As introduced before, there are many different exercises

The difficulty in using the therapy top is to accom- that can be done with the therapy top of which some are
plish complex movements while checking that the move- described in the table in S€c, 3. More exercises along
ments are correct (e.qg. the tilt angle is correct). Currently, with short video demonstrations can be viewed at the
these checks are done by an instructor at the beginningroject page aanonymizefd4].

e convalescence of patients after accidents



ments analysis. This enabled us to quickly identify prob-
lems during the development, to correct the approaches
e simple balancing (standing) on the therapy top and to keep the goal of a usable end-user system in mind
during the whole project. We derived a basic set of de-
velopment goals. These included:

Beginner’s Exercises

standing on one leg on the therapy top

knee-bends with both feet on one therapy top

go from normal stand to tiptoe stand o ) o
3.2.1 Data Acquisition and Visualization
tilting (seesaw) backward and forward with both feet on on

therapy top The orientation and tilt of the therapy top should be cap-
Advanced Exercises tured by a wireless sensor platform as any cable con-
e circling with one foot while tilting with the other nected to the therapy top would be hindering, if the cable

would wind up around the top while circling.

e tilting forward/backward with both feet placed behind each . . .
The delay between sensor acquisition and visualiza-

other tion should be minimal to allow for a direct feedback for
o tilting left/right with both feet placed behind each other the user. Any noticeable delay would have made the user
e tilting left/right (counter-clockwise) with both feet placed ~ Wait for the visualization to update before he could have
behind each other continued his exercise. This would have rendered the sys-
tem useless. The visualization should be able to also vi-
3.1 Medical Background on Therapy Top sualize any boundary violations like insufficient tilt angle

or tilting over one side during the forward/backward tilt
After injuries of the ankle, a training to improve the exercise.

proprioceptive functions and to strengthen the muscles
acting around the ankle is highly recommended. The
therapy top is a typical device for performing this train-
ing. Due to the range of motion an ankle makes possible, p yith the normal exercises, users get their training plan
we have certain muscles that have to be trained. Theseynq tend to carry them with them all the time during their
three muscles belong to a group of muscles which areyaining. Information like exercise type, number of it-
used to move the toes upward (dorsal flexion). Knowing grations and sets are associated with this plan. For this
about the anatomical structure of the ankle, we distin- yrinted training plan, there exist exercise definitions in
guish two axes of rotation. Subject to the point of ap- he sypport system of the sports school. This system cur-
plication of the muscles, it provides us the function of \enyy Jacks the ability to define the extended exercise
the muscles crossing the ankle joint. According o this 5 ameters. Therefore a special editor was developed.
they are not only responsible for dorsal and plantar flex- Te gata storage format for the exercises is XML which
ion, but also allow for pronation of the ankle. After an .4, |ater be easily integrated within the existing training
injury of the ankle joint complex, the joint is normally  pjan software. Training data, raw and preprocessed for

fixed by a strong bandage or by a cast. This external statne training visualization, are stored as XML so they can
bilisation leads to inactivity of the muscles surrounding pe ysed by this proprietary system, too.

the ankle. Thus it is necessary that an appropriate train-

ing program improves the function of these muscles. The

right training process can show adaptive hypertrophy for 3.2.3  Functional Requirements
these muscles. While moving on and with the therapy
top, the effect is not only an adaptive hypertrophy but
also an improvement of the control for the muscles. We
call this a proprioceptive training.

3.2.2 Exercise Definition and System Integration

The minimum functional requirements to a meaningful
deployed system were defined together by domain ex-
perts in medicine, rehabilitation, coaches, users and tech-
nologists. Only by several joint sessions of all the in-

3.2 Overall Development Process and Goals volved stakeholders, we were able to derive this list.

e data sampling rate of about 50 Hz
The overall development process consisted of several
iterations of visits to the sports school, interviews with
coaches and users, discussions on the current prototypes, ¢ tilt angle calculation
problem identifications and an update of the require- , angular data accuracy of at least 3 degrees

e long-term data storage



¢ audio-visual training support using pre-recorded videos captured, independent of the exercise done at that mo-

e near-realtime training visualization ment. An even distribution of the data points showed that
L , the exercise was smoothly done in the case of the circling
e authentication support and per-user profiles .
exercise.
3.3 Technology Preview, Mock-Ups and Paper ,
Prototypes '—]
Before any technical implementation, the physiother- &) i.___,?‘ s \
apists and coaches were shown a sensor data capturine = ", " o
device. We used the sensor technology already developec
for theanonymizedProject[14] and the race game appli-
cation developed for it. A small program visualized the =T
orientation and state of a physical object. The simultane- . stindoar
ous demonstration of sensor device and visualizing ap- . /| | | i/ e -
plication helped to create a deeper technological under- v 7 )
standing. s i

Along with this hardware, several paper prototypes
of potential applications related to the therapy top were
discussed. These mock-ups included drawings of a vir-  Figure 2. Discontinued (left images) and final
tual therapy top and angular and tilt values and a game VErIJ?VI\llgaitrlggse(sn)ggtn ('jn}ﬁgﬁs) J)?crar(c::lirs(,:élgg(lc()l\j\%r
which could be controlled by a microcontroller. It was PWO images).gFeedback frO?n the development
explained that if this was included in the therapy top, process resulted in major improvements to
children could playfully do their exercises while actu-  the inital version.
ally performing their training.

Presenting the people involved in the design team with
a technology preview was essential to make them un-
derstand what is technologically feasible. Combining an
understanding of technology and domain-specific back- o o ) )
ground in sports and rehabilitation, we could determine This visualization was discussed in a scheduled meet-

the key parameters, presented in §&c. B.2.3 that would bd"9 Of the stakeholders. It was found that displaying a
necessary for a meaningful system. large number of circles and data points would be distract-

ing for the user. Therefore the visualization was changed
3.4 First functional Prototype to display only the last circle. Initial and final visualiza-
tion are depicted in Fig] 2. In the last iteration, the circle
We used Flash for visualizing the orientation of the was partitioned into sectors of 30 degrees. These were
therapy top during our initial meetings as it allowed us to colored if any data was received in this sector. It is pos-
quickly prototype user interfaces. sible that no data at all is received if e.g. the user sim-
The C program for sensor data acquisition remainedply does not enter this area or if RF packet loss is too
basically the same throughout the whole developmenthigh. The color of the sector is either red, yellow, green
process. It simply gathers acceleration sensor data anar grey. The whole data for a segment is analyzed before
transmits it via radio-frequency (RF). The iterations were coloring takes place. Green here means that the user a)
concentrated on a better bandwidth utilization of the entered this sector and b) kept within the defined parame-
available RF slots. ters for the exercise such as the maximum and minimum
The first version of the graphical user interface re- tilt angle. Yellow means that the user kept most of the
quired manual input of the users name and exercise patime within the defined boundaries. Red finally means a
rameters (e.g. number of repetitions, start direction (for- substandard performance in this sector. The initially grey
ward/backward or left/right) and minimum and maxi- sector stays grey if no data is received at all. This variant
mum tilt angles). This version used a standard laptop (noallows for easy judgement of the current exercise quality
touch screen) as well as mouse and keyboard for data enwith a minimum of cognitive load and attention required
try. The initial visualization (see Fi§j] 2) used one circle by the user. For this reason we did not represent the cur-
for each circle or tilt made with the therapy top, display- rent tilt angle as length of the arrow (a longer arrow rep-
ing small points at each angle where sensor data weraesenting a larger angle) either. The current circle is up-

3.5 Development Cycles



dated in near-real time to allow for a fast feedback. Thus, now included in our system. To allow data capture unre-
the trainee is able to determine what was right or wrong lated to specific exercises, which is important for the fu-
with the last iterations of the exercise and can more easilyture research (see S&2), we added a test mode where
adopt his training. up to two therapy tops (at maximum one per foot) can
At the beginning, we only visualized the incoming be used for arbitrary exercises. The time from data cap-

data as described above. We soon added a judgment dure to visualization is about 50 to 100 ms. This small
the exercise quality per circle, but this was rated con- amount of delay is nearly unnoticeable, especially when

fusing by the users. Following completion of the train- "€ally standing on a therapy top and performing the exer-
ing set an overall performance statement was given, pro-CiS€s: ThI.S aIIow; for easy adaption and improvement in
viding motivation and overall feedback such as 30 % the exercise quality.

of your exercises were correct. This proved to be suf-

ficient for the users. The coaches and physiotherapists3.6 ~ System Description

get a per-circle judgement along with a per-circle visu-

alization in their visualizing application. This different The knowledge gathered in the many joint discussions
visualization for users and physiotherapist became pos-and prototyping iterations resulted in the final system
sible after the inclusion of long-term data storage. This which we now describe in this section.

lead to a development of a specialized tool where the per-

patieljt anq per-exgrcise information pf previously stored 361 Hardware

exercises is visualized. By using this tool, the physio-

therapists and coaches are able to completely review allThe platform used for sensor data acquisition is the Par-
training sets within a minimum time and no direct su- ticle Computer platform [[5,17.]12]. With sensor and RF
pervision and annoyance for the trainee. By using their usage, the power consumption is about 80 to 100 mA
domain-knowledge together with the sensor data, they(peaks). For sensing, a three-axis acceleration sensor is
can detect potential problems of the user, e.g. if he is notused. The microcontroller is powered by two batteries
able to smoothly circle around due to reduced sinews in(2.4V, 16.000 mAh) providing a runtime of about a week
the legs or other potential problems. We found that their at maximum power consumption. By using the micro-
trained view at the visualization is also superior to any controller’s sleep functionality when no system usage is
low-level interpretation logic. Therefore, no automated detected, we obtained a run-time of over a month without
problem-recognition logic was added. But this could be any maintenance.

a potential improvement for future system development.  This low maintenance is especially important for the
The initial versions were developed on a standard per-yser study and the deployment. Space is not a critical
sonal computer and demonstrated on a laptop. For reatequirement as in the wooden therapy top there is enough
world deployment, we chose a touchscreen as this is easspace (see Fig] 1 (a)) for a cubic hole of 8x8x8 cm for
ier to use while doing the exercises. batteries, sensor and microcontroller.

An easy-to-use graphical profile editor was developed ~ The complete hardware setup for training and rehabil-
allowing the physiotherapist to select users, define exer-itation is shown in Figi[3. Mouse and keyboard are only
cises for them and also to define new exercises. Alongused for starting the computer.
with the exercise parameters, a video can be added. This
a_IIows the user to review his next exercise. The exer-g ¢ 5 System and Software
cises were conducted by an expert coach and videotaped.

Users of the sports school already possess a RFID card’he sensor data is transferred from RF to the local subnet
which is used to authenticate them at the entrance of theby the XBridge. A Java-based packet handler provides
sports school. To allow users to simply start their train- the data to the Flash application for visualization. It also
ing, we added an RFID reader to our system. Now all stores all data in raw format. Additionally, it notifies the
necessary user data are retrieved at system logon. No furvisualization component when a user authenticates him-
ther input is required. The user is also greeted by hisself to the system. The Flash application then loads the
name and given an overview of his current exercises.stored training plan for the users. Before any training,
Currently, most people in the sports school carry their the user reviews his current training plan, as he would
printed training plan with them as it is hard to remember have done with his printed plan in his hormal training.
the exercise parameters (weight, number of repetitions,He then can view a pre-recorded video of the current ex-
etc.) for a large number of different machines. This is ercise which was performed by a trainer. He now can
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() System setup for reha- (b) System setup for nor- Figure 4. Architecture overview. Sensory in-
bilitation mal training put from augmented sports devices is trans-
mitted via RF to the infrastructure, collected
and preprocessed by a UDP-to-TCP Java-
Figure 3. (a) The chair can be swung in for based application and finally made available
patients recovering from an operation and to the visualizing Flash application.
who cannot stand on a therapy top. All other
users can exercise with one or two therapy
tops within the steel frame. The round bars
at the side provide safety in case of a stum- but taking into account the relative position of the tops to

bling or falling. (b) For normal training, two each other. If in the profile editor the placement is defined

Lhneﬁg ég‘éﬁ ?g& b‘lghgsterzginail:\éhgqi?r;nrﬁemnig e.g. as 'left one before the right one’ this is reflected by

surrounded by the steel construction provid- the visualization.
ing safety for the person doing the training. The position of the touch screen can be adjusted in
The RF receiver is located at the right side of height and tilt. This allows users to view their training at

the black cupboard. The RFID card reader is

mounted on top of the touch screen a comfortable angle within the supporting structure de-

picted i 3. This is especially important for rehabilitation
patients that are required to sit down for their exercises.

start his training. After each exercise, he can wait an ar-
bitrary time to recover. The two images on the right side

of Fig.[4 show screen shots of the final visualizing com- The data storage format for raw sensor data, pre-
ponent. After training completion, the application briefly processed sensor data as it is used in the visualizing
gives feedback on the training. It then waits for the next component as well as the exercise definitions, is XML.
user. By using this format, a quick integration of the devel-
With the visualizing component, the coaches can gped components in the existing system of the sports
quickly review all training units done with the system. gchool is possible. The application that now generates
By its easy and straightforward visualization of complete the printed training plan can easily be extended to pro-
exercises and sets, problems can quickly be discovered.qyce the XML for the respective exercise. This allows to

A graphical editor allows the physiotherapist or coach continue the usage of the developed system in practice.
to specify new exercises along with restrictions, e.g.,

that two therapy tops must be used and they are to ro- .
tate counter-clockwise. The editor allows to add new ex- 4 Study and Evaluation

ercises, video inclusion, new users and manages user- ] ]
exercise program relations. This editor has been devel- Ve évaluated our system in a sports school with 47

oped in Java and uses XML as data storage format. participants over a two-weeks time frame. The partici-
pants completed 100 training sessions with our system.

We had in total 21 female and 26 male participants, the
youngest was 18 years old, the oldest 64. The training
The system’s graphical user interface for exercising is sessions took part in a separate, private room within the
depicted in Fig. . Circle and tilt exercises using one ther- sports school to prevent interruptions by other people. In
apy top are shown in the two rightmost images. For exer-the following, we concentrate on the results of the evalu-
cises with two therapy tops, they are visualized similarily ation of the therapy top.

3.6.4 Integration

3.6.3 Visualization



The participants performed one to four training ses- the trainers for a re-demonstration. They stated that this
sions with our system. 42 participants were regular cus-seemed necessary for them only when doing new exer-
tomers training at the sports school. Five were trainerscises. Also, the problem to them was not understand-
who will be using the system later in their regular work. ing what to do, but to do it themselves. The minority
As part of their training plans, all participants had a num- (27%) of the participants judged the correctness of their
ber of exercises with one or two therapy tops. From their training as good or very good. This illustrates the diffi-
training plans we derived four sets of the most common culty of selfjudgment of the exercise quality. Nearly all
exercise combinations. Those exercises were stored andf the participants stated, that they have already been cor-
associated to four RFID cards. Participants were alreadyrected by a trainer more than 2 times. 92% of the partic-
familiar with those cards as they are used for access conipants stated that they always didt ask for support if
trol to the sports school. they were unsure whether they were performing the exer-

The 100 sessions took from 10 to 15 minutes each,cises correctly. Also, most people would not like to have
depending on the training program and the rate at whicha trainer present when they were exercising. To them
the participants did the exercises. The training units with it was enough that trainers were available and making
our system were done during the participants’ regular their rounds through the sports school. On these regu-
training avtivity to ensure real training conditions. All lar checks the trainers revise incorrect execution of exer-
raw sensor data gathered during the sessions was storedises. Issues for not having a trainer present were ‘I do
We additionally videotaped a random selection of partic- not like to be watched.” or ‘I know in principle how |
ipants, resulting in 10 hours of video documentation. 32 should do it, but | do not get it right’.
of 47 participants returned the distributed questionnaires After we explained the system to them, the partici-
on time. We did not force an on-site return as participants pants were doing one of the four defined exercise sets.
stated that they wished to finish their regular training or Each set of exercises comprised 3 different exercises
did not have their glasses on in the sports school. each which had to be done twice with 30 repetitions of

each time.

4.1 Pre-Study Interviews
4.2 User Study Accomplishment

For the evaluation, we interviewed the participants
with a structured questionnaire to get background infor-
mation, especially on their reasons for doing exercises
with the therapy top and what problems they had with
it. We were also interested in how many different exer-
cises the participants were doing regularly and for what
time period. We also asked them how they judged the
correctness of the exercises they did and if they inquired

Participants were first demonstrated and taught the us-
age of the system:

e Authentication using an RFID card

e Reviewing the training plan (exercises, repetitions
for each, amount of sets to complete) on screen

for help if they were unsure or if they would like to be
supervised at all or at certain intervals to improve their
exercise quality.

The reasons for doing exercises with the therapy top
were muscle build-up, improvement of the equilibrium
sense, rehabilitation, injury prevention, improvement of
the coordination capabilities and the motoric apparatus.

Common problems the participants stated to have
were waggling over one side when tilting instead of tilt-
ing exactly over the middle, not completing whole circles
during the circling exercises or not doing the exercises

constantly. These issues can be addressed by our system.

Problems we cannot address are skidding from the ther-
apy top or moving the therapy tops apart while doing two

therapy tops exercises. These problems are due to the na-

ture of the exercises and the training equipment.
36% of the participants stated that they already asked

e Pressing the start button. For each exercise, a de-
scription of what to do and potentially a comment
on how to achieve good performance was displayed.
Before each exercise, there exists the possibility to
view a movie of about 5 to 10 seconds where a
trainer performs the current exercise. When people
were ready, they placed the therapy top(s) in a con-
venient distance to the screen, potentially adjusting
tilt and height of it. Then they mounted the therapy
top and started exercising.

e While they were exercising, the user interface dis-
played a representation of the circle (see Fjg. 2) on
the screen.

After finishing the repetitions for the exercises and
completing the set of exercises twice, the applica-
tion was returning to the authentication screen.



e Now participants were shown the visualization of O [Ecan do wihout sapervivin
their training, using a second application. Potential 2 | s s of o
problems, e.g. waggling always over the left side in
the tilt forward/backward exercise, were discussed
with them. This could for example indicate a mus- I —
cle disequilibrium in the legs. From the informal o P .
talk with them we were surprised that people stated o ) ' o
that trainers previously discussed the very same is-  Figure 6. User study results for the following

sues with them when they were handed their training ~ guestions: training without supervision, us-
plans ability of the GUI, error awareness.

4.3 Results
therapy top themselves is completely invisible and just
We evaluated the system with the following key crite- Signals operation by a blue LED underneath a cover.
ria in mind: We asked people if they would find a cable as appro-
priate. Most of them judged a cable as hindering and ob-

. 5 _ age _
* Doesthe system give enough feedback’ trusive. A cable would limit the possible placement of the

e Can the users improve themselves with the system? therapy tops. Also, a cable would wind itself up during

« Is the training more satisfactory to the user? the circling exercises which would limit the usability in
large parts.

* Can training be done without any supervision’ The possibility of watching a pre-recorded video of

e Is the user interface intuitive and usable? a trainer doing the exercise was rated as only partially

meaningful. The most often named reason by the partic-

_ _ ipants was: ‘| know what | am supposed to do and how
Thg festf'ts we der[ved fpr these questions from ourp ¢ simply do not get it right’. This was especially men-

questionnaire are depicted in Fig. 5 and Fig. 6. We usedijoned in conjunction with the first exercises for the peo-

a Likert scale with five options to assess these crite—p|e on the therapy tops and also with more advanced ex-
ria. Depicted numbers above bars are the absolute numg,cises.

ber of people with respective opinion. Results show that
all important issues were addressed properly. The sys
tem fulfils the users’ expectations towards a computer-
augmented therapy top system.

e Do people become more aware of the errors they make?

We got interesting feedback from the trainers. They
'said that the possibility to define the tilt angles was a
very good thing. Most people tend to just tilt back and
forward very fast and not in a controlled manner. Defin-
ing tilt angles that are reasonable below the maximum
tilt that can be accomplished with a certain therapy top
could make people more aware of correct exercising if it
forced them to stop the tilt movement at this angle.

We built the steel frame around our system to provide

10
I cnough feedback

25| | I self-improvement possible

| more sal ing training

‘ e et ] safety to our participants. In their normal training, they

moaplydlagres  digree  undecided  agee shongly apes look for a free place nearby a training machine where
Figure 5. User study results for the follow- they could get hold. if something goes wrong, e.q. if they
ing questions: system feedback, user's self- topple over. The dimension of the floor frame of 1.5 m
improvement and more satisfying training X 2 m was chosen as appropriately large. People stated
with audio-visual feedback. that by visualizing the boundaries of the exercise place,

they were more aware of incorrect exercising if they rec-

Participants stated that training with the audio-visual °9Niz€d that they needed more space.

feedback of our system was increasing their motivation

for doing therapy top exercises. This surprised us as peo4.4 Improvements for the Therapy Top System

ple also stated that they in general disliked the therapy

top exercises. Although the system was fairly well advanced and had
The electronics and system components were rated aso break down while in use, some issues still have to

unobtrusive by all of the people. The electronics in the be addressed for further development. Some participants



positioned two therapy tops mirrored compared to the vi- exercises is subject to the Fizzees projectl [13]. The
sualization and did not notice it for a complete exercise. sensor system here too is used only as vehicle to achieve
Also, going in wrong direction with the circling exercises the overall goal of improved fitness.
was not always recognized by the participants, despite of The electronics used and the architecture for com-
the arrow in the visualized circle. This needs to be ad- munication sensor data to Flash developed in the
dressed, ideally the next version of the system would de-anonymizedProject [14] helped us during system
tect this and automatically give audio-visual feedback to development.
the user. Technology probes [6) 8], as used by us during the de-
Especially for the circling exercises, people tend to lift velopment cycles, are an effecive method for assessing
the heel as this makes circling at the back half of the ex-the needs and wishes of end-users in real-world settings
ercise easier. A pressure sensor could help make peopland to develop a common understanding on the poten-
more aware of this problem. tials of the technology. They also are able to foster the
Also, a gyrosensor instead of the accelerometer couldusers’ creativity to come up with new ideas.
supersede the correct placement of the therapy tops be-
fore the exercises, namely in a way facing towards the
screen, as especially tilt exercises would otherwise be vi-
sualized in a wrong way with current system. Though, Guidelines
we did not mention the fact that the placement is critical,
people did it correct nearly all the time. This is owed to  The following 3 issues summarize central findings of
the fact that people placed the therapy tops in a way theyoyr project. For the introduction of pervasive technolo-
could read the number on the plate and an arrow on thisgies into new domains, and especially in sports, we rec-
plate was directing at the screen. ommend to take them into account.
For a home scenario and to facilitate the data trans- |5 particular we recommend: Gain a deep and com-
mission as well as to pass the bandwidth limit, we are prehensive understanding of the application domain Fol-
currently exploring switching to WiFi or Bluetooth data |qy 5 user centred and technology driven approach Work

transmission. This will reduce the need for a specialized,yith short prototyping cycles an deploy functional pro-
reception component, too. totypes

6 Lessons learned, Recommendations and

5 Related Work 6.1 Understanding the Domain

Sensor support for competitive athletes is nowadays The changes to systems and overall processes that
very common, for example in football or in skiing [12] are induced by pervasive computing can be massive. For
or Taekwondo([3] and used for independent judgment of successfully applying pervasive technologies in new do-
the athlete’s performance. mains it is essential to gather a full understanding of

The technology used has to be accepted by all partici-these domains and the potential of the technologies. The
pants and should work in the background, which we alsoprocess we outlined before aims at understanding 4 dif-
found to be a crucial issue. Issues related to social acferent areas: The current process and use of technologies
ceptance factors are important and have to be taken intdProcesses that are established and technologies currently
account as early as possible in the design process, otheiin use provide significant insight for domains. Here in
wise the system will always be problematic, as discussedparticular it is essential to understand why processes are
for several deployed systems|in [12].However, it needs todone in a particular way and why certain technologies are
be mentioned that in professional sports practice the ac-used. Understanding this will also allow to foresee prob-
ceptance for technology (even if not very usable) is high lems in the design of a new system. The design space
when it offers a completive advantage. The benefits of and available technologies Understanding what can be
a personal fithess and health monitoring device, the Perchanges and what can not be changed is a first important
sonal Wellness Coach, have been discussed in [1]. step in sketching the design space. An in-depth knowl-

The positive effects of electronically augmented edge of potential technologies, especially sensors, user
sports equipment, which we also experienced in ourinterface components, and networking, is essential to see
project, have been shown in the Thera-Network' in [10]. where technologies fit in. The impact of the introduc-
How computer-augmented sports devices increase thaion of technologies on use and process It is hard to fully
motivation of especially young children to do sportive understand how new technologies will impact processes



and use; however it is vital to assess this in advance. Es- [3]

pecially to make the informed decision an estimation of

the impact off the proposed changed is required. In situa-

tion where different options for new designs are available
looking at the potential impact can be a significant help

to make the decision.

6.2 User centred and technology driven

At first this may appear as two opposite approaches,

[4]

[5]

but our results show that these approaches go well to-
gether. Combining user centred engineering with a tech-

nology driven approach can push boundaries. As we out-
lined before showing users potential technologies and
presenting different technologies options and getting ex-
tensive feedback is a powerful approach. Without a tech-
nology push many solution are incremental and focus on

(6]

[7]

the users needs that are tied to the old approach. Show-

ing new opportunities given by novel technologies offers

means to assess the users needs but less bound to currenfg]

technologies.

6.3 Short prototyping cycles and functional pro-
totypes

To establish new technologies and novel forms of use

prototypes are a central means. Prototypes help to ex-

press the ideas of the designer and developer and com-
municate in a well suited way these ideas to the user. In
return critiquing the prototypes by users is a very detailed

[9]

form of feedback that helps well to understand the users

point of view, ideas and concerns. Especially in sports
we realised that functional prototypes are of great value.
In many cases only functional prototypes can provide the
experience or a preview of the expected experience tha

E. H. Chi. Introducing wearable force sensors in martial
arts. Pervasive Computing Magaziné4(3):47-53, July-
September 2005.

E. H. Chi, G. Borriello, G. Hunt, and N. Davies. Sports
technologies|EEE Pervasive Computing, Special Issue On
Mobile And Ubiquitous System005.

C. Decker, A. Krohn, M. Beigl, and T. Zimmer. The par-
ticle computer system. IlPSN Track on Sensor Platform,
Tools and Design Methods for Networked Embedded Sys-
tems (SPOTS), Proceedings of the ACM/IEEE Fourth Inter-
national Conference on Information Processing in Sensor
Networks April 2005.

D. Fitton, K. Cheverst, M. Rouncefield, A. Dix, and
A. Crabtree. Probing technology with technology probes.
In Equator Workshop on Record and Replay Technologies.,
2004.

H.-W. Gellersen, G. Kortuem, M. Beigl, and A. Schmidt.
Physical Prototyping with Smart-It$EEE Pervasive Com-
puting Magazing3(3):74-82, July—September 2004.

H. Hutchinson, W. E. Mackay, B. Westerlund, B. B. Bed-
erson, A. Druin, C. Plaisant, M. Beaudouin-Lafon, S. Con-
versy, H. Evans, H. Hansen, N. Roussel, and B. Eilekb
Technology probes: inspiring design for and with families.
In G. Cockton and P. Korhonen, editoRroceedings of the
2003 Conference on Human Factors in Computing Systems,
CHI 2003, Ft. Lauderdale, Florida, USA, April 5-10, 2003
pages 17-24. ACM, 2003.

J. A. Kientz, S. Boring, G. D. Abowd, and G. R. Hayes.
Abaris: Evaluating automated capture applied to structured
autism interventions. lIubicomp pages 323-339, 2005.

10] J. C. Kimel. Thera-network: A wearable computing network

NEE

allows the user to sensible judge and evaluate the new
developments. We have experienced that functional pro- [12]
totypes, even if simple, have many advantages over static
(e.g. paper prototypes), even in very early stages of a

project.
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