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ABSTRACT

Previous studies have shown biofeedback-regtilation
helps children positively managestress andfocus their
attentionon learning tasksa skill that can translate into
significantimprovementson standardized test scor&his
paper explores thedesign anduse of biofeedbackgames
using Heart Rate Variability(HRV) as a method of
focusingstudent attentioand decreasing strespecifically
within the classsom space.Semistructured interviews
with educators as well asclassroom observatiotime,
participatory desigisessionsanditerative user testingith
K-6 students were used to infornthe design ard
development of oubiofeedbackgame CritterQuest. The
gameoffers atool for K-6 childrento gaincritical skills in
focus, attention and relaxatiaghat have been shown to be
important  for character development behavioal
managementand learningAdditionally, thethreemethods
used to evaluatthe gamegprovide a modelfor future game
develgpmentand desigmwithin an educationatontext

Author Keywords
Biofeedbackphysiological computing, gamesiindfulness
in educationheart rate variability.

INTRODUCTION

Federalfunding cuts in the United States have keda
decrease in teaching aglfor special needs students, and
cuts in programs focusing on emotional managerimetite
state of California [1] More than ever there is a need for
tools that teachersO can utilizdadilitate student attention
and positive behavior within the classroom.idBeedback
games (BFGs)offer a way to engage studentwhile
offering important learning skills regardingattention and
focus within aclassroomenvironment.

Numerous studies haveshown potential benefits of
biofeedback and mindfulness on positive educational
outcomes especiallyfor children with ADHD and ADD
[2]. This is particularly relevant given that 7% of American

on slowed breathingattention toheart beat, and positive
visualizaion andassociations [b

One peerreviewed sudy found that students whavere

trained in angracticed selfegulation techniqueshoweda

21% increase irest scores on aBnglish Language Arts
assessmerdndan 11% improvement iMath [5]. The use
of biofeedback within a classroom offers great promyse

much of thepreviousresearch does naidequateladdress
how biofeedbackcan effectively be integratedithin the

educational environment itself.

This paper discusses the design and ageént ofour
biofeedbackgame CritterQuest. While several companies
have developed computer games that utilize HR\éther
biofeedback mechanismthere is litleknown research on
how to best desigsuchgamesfor use bystudents withira
classroom space. This paper offensight into several
observed problems with the design ofexisting games
including appropriate use dfcaffolding,walk-up usability,
motor control,feedback and the appeal of game content
Next, we show hoveur iterative design processpsovided
usefulmethods for overcoming these design barriers.

BACKGROUND

There are a several notable biofeedback games that have

been developed bottcommercially and for research
purposes. None of these gamesehbeen built explicitly
for use by students or within tlelassroom space.

ORelax to WiQis an existing racing game where two
players competagainst eactother to see whoam Oout
relaxOthe other[15]. Perhapsunsurprisingly this element

of competition was shown to create greater stress that the

gamers had to overcomehich could serve as a barrier to
beginners that were new to the relaxation techniques

By contrast, acollaborative environment is present time
prototype OWater GameO out of the Helsinki Institute for
Information Technology. This ganfellows a First Person

children between the ages of 3 and 17 are diagnosed witlBhooter (FPS) themehichis obviously problematiéor its

Attention Deficit Disorder [4 Studies conductedvithin
California classrooms haveshown remarkable learning
improvemeng after students were taughiRV self
regulation technique These techniques includiecusing

use inan educational environment. &gamedoes offer
several distinctive design insights. Playarse mobile
phones as individuainput devices while a largescreen
provides an overview of the group performan¢aough



thematically troublesome, OWater GameO is a valuabl
example of potential use for mobile devices in

collaborative gaming16]. User Testing of
Existing Games

Phase 1 Phase 2 Phase 3

Several computer games have been producedthiey
companieHeartMathand Wild Divine that utilize HRV or
other forms of biofeedback as the primary mode of input

Educator/ . User Testing of
While these games offer difficlty setting that affect the Teacher ”‘el;:;g‘“n"f - Design 2
thresholds forGuccessful relaxation, these settingse Interviews In Classroom
picked at the start of each session, drale no direct
impact on gameplayA one-sizefits-all model is employed
in which the game does not adapt based on the usersO abil Classroom
to actually achieve HRV setkegulation successfully. ke

Scaffolding isa technique used in videand computer

game design where the gameges progressive|y more Figurel.The three phases of methods used for our design.

difficult based on the usdbsability [13]. In the few

biofeedback games that demploy difficulty levels the

variation in challengewas based orcontrols that were EARLY STAGE DESIGN METHODS & RESULTS

separate from the biofeedback itself. For example in thegvaluation of Existing Games

Dual Drive racing game thlevel difficulty increased with  \We evaluated five existing, commercially availagemes

greater obstacles on theacing course not a more that used HRV as an inpuOur participants were ten

challenging threshold for the HRV level. students ages ® 13; three females and seven males
Snowball sampling was used to generate interest from

USE OF HRV parents and to recruit children for the study. Game

evaluations were conducted in the Bay Area, Califoand

dn Austin, Texas All games gave direct user feedback

using three barghat were green (optimal HRV), blue

(within several Hz of optimal) and red (noptimal HRV).

The HRV monitoring sensorused wasan aemWaveUSB

powered ear clip produced e companyHeatMath.

The device calculategptimal HRV to bewithin .1 Hz of a

sinewave function

There arenumerousmethods ofgathering sensor data to
evaluateattention and focus using biofeedback including
HRV, galvanic skin response, and EEG. HRV was selecte
as the biofeedback methddr our projectfor its accuracy
and the noninvasiveness of the hardwarengponents
Other methods such asEEG can significantly restrict
motion and pose a challenge for data collection

DESIGN AND RESEARCH Participants were trained for several minutes in techniques
We utilized several methods to evaluate game requirements regulate their HRVincluding slow controlledoreathing,
and help craft theuser experienceOur primary research focus on heart rhythms, andnethods of positive
was broken into hree phases, prémplementation visualization. They were also given several minutes to
background research, anehrly-development evaluation, view a dynamially updated graph of their HRY gain a
and postdevelopment evaluation. Théirst phase of better understarinlg of how the above methods could be
methods consisted of amitial evaluation of existing employed to selfegulatetheir heart. Participants wetieen
gamesa round ofsemistructured interviews with teachers asked toselect one of the five gamesto play, a step
and educatorsand a participatory design session with intended tcevaluate initial interest and engagemeith the
potential users. differentgameoptions After playing, eachparticipant was
then asked questions garding previous game usage in
Il{nome or at school as well as questionsgarding
engagement and likability of the game.

We then conducted a round of ugesting to validate our

fundamental design, as well as to get additional feedback o

potential improvements. Findings from this testing were fed

into another iteration of the game. Phase three was taken apigure 2 shows a comparison of optimal HRV reached

additional round of usability testing witha real classroom  during gameplay and the participant enjoyment rating ef th

environment [Figure 1]. game (HRV was normalized to alD scale).The StarFire
game showed a significant increase irerage HRV and
also scored high for participant enjoyment.



n o N o W O

w

W Avg. HRV
Avg. Enjoyment

<
& ¢
&

N Y .

© 9 &
Y

A8 B &

&
Game

=N

HRV Performance & User Rating Scale .
o £~

Figure 2. Average optimal HRV and enjoyment by game.

Free-Form Exploration: Unrestricted exploration of the
driving game environment waseen apreferable ad less
challenging thanhe restricted path of thracetrak.

Rewards, not Punishments: \We observed that farew users,
some games gavieedback on HRMWhat were seen as
source offurther stress.In particular,several participants
gave a highly negative review of the racing gamewhich

a low HRV score caused the car to come to a RAdlis
interaction was viewe as extremely frustrating and not
conducive to relaxation.

Educator Interviews & Classroom Observations

Seven semstructured interviews were conductéu the
California Bay Areawith educators to determine hoan
HRV based game could be incorporatednto existing
classroom environmentStakeholders interviewadcluded
fourth and fifth grade teachers, a teaching consultant

While the study results are not statistically significant given servicingfailing middle schools, a school psychologtd
the small sample size for each game, the study did providene director of a federally funded program on character
insight into the player preferences and challenges duringsqycation ad violence prevention.Questions were asked

play. The diving game which receivedhigh initial user
interest proved too challenging for many childreas it
asked themto use the keyboard to stearca through a
racdrack while simultaneously practicinge fundamental
concepts of HRV selfegulation(Figure 3). The StarFire
game provided simple stimulus of a firewotkse display

of lights without any additional controls beyond HRV.

Relaxation Dial -

Figure 3. Assessment of breath and HRYV in a driving game.

Several key finding emerged from the evaluation of

existing games:

Customization & Choice: Children wanted clbice and

customizéion of bothgame type and characteristics

Simplified Controls: Additional player actions and controls
were too challenging when first learning HRV regulations

and should be reserved for experiethptayers.

regarding behaviorahnd emotionalmanagement in the
classroom as well as daily uses of technology.

These interviewsvere supplementedvith three classroom
and afterschool program observation periodsin San
Leandro and Oakind, CA. Boththe interviews and in
class observations provided a design context for the HRV
games liat incorporatedhe challenges and opportunitie$
working in the classmam.

We distilled the followingkey findings and considerations
from the interviews and class observations:

Variable Resources: While few classrooms had access to
desktop computers 4iolass most hadaccessto mobile
computing stations or a computer lab located in the school.

Training Challenges: Teachers felt poorly equipped to
utilize sophisticated technology without specific training
That saidtechnicaltrainingscould be expensivencluding
trainer time andhe overhead of hiring substitute teachers.
Additionally, highturnover rates at poorly performing
schools exacerbated the training prohblefhe training
problem resultedin severaltechnology usage failure$n
one school,several classroomwsere equipped witl$1800
Promethean Osmabard® that went unused when the
teachers that received the initial training left the school.
Another school was given a grant of Mads without
training; none of them were ever employed in the course of
instruction These cautionary tales highlight the importance
of having a strategy for training.

Teacher Time is Valuable: Teaches made it clear that their

time is finite, and any tie spentstruggling with a new
technology would take away from other classroom
preparationsTechnical lelp manualsvere not used andc

thick binder full of instructionsvas seeras a significant
barrier to technology adoptiorAs one program director

and former teacher said OTeachers donOt read. They donO
have time.O



Existing Self-Regulation: Severalteachers noted existing
school initiativesto support emotional and behavioral self
regulation One teacher described the usé OPeace
CornersO safe spaceswhere children couldremove
themselves from the classroom community talm
themselvesdown when they felt frustrated or angry.
Another teachedescribeda schoolwide initiative called
OHowOmy engine running?&udents vere encouraged to
take note of their own emotional and physiological state in
times of stress Teachers generally felt that it was okay for
a child to leave the flow of the classroom when emotionally
necessary, buhough the child should be ready to return in
ten minutes or less

Teacher Initiated Regulation: In school observations we
saw teachers in both®' grade science classroom and"a 4
and %' grade after scha program employ Qime-out®
techniques to deal with behavioral problemsid8nts that  Figure 4. Spaceship trash collection game concept drawn
were distractinghe clas€ attentionwere directed to read ~during a participatory design session.

in a corner or sit outside in the hallway for several minutespyzzle Theme (Ryan, Age 11): The object of this gameas
until they calmed down to solve a series of puzzles using levers to agseways
before a pack ofvild dogs are released on the playdie

Positive Reinforcement First: Many teachersmentioned | N )
that theyfelt it was important to not attach a negative CONCEPt involved significanelements of choiceTo quote
valence tothe selfregulation activity.There was general thechild designer “a the beginning of the game you get to
support for using technology a@s"calm down"time, but choose your character, Blacksmith, Archer, Swordsman or
several educatonsere insistent that it should nteel like ~ @sSassin.Qhis focus onselecting characters ahe game
"punishment.” environment was a theme echoed by other children in the
user testing of existing games.
Participatory Design )
A participatory design session with two children, males Ryan connecte_ia the release of certain levers to the players
ages eight and eleven was conducted to generate a more ifiRV level noting, Giere are puzzle parts where it says on
depth exploration of design condsfior our game Both the screen to require a certain ability you need to beat this
childrenwere part of the initialten ciildren who evaluated ~Puzzlé&e you need to be hyper aalmOWhile from an
current biofeedback games and wédaeniliar with HRY ~ emotional and behavioral managemstend point it is not
regulation techniquesThe children were asked think  beneficial to reinforce Ohypestates or negatively punish
throughpotential HRV based games thaty would design  the player this description does indicate the importance of
their gameon paper and to explain the concept using State. Ryan also noted that Othe game is really oabse

visuals. Two distinct game conceptsmerged from the It doesnOt end _E if youOve beaten one section you can try
session. the full game with all sorts of new stuff,O suggesting the

_ ‘ ) importance of leveling and having multiple environments
Object Collection Theme (Shane, Age 8): This game  for the player to explore and play. Ryan also described the
concept revolved around a space ship that the playegpility to tradk progress through the puzzle saying, Oyou

controlled with the goal of collecting trash giire 3). The  haye a single heart in the beginning and you get hearts as
child describedthe use ofHRV as a controlsaying, OThe  yoy go.®

more calm you are the more youOll have to dodge the litter,
grab it and you®ll have a huge trashcan E you have tdt should be noted thadeveral parts fothe game concept
collect it all.O This theme of collection was seen to aborrowed heavily fronthe popular PC and console game
degree in the existingainbow game previously evaluated, Assassz_‘n ’s Creed. Still, the specific interactions and themes
but whereas #Rainbow game only showed coins piling up _the children choseto highlight give insight intowhat is
at the end of a rainbawhe trash collection design concept important to them These aspects ofchoice, collection,
described by Shane gave the player agency and movemeR{ayer agency, leveling, and tracking progress over fede
in collecting objects. This agency was in fact integral to directly into the process ofdesiging and developing
game play using words like Ododge® @grabO to describe CritterQuest.
the players interactions with objects. GAME DESIGN & EVALUATION
A list of game specifications and features were drawn from
themes that emerged from the user evaluations, educator
interviews, class observations, and participatory design



sessions. These themes were mapped onto an affinity animal would move faster and collect more food. Howeve
diagram and includedthe importance of choice and basic game play continued regardless of performance,
customization, providing adequate learning scaffolding asensuring that there was no frustrating failure condition.
well as leveling to meet the child at her or his own level of Additionally, the animal would glow different colors based
ability, providing appropriate and cleaeedback on HRV  on the level of HRV. We employed the red/blue/green scale
state, ensuring playing time was under 5minutes, and for low/medium/highHRV coherence, a standard employed
ensuring the game could be learned quickly vmtimimal by a light on the sensor itself, as well as in existing games

training orsupervisionTable 1)

Table 1. List of design principles gathered from Phase 1.

(Figureb).

Carrots Found: 44 |

Time Remaining: 00:44

Testing R1, Chc_)lce_/
Choice Participator customization of
Palory | character and game
Design .
environment.
Clear and consisten|
Clear Testing R1 feedback on HRV
Feedback 9 level during game
play.
Game mechanics an Figure 5. Screenshots of CritterQuest used for Round 1
Learning . HRV ability should evaluation & testing.
Scaffolding | '€StUNg R1 meet the child at
catiolding his/her level We built the game using the Unity 3D game development
i platform. The majority of the game logic was written in
Short Play Interviews, Effectivein under UnityOs JavaScripased Ianguag_e. We captured data from
Duration Classroom five-minutes the emWavesensor by employing a prototype Software
u Observation ' Development Kit (SDK) written in C++, provided by
) — HeartMath. By embedding a UDP server in the SDK code,
Interviews, Trainingshould be we were able to send messagestaining HRV datdo a
Minimal Classroom | effective yet minimal UDP client listenin withirCr'tt%ﬂ p 9
Training | Observation,| and reinforced during 9 Herizuest.
R1 Testing gameplay. User Testing Round 1
. A round of field usability testing using the initial prototype
Exolorati Il:zalrtiTc?Setxltr:) ? Eﬂa%rgxa?graent(;‘%d uasmez was conducted during UC BerkeleyOs OCal Day.O A table,
Xploration DesFi) n y enSironmen? chair, and laptop were set up near a main pedestrian
9 i thoroughfare. The players consisted of eleven children
Positive . Reward not (seven female) betwaethe ages of 4 and 13 who were
. R1 Testing, . . . I~
Reinforce- ; punisimentfor HRV drawn from a convenience sample of passing families. The
Interviews - . - . NS
ment performance. children were given a brief (under one minute) training in
Intearate collection/ HRYV selfregulation techniques and were asked to play the
Collection is | Participatory ac ugi]sition into game two-minute game prototype. Both ability to susskilly
Rewarding Design q a 9 play the game and ability to control HRV wetracked.
play. After the children finished theitwo minute play session,

they were asked what design changes they might make to
the game.

Initial Game Play & Technology

The above specifications were integrated into our first
design of the game€ritterQuest; we focused on providing
user choice and positive rewards, and centered ou
gameplay arounthe concept obbject collection. We also
consciously implemented a design that would scale to
support varying difficulties of play.

This early stage of prototype evaluation validated initial
gamepay choices and lead to several new design
Isuggestions that were explored in the next iteration of the
game. While this early round of user testing was used to
primarily evaluate user engagement and playability it was
noted that seven of the eleven childrevere able to
improve their HRV within noticeable levels (approximately
The game askedsars to choose one of two animals to betweenl - .5 Hz of a sine wave). Even the four yedd
guide through the meadow. The selected animal therplayer, who was far below the initially intended age range
automatically traveled around the game board collectingof the game, was able to achieve optimal levels (within .1
food. When a player successfully improved their HRV, the Hz) for several seconds.



Several children noted that they enjoyed selecting animal®A five-minute instructional demmstrationwas given via

but wanted an even greater selection (the early prototyperojection to the entire clasthenstudents wereffered the
only allowed players to select between a rabbit and horse)opportunity to try the game. A station with a desk, chair and
The most common animal suggested for inclusion was daptop were set up in the corner near ttenff of the room
dog (equested by four children), with the second mostand sudents could then volunteer one at a time to play
common animal being a cat (three children).  We CritterQuest as one of the OlabsO for their c(@&sgure .
incorporated this feedback into the next design iteration byAfter completing theone minute and 45 second®lay
adding a dog player option. This aspect of choice andsession, they were asked to reflect on their experience
animal customization was further enhandedthe next playingthe came.

round of desigrby allowing players to select one of three -
colors for each animal.

.

Two of the children and one observing parent mentione
that the game would benefit from an aural component to
help them relax and engage with the game. Baseithisn
feedback, a calming sound track was added to the ne
version. Additionally, a short audio clip was played each
time a piece of food was acquired a way of giving the
player additional feedback on succesgfitformance

Welcome to CritterQuest A game of focus for kids.
How can | focus
A few ways to become more focused and relaxed

Take five slow and deep breaths. n Figure 7. Student testing game in the classroom in Phase 2.

Focus on the feeling of your chest )

slowly filling with air. £ @- ¢ . . .

! ':"” £ N s/ Changes in the game incorporated from Round 1 testing
ocus on your heart and feel eacl eat. . .. . .
Vol;calnet:/enDlaceonehandonvourchest v InC|Uded the add'tlon Of Calmlng mUSIC thrOUghOUt game
to feel it better. . .

magin yourselfin  reloxing lace ﬁ play as well as specific aural feedback when_t_he ammal

@ i e A SR 2y Game collected food. A dog was added as an additional third

animal based on the childrenOs rage in expanding
character selection. Also an up green or down red arrow
was added next to the HRV level key to provide more
precise feedbactturing shifting HRV states.

We varied four different variables (sound, color, speed, and
rate of food creationpased on the users HRV. The most
understood connection was color, though most users were
able to identify at least one other factor. Giving extra
feedback helped users to keathe connection between
HRV andgame performancelips were alsajiven touser
when their heart rate dropped. In several cases we saw the
participant take the corresponding action as soorhag t
read the tip [Figure 7].

Figure 6. Screenshots of the game used in Phase 2. n Tip: Try ta king five slow
USER TESTING ROUND 2 ¥ very deep breaths.
A secoml round of user testing was conducted with &lo
grade science classewer two separate visits t@ San . .
Leandro, CA publianiddle schob Each class consisted of Figure 8. One of three tips that would pop to the top of the
30 students ancoughly reflected thelemographics of the ~82me screen during low performance.
entire school body40% Latino, 15% black, 15% Filipino,
10% white and the rest of the student bady from various . . . . .
> dy Additionally, while the first round of testingrovidedonly

parts of Asia. Emotional management and conflict . . , - Y
resolution techniques were already incorporated into thel€ ObeginnerO level, an OintermediateO level where the

end of year curriculum and our game integrated wét w playerutilized arrows on the keyboard to motkee animal
existing teacher goald] directionallytowardsfood was added.Three childrerwere



given the opportunityo playthis intermediate level as well.
While theyfound it more challenginghey were still able 100

to complete the game goals.
80
Students were given no further instruction proceeding or

during game play (other than the initial fimg@nute Seo

instrudional demonstration as an entire class). This lack of $ High
intervention and training allowed us to test the ability of 4 Med.
students to learn the mechanics of game play and HR\

regulation solely through the intuitiveness of the design anc 2o

tips given within the framework of the game itself.

Overall results of game play showed thaé of the 18 5
students oB%% were able to achievaedium to high HRV
coherencéFigure8). This rate is particularly notabgven Figure 10. Seconds users are in medium or high coherence
that this was accomplished in $e¢han two minutes of HRYV for Level 2 CritterQuest.

game play. The average medium level of HRV tioe total CONCLUSIONS & FURTHER WORK

game sessions wd$.5 seconds and the high optimal level We i . o L
e identified numerous usability challenges ewisting
of HRV was 11 secondsuggested thate students could HRV computer games and utilizb three design

?:éﬂl(gelter?;ir; I—?F?\T?o Fr)leaez:hatrigatlhaett:r?tliltl)tz atr? d sfggﬁcsassfully methodologies to develoPritterQuest, a gamethat can be

' rapidly integratedand deployed within a middle school
classroom with minimal training or instructor effort
Combining severamethods over three phases of game
design we were ableto identify important design

4 Player # 2

100.00

80.00 specifications that not only allowed successfiRV self
136000 » re_gJ_Iation but also increases enjoyableness of game play
S High within the contextuaheeds of the classroom environment
“ 40,00 Med. User testing of our second design found that in less than

two minutes of game pla§9% of the players were able to
attain medium to high coheree, a state conducive for

0.00 focus, learning and retention.

12 3 45 6 7 8 9 101112 13 14 15 16 17 18 i i . . .
Player # Our designmethodologies highlightetthe importance of

engagingmultiple stakeholders earlgn in the design
processand provide a potential model for game design
within a classroom contexteedlack and participatory
Three players opted to try the next game lestedwing  design from children provideichportant themes uddo
additional capability in manipulating keyboard controls to inform the mechanicand structuref gameplayEngaging
affect character movement while alsomanaging to  teachersnd educators as well abserving classrooms
successfully regulate their HRV level (Figug User 2 early on in our processlowed ugo betterunderstandhe

did not show remarkable performance in Level 1 but optedrole of the gamavithin a larger classroom environment and
to continue to Level 2 and performedlightly better by  as a "calm down" activity for disruptivaer unfocused
keeping medium HRV for 9.8 seconds as opposed to 6Gstudents. This understandihighlighted the importance of
seconds for Level 1. This was not entirely expedsed  not only making a game that was engaging to students and
suggests that evewsers that find HRV regulation initially  allowed them to successfylsef-regulate their HRV but
challenging canmaintain or improve their performance alsoprovidinga usefulclassroontool for teachers

even given a slight increase in difficulty.

20.00

Figure 9. Seconds of each user in medium or high coherence
HRY for Level 1 CritterQuest.

Additional avenues to explore include increasing the
prominence of real time HRV trend signalsd rotating or
changing the timingof the in-gametips (giving students
more notceable feedback oHRV performance) We
would alsolike to furtherinvestigdae whether greater gains
can be made through making the game harder to play (e.g.
by requiring the user to control the anig)alor making it
harder to succeed (e.g. by setting higher thresholds for
performancg
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