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ABSTRACT 
Thi s paper presents the f i rst  prototype of Sheep and Wol ves, a 
syst em for testi ng i nteraction and col l aborat i on paradi gms 
bet ween humans and robot s.  The paper cont ri but i ons are twofol d:  
a mixed real i ty i nterface for human-robot  i nteract i on,  and a 
pract i cal  experi mental  tool  for assessi ng how di f ferent  robot i c 
behavi oral  pat terns af fect  i nteract i on and col l aborat i on wi th users.   
Sheep and Wol ves pl aces humans, robots and vi rtual  ent i t i es i n a 
game envi ronment  where t hey have t o col l aborate and compete. 
The system i s desi gned around the cl assi c Sheep and Wol ves 
boar d game, pl ayed on a l arge physical  checkerboard.  In the 
protot ype presented here the user i s pl ayi ng a si ngl e wol f  i n a 
pack of  f our aut onomous robot i c wol ves t rying to hunt  a si ngl e 
vi rtual  sheep. The human i nteracts wi th the rest  of  the wol f  pack 
usi ng a mixed real i ty vi deo st ream, a graphi cal  i nterface and a 
text  chat  tool  that  enabl es discussi on and pl anni ng of  future 
moves wi thi n the pack.  In prel i mi nary testi ng Sheep and wol ves 
was sensi t i ve to di f ferences i n the robots’  behavi oral  pat terns and 
suggested that  robot i c assert i veness (or robot i c chut zpah) mi ght  
enhance the qual i t y and trustful ness of the i nteract i on. 

Cat egor i es and Subj ect  Descr i pt ors 

Gener al  Ter ms 

Keywor ds 

1.  I NTRODUCTI ON 
How wi l l  humans,  i ntel l i gent  computers and robots coexi st  and 
col l aborate? Thi s quest i on moti vated thi nkers and wri ters for a 
l ong t i me,  wi th vi si ons rangi ng f rom Li ckl i der ’ s Man-Comput er  
Symbi osi s Partnershi p [1]  and Moravec’ s evol ut i on of  new 
i ntel l i gent superi or speci es [2]  to Phi l i p Di ck’ s masters-sl aves 
soci ety l ed by mi st rust  and fear [3] . Current  schol ars and 
desi gners of  human-robot  i nteract i on (HRI ) paradi gms no l onger 
see robots as ful l y-cont rol l ed subordi nates but  rather as peers and 
col l eagues wi th a spect rum of  soci al  and emoti onal  abi l i t i es (see 
for exampl e [4,5]). It i s l ogi cal  that  humans wi l l  f i nd future 
autonomous robot s more useful  i f  the robots act accordi ng to 
behavi oral  and emot i onal  pat terns t hat  humans can recogni ze and 
relate to. 

For  exampl e,  Norman suggests that  a housemai d robot  wi l l  relate 
to cl eani ng the top of  the stai rs area by expressi ng fear of  hei ght ,  
hel pi ng its owner to i ntui t i vel y underst and t he probl ems of 
cl eani ng thi s l ocat i on [4] . Si mi l ar paral l el s can be t hought  of 
when consi deri ng robots act i ng i n search and rescue operat i ons,  a 
bat t l ef i el d or i n space missi ons.  However,  a basi c quest i on ari ses 
f rom thi s l i ne of  thought :  whi ch emot i ons woul d humans expect  a 
robot  to express i n di f ferent scenari os and tasks? Woul d users 
al ways want  the robot  to be an obedi ent  subordi nate even in 

si tuat i ons where the robot  is more knowl edgeabl e about  t he t ask 
at  hand? How woul d di f f erent  robot i c emot i onal  and behavi oral  
pat terns af fect  the resul t i ng HRI  qual i ty and ef fect i veness? 

We desi gned Sheep and Wol ves f ol l owi ng what  we see as a 
pract i cal  near future scenari o.  Thi nk f or exampl e of a search and 
rescue operat i on where robot s and humans enter a di saster zone 
l ooki ng for survi vors.  Whi l e the humans are expected to have a 
hi gh l evel  of cogni t i ve understandi ng of  thei r task as wel l  as 
moral  and ethi cal  val ues that  the robots l ack,  the robots can 
i nstant l y access di gi tal  i nformat i on whi ch the users cannot  
approach di rect l y.  For exampl e t he robots can vi ew the scene in 
vari ous non-vi si bl e spect ral  wavel engths.  They can extract 
i nformat i on usi ng el aborate comput at i onal l y-demandi ng 
al gor i t hms,  and access vast onl i ne i nf ormati on. Fol l owi ng thi s 
vi si on, the Sheep and Wol ves system (Fi gure 1) was desi gned as a 
rel at i vel y si mpl e i ndoor exper i ment al  testbed that al l ows ri ch 
i nt eract i on bet ween humans and robots and enabl es i nvest i gat i on 
of  a range of  soci al ,  behavi oral  and emot i onal  pat terns and 
scenari os. 

Our  Sheep and Wol ves system,  based on the cl assi c board game,  
is pl ayed on a l arge physical  checkerboard where a pack of 
wol ves needs t o hunt  a sheep.  The wol ves can onl y move f orward 
whi l e the sheep can al so move backward,  hence the wol ves must 
pl ay as a group i f  they want  to ci rcl e and hunt  the sheep.  Humans,  
robots as wel l  as vi rtual  ent i t i es can pl ay di fferent rol es i n the 
game enabl i ng a l arge vari ety of  scenari os.  Vi rtual  ent i t i es were 
i ncl uded in the game, usi ng mixed real i ty t echnol ogy, i n order to 
hi ghl i ght  one of  t he robot s mai n advantages over t he humans:  
thei r abi l i ty to funct i on i n both the physi cal  and vi rtual  real ms. 
The humans must  rel y on the robots senses when i t  comes to the 
vi rtual  enti t i es, but for the robots the vi rtual  enti t i es are as real  as 
t he physi cal  components of  the task.  

In the f i rst prototype of the Sheep and Wol ves syst em a group of  
f our  Sony Ai boTM robot  dogs are pl ayi ng the game agai nst  a 
si ngl e vi rtual  sheep on a l arge physi cal  board (Fi gure 1).  Three of  
t he robots are compl etel y autonomous and one i s bei ng cont rol l ed 
by a remote user usi ng a mul t i modal  mixed real i ty i nterface 
whi ch al l ows i nteract i on wi th both the physi cal  and vi rtual  
components of  t he task.  Before each move the wol ves,  human and 
robots,  must  use a textual  chat mechani sm to di scuss thei r next  
move agai nst the escapi ng sheep i n a t i mel y fashion. 

In the current  exper i mental  setup the users were tol d that a 
deci si on wi l l  be reached accordi ng t o a democrat i c and fai r vot i ng 
process where bot h t hey and the other three wol ves can cast a 
vote t owards the next  move.  In pract i ce however the robots 
f unct i on accordi ng t o t wo ext reme condi t i ons: i n the human-
centri c control  mode the robot i c wol ves wi l l  al ways be support i ve 
and approvi ng,  conf i rmi ng t he human suggest ed move even i f  it 
cont radi cts thei r own thoughts and l ogi c;  in the robot -cent ri c 



cont rol  mode the robot i c wol ves wi l l  al ways be negat i ve and 
unent husi ast i c regardi ng t he human suggest ed move (f or exampl e,  
even i f  t he move i s i nl i ne wi th thei r thoughts they wi l l  wri te to the 
user messages l i ke “But  I  thought  of  thi s move earl i er”…) .  

I n t he fol l owi ng we revi ew HRI  ef fort s rel ated to our work.  We 
then descri be the Sheep and Wol ves i nterface and our current  
experi mental  setup i n detai l .  We concl ude wi th resul t s f rom a 
prel i mi nary user study we performed suggest i ng t hat  Sheep and 
Wol ves i s sensi t i ve to the roboti c behavi oral  pat tern condi t i ons.  

2.  RELATED WORK 
2. 1 Human Robot  I nt er act i on 
Al t hough t he f i el ds of  Human-Comput er I nt eract i on (HCI )  and 
Robot i cs have generated si gni f i cant  i nterests and made substant i al  
progress,  there has been l ess at t ent i on pai d t o Human-Robot  
Interact i on (HRI).   Cert ai nl y, argument s can be made t hat  robot s 
such as mechani cal  ar ms used i n manufacturi ng can be operated 
wi t h si mi l ar t echni ques whi ch have al ready been expl ored i n HCI .   
However,  as i ncreasi ngl y i ntel l i gent  and capabl e aut onomous 
robot s come into exi stence,  tradi t i onal  HCI  approaches become 
l ess appl i cabl e and speci al  attent i on is gi ven to the uni que 
requi rement s and advant ages embodi ed i n aut onomous robot s [ 6] . 
Peopl e i ntui t i vel y percei ve robots t o be more human-l i ke 
(ant hropomorphi c)  t han they do when rel at i ng to other comput i ng 
syst ems [6] . Thi s hi nts at  the potent i al  for more i nt i mate and 
natural  f orms of  i nt eract i on amongst  humans and robot s.  
Breazeal ’ s Ki smet [5], an expressi ve ant hropomorphi c robot  abl e 
t o convey emot i ons and provi de f eedback,  al l ows humans t o 
engage i n natural  soci al  i nteract i on.  Ki smet uti l i zes facial  
expressi on,  body posture,  gesture, gaze di rect i on,  and voi ce to 
i ntui t i vel y communi cat e wi t h humans.   Another uni que 
characteri st i c of  aut onomous robots i s thei r abi l i ty to l earn and 
make deci si ons based on i nf ormati on gat hered f rom the physical  
envi ronment .  Many robots desi gned for entertai nment  such as 
Sony’ s Ai boTM robot i c dogs support  a cogni t i ve l earni ng model  
whi ch enabl es t he robot  t o acknowl edge vari ous f orms of  human 
and envi ronmental  i nput  and mol d i t s behavi or accordi ngl y. The 

Robot i c Li fe Group’ s Leonardo [ 7] , a l i fe-l i ke robot desi gned for 
social  i nteract i on, can i nterpret  gestures and faci al  expressions 
f rom humans as a communi cat i on met hod for l earni ng how to 
pl ay games.  User i nteract i on wi t h such autonomous robot s t ends 
to be ri cher and more i ntui t i ve than t radi t i onal  HCI  paradi gms of 
cl i cki ng on i cons or openi ng wi ndows.  Furt hermore,  wi t h mobi l e 
aut onomous robot s,  i nt eract i on occurs wi thi n the physical  context  
of  humans,  al l owi ng i nf ormat i on and subt l e soci al  i nteract i on 
cues to be readi l y exchanged.  NASA’ s Robot naut  [ 8] , a mobi l e 
aut onomous humanoi d robot ,  i s bei ng devel oped i n an at tempt  to 
create future robot i c ast ronaut  equi val ents that are able to 
col l aborat e wi t h humans i n order to perform tasks in space. 

Works such Breazeal ’ s Ki smet ,  Robot i c Li fe Group’ s Leonardo,  
and NASA’ s Robonaut  are t he prel ude t o a f asci nat i ng f uture for 
the f i el d of  HRI .   At t i tudes towards HRI  are al ready shi f t i ng f r om 
a “robots as tool s” approach to a “robots as partners” out l ook.   

2. 2 Tel erobot i cs and Mi xed Real i t y 
Robert  Hei nl ei n’ s f i ct i onal  character Wal do [9]  i nvented a seri es 
of  remot e mani pul at ors,  WALDOs,  t hat  enabl ed hi m to cope wi th 
hi s severe muscul ar weakness. NASA devel oped t he Web 
Interface for Tel esci ence ( WI TS) [10]  sof tware whi ch l i nked a 
vehi cl e for Mart i an t ravel  to Internet  users.   Thi s al l owed a group 
of  hi gh school  students to act i vel y part i ci pate i n assi sti ng 
researchers operate the vehi cl e duri ng a f i el d test.  Uni versi ty of 
Southern Cal i f orni a’ s Tel egarden [ 11]  enabl ed Internet  users to 
operate a r emote robot i c arm centered i n a garden i n order to 
water and care for the pl ants i nside.  These proj ects demonstrate 
the power  of tel erobot i cs i n encouragi ng remote col l aborat i on,  
act i ve and assisted l earni ng,  and devel opi ng a sense of  vi rtual  
partnershi p.  

Wi t h aut onomous robot s,  t he benefi ts of tel eroboti cs can be 
ext ended f urt her.  Argument s can be made t hat  most  current  
tel erobot i cs i nteract i on t echni ques fol l ow the “robots as tool s” 
approach wi t h users havi ng t o operate and cont rol  many 
mechani cal  aspects of  the remote robot .  Al though the di rect  
physi cal  context  i s mi ssi ng,  previ ousl y ment i oned i nteract i on 
techni ques based on the “robots as partners” perspect i ve can st i l l  
be appl i ed by del i veri ng vi deo,  sound,  and other sensory and 
communi cat i on el ements.  The experi ence can be simi lar to 
exi st i ng i nt eract i on bet ween humans onl i ne such as chat t i ng usi ng 
i nstant  messagi ng programs,  col l aborat i ng by voi ce in onl i ne 
games,  and part i ci pat i ng i n vi deo conf erences.  By expl ori ng these 
i nt eract i on paradi gms for tel erobot i cs,  remote users can 
col l aborate wi t h a t eam of  remote robots as a part i ci pat i ng 
member  rather than a superi or operator havi ng to cont rol  the 
ent i re t eam.   Thi s met hodol ogy al l ows HRI  to make the f i rst  steps 
towards i nvol vi ng the general  publ i c i n test i ng novel  i nteract i on 
techni ques.  

In order to provi de a ri ch i nterface for tel erobot i cs,  basi c sensory 
el ements of  the remot e envi ronment is essenti al . Vi sual  
i nformat i on i s of ten provi ded as l i ve vi deo depi ct i ng the remote 
scene.  Augment ed/ mixed real i ty i s a pract i cal  method for 
suppl ement i ng t he vi sual  envi ronment  wi t h graphi cs whi ch serve 
a speci f i c purpose or express i ndi rect  i nformat i on.  Appl i cat i ons 
such as t he Magi c Book [ 12]  or the Human Packman [ 13]  use 
mixed real i ty t o superi mposes graphi cs ont o physical  scenes 
di spl aying and al l owi ng ri ch i nteracti on wi th vi rtual  enti t i es. 
Mi xed real i ty can al so be ef fect i vel y used i n tel erobot i cs 
appl i cat i ons t o compensate for the l oss of  di rect  physical  context.   

Fi gure 1.  Sheep and Wol ves 



For  exampl e,  graphi cs can be di spl ayed to i ndi cate the 
paramet ers,  t hought s or emot i ons of  other remote robot i c 
teammates. 

2. 3 Game- pl ayi ng Robot s 
Robot s or si mul at ed comput er agent s pl ayi ng games agai nst  
humans are a f ami l i ar concept .   However,  i nteract i on amongst  
humans and such compet i ng machi nes are of ten trivial  or non-
exi stent .   Appl i cat i ons such as I BM’s chess-pl ayi ng Deep Bl ueTM 
or vari ous other machi nes pl ayi ng checkers or ai r hockey do not  
requi re natural  and i ntui t i ve i nteract i on amongst  humans and the 
robot i c opponent s.  Carnegi e Mel l on Uni versi t y’ s Cogni t i ve 
Robot i cs [ 14]  suggest s means of  i mpl ement i ng more evol ved 
physical  i nteract i on between robots and games,  f or exampl e t he 
paper out l i nes an Ai bo-based t i c-t ac-t oe game where t he Ai bo can 
move game pi eces on a physical  board.  

I nteract i on amongst  robots and humans wi thi n a game appl i cat i on 
can be f urt her i mproved by requi ri ng humans and robots to pl ay 
on the same t eam instead of  agai nst each other. The concept  
ori gi nates f rom usi ng robots for search and rescue operat i ons 
where per f ormi ng col l aborat i ve task can be cri t i cal . Since human 
abi l i ty, arti ficial  i nt el l i gence and computat i onal  abi l i ty can be 
fai rl y bal anced wi thi n a l i mi ted game envi r onment, it is 
concei vabl e t o i mpl ement  meani ngf ul  human-robot  i nterfaces 
where the robots and humans col l aborate as equal s.  

3.  SYSTEM DESI GN 
Sheep and wol ves i s i ntended to expl ore i nteract i on i ssues 
amongst  humans and robot s.  The f ocus is on di scoveri ng novel  
methods of  i nteract i on,  ef fect i ve robot  behavi or,  and 
cor respondi ng human react i ons.  To accompl i sh our goal s, we 
have devi sed a col l aborat i ve game where humans and robot s must  
pl ay together as a t eam i n order t o wi n the game.  We see thi s 
game as a metaphor for f uture human-robot  col l aborat i ve tasks 
such as search and rescue operat i ons.  By performi ng a 
col l aborat i ve task i n a cont rol l ed game envi ronment i nstead of the 
compl ex physical  worl d,  we are abl e to simpl i fy the task and 
focus on i nteract i on.  Al so,  as ment i oned previ ousl y, i nteract i on 
becomes more meani ngf ul  and bel i evabl e when robot  and human 
i ntel l i gence are fai rl y bal anced whi ch i s t he case i n our game. 

3. 1 Sheep and Wol ves 
The appl i cat i on we have devel oped i s based on a cl assi c board 
game cal l ed Sheep and Wol ves.   Thi s t urn-based game i s bei ng 
pl ayed on a checkerboard,  and game pi eces can onl y occupy and 
move on squares of  t he same col or.  The game i nvol ves f i ves game 
pi eces,  four of  whi ch are the wol ves, and one is the sheep.  The 
wol ves start  on one end of  the checkerboard,  and the sheep starts 
on t he other.  The t eam of  wol ves are onl y al l owed t o move one 
wol f  f orward di agonal l y by one square duri ng each turn. The 
team’ s obj ect i ve i s to surround the sheep so it cannot  make any 
l egal  moves.   Meanwhi l e,  t he sheep i s al l owed t o move f orward 
and backward di agonal l y by one square duri ng each turn.  I ts 
obj ect i ve i s to move f rom one end of  the checkerboard to the 
other.  Obvi ousl y,  whi l e the sheep i s more f l exi bl e i n i ts moves,  
the wol ves’  st rengths are i n thei r numbers and abi l i ty t o move as a 
pack.  

3. 2 Concept ual  Descr i pt i on 
In order to provi de our appl i cat i on wi th a physi cal  envi ronment ,  
the game is bei ng pl ayed on a l arge physical  checkerboard.   The 

wol ves are represent ed by Sony’ s Ai bo robot i c dogs,  and the 
sheep is a vi rtual  ent i ty. The Ai bos physi cal l y move and si t  down 
on t he physical  checkerboard to i ndi cate movement of the wol ves 
in t he game.  Human pl ayers pl ay t he game at  remotel y l ocated 
comput ers by l oggi ng i nto the appl i cat i on. Usi ng tel erobot i cs,  a 
human pl ayer i s abl e to cont rol  an Ai bo wol f ,  personi fyi ng the 
robot i c ent i ty wi t hi n t he game.  Other uncont rol l ed Ai bo wol ves 
are aut onomous robot i c t eammat es whi ch t he human pl ayer must  
col l aborate wi th.  Li ve vi deo of  the physi cal  game envi ronment  is 
provi ded to the remot e human pl ayer,  and augment ed/ mi xed 
real i ty i s ut i l i zed for vi sual i zi ng the vi rtual  sheep. 

Winni ng t he game as wol ves requi res excel l ent t eamwork.  The 
human pl ayer has to provi de suggest i ons to the team and consi der 
proposi t i ons made by other t eammates i n order to hel p the t eam 
reach i ntel l i gent  deci si ons on the moves t he t eam shoul d make. 

3. 3 Two Game Condi t i ons 
We have desi gned two ext reme robot i c behavi ors for t he 
aut onomous Ai bo wol ves to test  thei r ef fect  on human-robot  
col l aborat i on wi thi n the game. The two condi t i ons wi l l  port ray 
si gni f i cant l y di f ferent personal i t i es for the human pl ayer’ s robot i c 
teammates. 

3.3.1 Human-Cent r i c Condi t i on 
The robot  behavi or  whi ch humans are most  accust omed to is 
obedi ence.  Af ter al l ,  the “robots as tool s” approach has been 
adopt ed in many robot i c appl i cat i ons,  and peopl e of ten expect  
robots to perf orm the tasks they are asked to do.  The game’ s 
human-cent r i c condi t i on is desi gned wi t h t hat  human percept i on 
i n mi nd.   When pl ayi ng t he game wi t h human-cent r i c cont rol , the 
human pl ayer’ s robot i c t eammat es al ways fol l ow advi ce gi ven by 
the human pl ayer. To further i nvoke a feel i ng of  superi ori ty,  we 
di rect  t he aut onomous Ai bo wol ves to prai se t he human pl ayer for 
hi s/her i nput ,  and al l  comments provi ded are communi cat ed i n a 
support i ve manner.  

3.3.2 Robot -Cent r i c Condi t i on 
The opposi t e of  obedi ence is def i ance, and thi s i s refl ected i n our 
robot -cent ri c condi t i on.  We at t empt  to agi tate the human pl ayer 
by pl aci ng hi m/her i n a posi t i on of  i nferi ori ty. In essence, the 
game wi l l  be compl etel y cont rol l ed by t he t hree aut onomous Ai bo 
wol ves,  al l  f ol l owi ng t he same game al gori t hm, thi nki ng al i ke and 
negl ect i ng any advi ce f r om t hei r  human t eammat e.  To make the 
si tuat i on worse,  we di rect  the aut onomous Ai bos t o mock t he 
human pl ayer for any mi stakes and move suggest i ons t hat  do not  
mat ch t hei r  own.  Even when t he human pl ayer suggest s a move 
that  corresponds wi th the opi ni on of  the rest of the team, he/she i s 
greet ed wi t h cont empt. 

4.  SYSTEM I MPLEMENTATI ON 
4. 1 Syst em Har dware 
To provi de a physi cal  envi ronment  for the game,  we el ected to 
use a 104’ ’  by 104’ ’  Rol aBoardTM wi th the standard bl ack and 
whi t e checkerboard pat t ern.  Each square measures 13’ ’  by 13’ ’ , 
provi di ng suf f i ci ent  room for an Ai bo wol f  to si t  on or humans to 
stand on.  We chose f our Ai bos as our robot i c wol ves because 
t hey have a pl ayful  appearance,  the abi l i ty to physi cal l y wal k on 
the checkerboard,  vi si on capabi l i t i es,  and wi rel ess connect i vi t y 
whi ch i s essent i al  for our tel erobot i cs appl i cat i on.  The Ai bo 
provi des 208 pi xel s by 160 pi xel s col or st reami ng vi deo and 



connects wi rel essl y usi ng the 802. 11b st andard.  The remot e 
comput er used f or experi ment s i s a Pent i um I V 3. 4 GHz machi ne 
wi t h 2 GB of  RAM.  

4. 2 Syst em Sof t ware 
The sof tware requi red for runni ng the game i s categori zed i nto 
l ocal  sof tware and remote sof tware.   Local  sof tware descri bes 
processes runni ng nat i vel y on t he Ai bos such as checkerboard 
t raversal  and the game al gori t hm,  and remote sof tware i nvol ves 
t he remote user i nterface appl i cat i on.  Communi cat i on occurs 
bet ween l ocal  and remote sof t ware usi ng wi rel ess networki ng.   
Carnegi e Mel l on Uni versi t y’ s Ai bo programmi ng pl at f orm,  
Tekkot su [ 15] , was used ext ensi vel y for the l ocal  software, 
of feri ng access t o i mage data,  wi rel ess net work admini strati on, 
and easy wal ki ng commands.  

4.2.1 Low Level  Checkerboard Traversal  
One of  our goal s i s to i nt roduce physical  el ements i nto the board 
game.  By pl ayi ng the game on a l arge checkerboard,  we def i ne a 
si mple envi r onment in whi ch t he robot i c game enti t i es can easi l y 
operate.  As a resul t  of  the rul es of  the game, Ai bo wol ves are onl y 
requi red t o t raverse t he checkerboard movi ng f orward di agonal l y 
one square at  each turn.  Thi s can be achi eved usi ng a simple 
l ocal i zed vi si on al gori t hm wi t hout  havi ng t o map t he physical  
envi ronment  of  t he checkerboard.  When an Ai bo wol f  i s about  t o 
move,  i t  stands up on al l  four l egs wi th i ts snout faci ng strai ght 
down.  Si nce the camera i s l ocated i n the Ai bo’ s snout ,  thi s 
posture provi des a bi rd’ s eye vi ew of  the board whi ch i s al so very 
l i mi ted due to the camera’ s f i el d of  vi ew and the rel at i ve 
cl oseness of  t he camera to the checkerboard.  Thi s l i mi ted bi rd’ s 
eye vi ew of  t he checkerboard i s actual l y i deal  for a simple 
traversal  al gor i t hm si nce there i s very l i t t l e perspecti ve di storti on, 
and f or each f rame of  vi deo obtai ned by the Ai bo i n the stand-up 
post ure,  we have onl y several  distinct cases to consider for 
l ocal i zi ng and ori entat i ng the Ai bo.  

For our al gori thm, we deci ded to use l i nes and corners as means 
of  l ocal i zat i on and determi ni ng ori ent at i on.  Worki ng onl y wi th 
l ow resol ut i on grayscal e i mage data,  we ext ract  l i nes f rom the 
i mages by first appl ying a l ow-pass f i l t er and then performi ng a 
bi nary threshol d to generate resul t i ng i mages si mi l ar to the ones 
shown i n Fi gure 2.  Next ,  we search for l i ne end poi nts around the 
per i meters of  the i mages by si mpl y performi ng excl usi ve or 
operat i ons of the tested pi xel  wi th each of  i ts ri ght and bot t om 
nei ghbors.  

From the ext racted l i ne end poi nts, we deri ve the l i ne segments 
present  i n the i mage.   The case wi t h two l i ne end poi nts is trivial .  
To correct l y match three or four l i ne end poi nts,  we si mpl y 
consi der al l  possi bl e pai ri ngs and cal cul ate the resul ti ng angl es 
bet ween t he t wo l i ne segments.  Si nce the bi rd’ s eye vi ew of  the 
checkerboard does not  suf fer f rom perspect i ve di stort i on,  l i ne 
segments wi thi n the l i mi t ed vi ew must be ort hogonal  to each 
other.  Therefore,  we can excl ude pai ri ngs of l i ne segment s whi ch 
are not  orthogonal .  

I n f rames where two l i ne segments can be ext racted,  we can al so 
det ermi ne the posi t i on of  a corner poi nt  by si mpl y cal cul at i ng the 
i ntersect i on between the two l i ne segment s.  Corner poi nt s whi ch 
can be i nside or outside of  an i mage are used to l ocal i ze the Ai bo 
on t he checkerboard.  The angl es between ext racted l i nes and the 
vert i cal  axi s are used to al i gn the Ai bo i n a proper posi t i on.  

Wi th corner poi nt s and l i nes as our vi si on cues,  we then def i ne the 
three stages of  a move:  pre-move,  move,  and post -move.  For each 
stage, a set of states are out l i ned.  In the pre-move stage,  the Ai bo 
is programmed to wal k forward,  f i nd a l i ne,  ori entate i tsel f  so the 
l i ne appears at a certai n angl e to the verti cal  axi s dependi ng on 
the di rect i on of the target square,  and fol l ow the l i ne unt i l  a 
corner poi nt  is seen.  Thi s stage posi t i ons the Ai bo to face the 
target square.  In the move stage, the Ai bo crosses the corner poi nt  
and t ri es to f i nd the next  corner poi nt  by movi ng forward.  If a l i ne 
segment  i s seen before the next  corner i s found,  the Ai bo uses the 
l i ne segment to adj ust i ts ori entati on, trying to mai ntai n a 45 
degree angl e between the l i ne segment  and the verti cal  axi s. The 
Ai bo t hen f ol l ows the l i ne and eventual l y f i nds the next  corner 
poi nt. Thi s stage moves the Ai bo f rom i t s current  square to the 
target  square.  In the post -move stage,  the Ai bo uses the posi t i on 
of  the found corner poi nt  to ei ther turn l ef t  or ri ght of the corner 
poi nt  dependi ng on the di rect i on of  the move.  Af ter the corner 
poi nt i s l ost due to turni ng, t he Ai bo sees a singl e l i ne segment 
case. For the f i nal  adj ustment ,  the Ai bo at tempts to mai ntai n a 90 
degree angl e bet ween t hi s l ine segment and the vert i cal  axi s whi l e 
backi ng up.  Thi s stage ensures the Ai bo is faci ng di rect l y f orward 
on the target  square af ter the move.  Last l y, the Ai bo si ts on the 
square to i ndi cate the compl et i on of  a move.  

4.2.2 Augment i ng t he Physi cal  Scene 
In order to vi sual i ze the vi rtual  sheep and demonst rate the 
appl i cat i on of  augment ed/ mixed real i ty,  we enhance the l i ve 
vi deo provi ded by t he Ai bo’ s camera by super i mposi ng a 
comput er generat ed 3D sheep onto the scene (Fi gure 1).  To 
achi eve t hi s,  we set  up an OpenGLTM vi ewi ng f rust um based on 
the camera’ s f i el d of  vi ew and focal  l ength.  In the scene, a 
rectangl e i s pl aced at  a di stant  l ocat i on f rom the camera l ooki ng 
down t he z-axi s.  The size and aspect rat i o of the rectangl e is 
cal cul ated usi ng the f i el d of  vi ew and focal  l ength of  the camera 
to ensure i t  covers the enti re vi ewi ng vol ume when di spl ayed. 
Frames of vi deo recei ved f r om the Ai bo’ s camera are then texture 
mapped onto the di stant  rectangl e to provi de a vi deo background 
for the vi rtual  3D sheep i n the scene.  

As Ai bos move on t he board,  t he exact  posi t i ons of  the Ai bos’  
cameras are unknown af t er  each move.  To pl ace the vi rtual  sheep 
wi thi n the correct  vi ewi ng context  of  t he vi deo background,  
cont i nuous camera cal i brat i on i s requi red.  We desi gnate the 
center of  the checkerboard as the ori gi n of  our worl d coordi nate 
syst em.   Then,  by keepi ng t rack of  the game enti ti es on the board,  
we know appr oxi matel y the posi t i on of  the camera we are 
cal i brat i ng. Usi ng t hi s i nf ormat i on and measurements of  t he 
camera’ s hei ght  and t i l t ,  we set  the camera i n the worl d 
coordi nate syst em based on these parameters.  Next ,  we f i ne-tune 
the cal i brat i on usi ng hi gh resol ut i on i mage dat a f rom t he camera. 

Fi gure 2.  Bi nary i mage representat i ons of  snap shots of  
t he Ai bo’ s vi ew of  t he board 



First, we extract the checkerboard corner poi nt s f rom the i mage 
(Fi gure 3).  Thi s is accomplished usi ng a corner detect i on 
al gor i t hm. The ef fect i veness and accuracy of  the al gori thm 
depends on the cl oseness of  the corner poi nts to the camera and 
the amount  of  perspect i ve di stort i on present.  I n most  cases,  we 
can extract at l east three accurate poi nts cl ose to the camera 
whi ch we use to per f orm a simpl i f i ed camera cal i brat i on.  There 
are several  chal l engi ng cases where cal i brat i on is di ffi cul t or 
i mpossi bl e usi ng onl y t he i nf ormat i on descri bed.   These wi l l  be 
expl ai ned l ater i n detai l .  

Af ter obtai ni ng the corner poi nts,  we then i nverse proj ect  these 
2D poi nt s i nt o our 3D worl d coordi nate system. Thi s i s possi bl e 
because we know t he y val ues of  these potent i al  3D poi nts are al l  
supposed to be 0.  Wi th the i nverse proj ected 3D corner poi nts,  we 
pai r t hem together i n at tempt to f i nd ei ther a potenti al  hori zontal  
or vert i cal  edge of  a square.  Af ter cal cul at i ng the angl e between 
the vector resul t i ng f rom such an edge and the correspondi ng 
hori zontal  or vert i cal  vector,  we rotate the vi rtual  scene around 
the y-axi s by t he cal cul ated amount  to make the adj ustment .  Thi s 
corrects misal i gnment i ssues caused by the Ai bo not  al ways 
faci ng exact l y f orward.  To make adj ustments for possibl e changes 
i n the t i l t  of  the Ai bo’ s camera,  we rotate the scene around the x-
axi s by a rat i o determi ned f rom the di f ference between the l ength 
of an actual  edge and the l ength of  an edge ext racted f rom the 
i mage.  We make the assumpt i ons that  the Ai bo’ s camera does not 
requi re rol l  adj ustment ,  and i ts hei ght  remai ns the same.  

Appl ying the cal i brat i on procedures i l l ust rated,  we are abl e to 
correct l y super i mpose the sheep on the l i ve vi deo most  of the 
t i me.   Chal l engi ng cases such as the l oss of corner poi nt s due to 
occl usi ons and the i nt roduct i on of  fal se corner poi nts created by a 
bl ack Ai bo si t t i ng on a whi te square can resul t  somet i mes i n the 
i nabi l i ty to accuratel y port ray the sheep.  Another vi sual  
annoyance that  somet i mes occurs i s the l ack of  cl i ppi ng for the 
3D sheep when i t  i s di spl ayed behi nd a physical  Ai bo in the 
vi deo.  

4.2.3 Game Pl ay 
The game al gori t hm for both the sheep and t he wol ves are 
i mpl ement ed based on t he concept  of  searchi ng for paths f rom the 
sheep to the other end of  the checkerboard.  I f  mul t i pl e paths are 
avai l abl e,  the sheep wi l l  move fol l owi ng the shortest  path.   
Otherwi se i t  wi l l  make a random move wi th a preference for 
movi ng f orward i nst ead of  backward and movi ng t oward t he 
center i nstead of to the si de.  The robot i c members of  the wol f  
pack wi l l  make the move whi ch resul ts i n the l ongest  avai l abl e 
path or no avai l abl e path for the sheep.  

For each turn, the sheep or the wol f  pack has 60 seconds to arri ve 
at a deci sion f or t he move.  The wol ves wi n when the sheep can no 

l onger make anot her l egal  move,  and the sheep wi ns i f  i t  gets pass 
the l ast  wol f  on i ts way to the other end of  the board.  

At  t he end of  t he sheep’ s turn,  each autonomous Ai bo wol f  
processes t he same game al gori t hm and comes up wi th i ts i deal  
move f or t he t eam t o make.  Then i t  makes the suggest i on to the 
rest of  the team, and the other aut onomous Ai bos provi de ei t her 
posi t i ve or negat i ve feedback dependi ng on i f  the suggest i on 
mat ches t hei r  own i deal  move.  Si nce al l  autonomous Ai bos 
process t he same game al gori t hm they wi l l  al ways agree wi th 
each other.  Thi s behavi or  may not be real i stic for actual  
col l aborat i ve work but  i s appropri ate for our test  condi t i ons. 
Responses generat ed when processi ng human suggest i ons di f f er 
dependi ng on t he game condi t i on bei ng pl ayed. In the human-
cent ri c condi t i on,  aut onomous Ai bo wol ves al ways provi de 
posi t i ve f eedback t o human suggest i ons.  Whi l e i n the robot -
cent ri c condi t i on,  human suggest i ons are compared wi t h t he move 
generat ed by t he game al gori t hm.  Mismat ches t ri gger mocki ng 
comments, and matches t ri gger a rel uctant  agreement  wi th 
cont empt .  

To pl ay a game,  we f i rst  t urn on t he Ai bo wol ves and al l ow them 
to stretch.  After the Ai bos reach a si t t i ng posi t i on, t hey are pl aced 
on the whi te squares of the l ast row of  t he checkerboard faci ng 
the ot her end.  Next ,  we show t he Ai bos where t hey are on the 
checkerboard usi ng a simpl e two-but ton i nterface whi ch i terates 
t hrough the rows and col umns unti l  the correct  square i s l ocated.  
After thi s i ni t i al i zat i on, the Ai bos are abl e to keep track of thei r 
posi t i ons on t he checkerboard as they move i n t he game.  At this 
poi nt, the r emote user i nterface i s l aunched.  The Ai bo to be 
remot el y cont rol l ed i s sel ected and the game begi ns.    

4.2.4 Remot e User I nt erf ace 
To al l ow a human pl ayer to effect i vel y control  an Ai bo wol f  and 
natural l y i nteract  wi th the rest  of  the team, we have devi sed an 
i ntui t i ve graphi cal  user i nterface (Fi gure 4).  In the fol l owi ng 
sect i on,  the vari ous parts of the i nterface wi l l  be out l i ned,  and the 
mot i vat i ons behi nd the desi gn choi ces wi l l  be expl ai ned.  

In the mai n area of the screen,  l i ve vi deo of  the game al ong wi th 
the vi rtual  sheep i s di spl ayed.  Thi s al l ows the remot e human user 
to see the physical  board f rom the poi nt  of  vi ew of  the cont rol l ed 
Ai bo.  The vi rtual  sheep i s vi si bl e to the user i f  i t  i s occupyi ng a 
square i n the f i el d of  the vi ew of  the camera. At  the bot t om of the 
mai n di spl ay, game i nf ormat i on i s provi ded,  i ndi cat i ng what  the 
game ent i t i es are doi ng (thi nki ng or movi ng),  whose turn i t  i s,  and 
the t i me remai ni ng for maki ng a deci si on.  

On the top ri ght  of  the i nterface,  a radar (Fi gure 5) i ndi cates the 
posi t i ons of the wol ves rel at i ve to the edge of  the checkerboard.   
Si nce our goal  i s to si mulate search and rescue operat i ons,  we 
chose not  t o provi de t he human pl ayer wi th the posi t i on of  the 

Fi gure 3.  Ext ract ed corner poi nts 

Fi gure 4.  Remot e user i nterface 



sheep and the gri d of  the checkerboard.  Thi s encourages the 
human pl ayer to act i vel y i nteract  wi th the physical  envi r onment 
of the checkerboard rather than ut i l i zi ng the abst ract  radar to pl ay 
the game.  Each robot i c wol f  i s represented by a red dot .  The 
robot i c wol f  cont rol l ed by the human pl ayer i s i ndi cated wi th a 
bl ue ri ng around i t s dot .  When a robot i c wol f  moves, i ts dot wi l l  
f l ash to i ndi cate the movement .  Di spl ayed next  to thei r 
correspondi ng dots are the Ai bo robot i c wol ves’  ni cknames.  
These al ong wi t h t hei r names,  Leonardo,  Mi chel angel o,  
Donatel l o,  and Raphael ,  are used to refer to the part i cul ar wol f  in 
t he game.  For si mpl i ci ty we desi gnate the di rect i on the wol ves are 
ini ti al l y faci ng as north,  and therefore,  the green arrow in the 
radar al ways poi nts towards north.  

Underneath the radar i s the head-panni ng devi ce (Fi gure 5).  Si nce 
the i ni t i al  forward-faci ng vi ew i s l i mi t ed,  we al l ow t he human 
pl ayer to pan the head of  the cont rol l ed Ai bo 45º or 90º left or 
ri ght (east  or west).  Thi s feature can be used to expl ore the 
checkerboard,  l ocate the sheep,  observe other Ai bo t eammates, 
and wat ch t hem move.   The radar al so rotates to match the 
ori entat i on of  the Ai bo’ s current  vi ew to further assi st i n spati al  
ori entat i on and awareness.  

The most  i mportant  i nterface component  is the text messagi ng 
i nterface (Fi gure 6).  Thi s al l ows the human pl ayer to 
communi cate wi th the rest  of  the Ai bo wol ves i n a famil iar 
i nteract i on paradi gm.  Al t hough current l y the ri chness of 
conversat i on i s l acki ng,  we feel  thi s i nteracti on t echni que has 
potent i al  i n ef fect i vel y engagi ng human users i n act i ve 
col l aborat i on wi th robot i c ent i t i es especi al l y in tel erobot i cs 
appl i cat i ons si nce most human users are al ready f ami l i ar wi th 
i nst ant  messagi ng programs.  

I n our game,  conversat i on occurs amongst  f our t eammat es.  Due to 
the lost of context  or the i ntended reci pi ent  of  messages,  ef fect i ve 
communi cat i on can be di f f i cul t  when the di scussi on is 
commenci ng at  a rapi d rate.  To sol ve thi s probl em,  we assi gn four 
t i me slots 15 seconds apart  wi t hi n t he 60 second deci si on-maki ng 
durat i on.   Onl y one randoml y sel ect ed aut onomous Ai bo wol f  is 
to make a suggest i on at  each t i me sl ot ,  and a response to a 
suggest i on made by any member  of  the team i s generated by 
anot her  randoml y sel ected autonomous Ai bo wol f  2. 5 seconds 
af ter the suggest i on was made.  Thi s hel ps to reduce the number  of 
messages di spl ayed and the rate at whi ch t hey must  be processed 
by t he human pl ayer. 

Usi ng thi s i nterface (Fi gure 6),  t he human pl ayer i s abl e to make a 
suggest i on usi ng the syntax “ {Ai bo’ s name or  ni ckname} move 
{the di rect i on of the target  square,  ei ther northwest ,  northeast ,  or 
nw,  ne}”.  Current l y messages not  f ol l owi ng the syntax cannot  be 
i nterpreted by the aut onomous Ai bos,  but  we pl an to expand the 
Ai bo’ s vocabul ary by i mpl ement i ng a more advanced l anguage 
parsi ng feature.  The simple syntax i s suff i ci ent for our present test 
condi t i ons.  

5.  Prel i mi nary Test i ng of  Sheep and Wol ves 
In order to eval uate the sensi t i vi ty to behavi oral  condi t i ons,  
useful ness,  and pl ayabi l i ty of Sheep and Wol ves,  we have 
per f ormed prel i mi nary eval uat i ons of  our appl i cat i on.  In this 
sect i on,  we wi l l  out l i ne our exper i mental  approach and present  
the current resul ts. 

5. 1 General  Met hodol ogy  
Our  goal  for the proj ect  i s to expl ore col l aborat i on i ssues between 
humans and robot s.  We want  t o measure t he human response to 
robot i c t eammates wi th di f ferent  behavi or condi t i ons when 
i mmersed i n a col l aborat i ve task.  As ment i oned previ ousl y,  we 
have const ructed two condi t i ons:  the human-cent r i c condi t i on and 
the robot -cent ri c condi t i on. 

The part i ci pants pl ayed t he game at  a remot e computer where the 
physi cal  board was not  vi si bl e.  The exper i ment  was conduct ed 
fol l owi ng a wri t ten protocol  to make sure each part i ci pant 
recei ved t he same i nf ormat i on.  We i nt roduced part i ci pants to the 
purpose of  our study,  showed t hem the rul es and concept s of the 
game,  and f ami l i ari zed them wi th t he remote user i nterface.  They 
were t ol d t hat  t he game support ed a democrat i c deci si on-maki ng 
process for the team of  wol ves wi th the deci sion recei vi ng the 
maj ori ty of votes bei ng sel ected by the team. Part i ci pants were 
encouraged t o act i vel y col l aborate wi th thei r robot i c counterparts,  
ei ther trying to convi nce the Ai bos to support  a deci si on or 
trust i ng the Ai bo’ s deci si on when t hey are unsure about  the next  
move.  

To expl ai n occasi onal  misal i gnment of the sheep due to camera 
cal i brat i on errors,  we tol d part i ci pants that the sheep can be t ri cky 
at  t i mes and may j ump f rom square t o square on the 
checkerboard.   Part i ci pants were told t hey may have to trust the 
advi ce of thei r robot i c t eammates i f  they are not sure where the 
vi rtual  sheep i s and cannot  deri ve an i ntel l i gent  move.  We al so 
asked part i ci pants to keep i n mi nd quest i ons such as “Can you 
accept  an advi ce f rom robot s t hat  mi ght  know more about  t he 
si t uat i on than you do?” and “Wi l l  you be abl e to convi nce your 
robot i c teammates i n the l ogi c of  your pl ans and act i ons?”. 

Each part i ci pant  pl ayed one game wi t h human-centri c control  and 
another wi th robot -cent ri c cont rol .  The condi t i on order was 
count erbal anced bet ween part i ci pant s.  We recorded the out come 

Figur e 5. Radar  and head-panni ng 
d i

Fi gure 6.  Chat  i nt er f ace showi ng 
conversi ons f rom t he t wo game condit i ons 



of each game and any program errors.  Af t er each game the 
part i ci pants were gi ven a short  quest i onnai re.   The fol l owi ng i s a  
l i st  of  some of  the quest i ons asked:  

x How much trust di d you have f or your robot i c t eammates’  
suggest i ons? 

x How st rong was t he sense of  cont rol  you had over your robot i c 
t eammat es? 

x How much t rust  do you t hi nk your robot i c t eammat es had for your 
suggest i ons? 

Part i ci pant s were asked t o answer these quest i ons by drawi ng a 
mark on a l i ne segment to i ndi cate thei r posi t i on between two 
ext remes. Later, the di stances denot ed by the marks were 
measured,  and a val ue was cal cul at ed and normal i zed bet ween 0 
and 1.  

5. 2 Exper i ment s 
We started our studi es wi th a l i mi ted pi l ot  experi ment  perf ormed 
by one male student .  Several  i nterface i ssues were di scovered and 
corrected such as di sabl i ng the radar di spl ay of the posi t i on of the 
sheep whi ch can l ead to the part i ci pant  pl ayi ng t he game usi ng 
onl y the radar and not  the l i ve vi deo of  the physi cal  envi ronment .  

We also l earned the part i ci pant  wanted to pan the head of  the 
Ai bo and al l ow it to stay at  the new l ocat i on,  where i n our i ni t i al  
desi gn the head al ways panned back to the forward-faci ng 
posi t i on af ter a certai n amount  of  t i me.  

Af ter ref i ni ng the system accordi ng to the pi l ot  experi ment  we 
i nvi ted f i ve graduate students f rom our l ab to pl ay the game.   
Three part i ci pants pl ayed one game wi th human-cent r i c cont rol  
f i rst  and another wi th robot -cent ri c cont rol  second.   The other 
t wo part i ci pants pl ayed one game wi th robot -cent ri c cont rol  first 
and another wi t h human-cent r i c cont rol  second.   Each 
experi ment ,  consi st i ng of  two games,  l ast ed approxi mat el y one 
hour,  and al l  part i ci pants compl eted the eval uat i on.  Roughl y once 
per  game there was a t raversal  error,  and the robot  posi t i on had to 
be corrected,  however,  thi s di d not  af fect  game pl ay.  Four 
part i ci pant s won t he game pl ayed wi th robot -cent ri c cont rol  and 
lost the game pl ayed wi t h human-centri c cont rol .   One part i ci pant  
l ost  both games.  

Fi gure 8 shows resul ts f rom the quest i onnai re i ndi cat i ng the 
amount  of  t rust  the human pl ayer had for the robots i n each 
behavi oral  condi t i on.  Al l  but  one part i ci pant  had more trust for 
the robots i n the robot -cent ri c condi t i on than i n the human-cent r i c 
condi t i on. Fi gure 9 i ndi cates the sense of  cont rol  the human 
pl ayer had duri ng t he game.  It is cl ear that al l  part i ci pants except  
#3 had a st ronger sense of  cont rol  i n the human-cent r i c condi t i on. 
Fi gure 10 poi nts to the part i ci pant ’ s percept i on of  the amount  of  
t rust  the robots had for thei r human suggest i ons.  We can see that 
al l  part i ci pants thought the robots t rusted them more i n the 
human-cent r i c condi t i on. 

6.  DI SCUSSI ON 
Here we di scuss t he out comes of  our prel i mi nary experi mental  
exami nat i on of  Sheep and Wol ves. We revi ew the l i mi tati ons of 
the current  i mpl ementat i on, resul ts we were expect i ng as wel l  as 
surpri ses. We di scuss i mpl i cations for t he use and i mprovement s 
of the Sheep and Wol ves system. 

6. 1 Li mi t at i ons 
The Sheep and Wol ves study presented here was an earl y and 
l i mi ted experi ment  and i ts resul ts shoul d be consi dered wi th 
caut i on.  I t  i s hard to deri ve sol i d concl usi ons f r om the l i mi ted 
number  of  users and f rom the current  measures that, other than the 
game f i nal  out come, are qual i tat i ve and subj ect i ve i n nature. 

We use t he game f i nal  out come (wol ves won or sheep won) as an 
obj ect i ve out come of  the exper i ment. However ,  we are current l y 
not  taki ng i nto account  the ful l  compl ex nature of  the experi ment ,  
somethi ng that  coul d be rect i f i ed by measuri ng the f i ner factors 
that i nf l uence the game progress,  such as overal l  number of  
moves,  and obj ect i ve correctness or i ncorrectness of  the moves 
taken.  

6. 2 Conf i rmat i ons 
Overal l ,  the Sheep and Wol ves system,  hardware and sof tware,  
per f ormed qui te wel l .  Al t hough we had the odd t raversal  error i n 
each game this were f i xed qui ckl y and di d not  affect the game 
experi ence.  Users manage to i nteract  wi th the appl i cat i on and 
pl ay the two games i n ful l ,  usual l y enj oying the experi ence.  
Expect edl y, al l  the users but one won al l  thei r robot -cent ri c 
cont rol  condi t i on games (t he one l oss was due to an error i n the 
robot i c wol ves al gori t hm). 

Fi gure 8.  Human sense of  control  

Fi gure 9.  Percei ve t rust  of  robots’  t rust  for humans 
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Fi gure 7.  Human t rust  f or robot s’  suggest i ons 
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An expect ed conf i rmat i on was t hat  users fel t  more control  over 
thei r robot i c teammates in the human-cent r i c cont rol  condi t i on 
rel at i vel y to the robot -cent ri c cont rol  condi t i on experi ment s.  We 
were al so gl ad to f i nd that al l  users fel t that thei r roboti c 
t eammates t rusted them (t he humans)  more i n the human-cent r i c 
cont rol  condi t i on experi ments.  

6. 3 Surpr i ses 
We were surpri sed to f i nd that al l  users l ost thei r human-cent r i c 
cont rol  condi t i on games.  We suspect  t hi s was caused by l ack of 
experi ence i n the cl assic board game “Sheep and Wol ves” whi ch 
was pl ayed by some of the users for the f i rst  t i me duri ng the 
exper i ment, as wel l  as by l ack of  experi ence i n the Sheep and 
Wol ves i nterface. The cl assic game of “Sheep and Wol ves” can be 
won by t he wol ves every t i me if t hey mai ntai n an uni nspi ri ng 
“keep your col umn” game pl an.  The robot i c wol ves kept  up to 
thi s pl an and cont i nued to suggest  the ri ght  moves to the human 
wol f .  However ,  we not i ced that  users fol l owed the uni nspi ri ng 
suggest i ons f rom the robots ti l l  t hey reached cl ose contact  wi th 
the sheep.  At  whi ch poi nt  i t  seems to us that  users tended to 
f ol l ow thei r i ntui t i on and devi ate f rom the robots’  good (but  
bori ng) advi sed moves.  Thi s bei ng human-cent r i c cont rol  
condi t i on,  the robot  were qui ck to conf i rm and support  the human 
suggested move,  and t he game was l ost .   

We were pl easant l y surpri sed that most  users reported t rust i ng the 
suggest i ons comi ng f rom thei r robot i c t eammat es more i n t he 
robot -cent ri c cont rol  condi t i on than they did i n the human-cent r i c 
cont rol  condi t i on.  Thi s f i ndi ng i s surpri si ng si nce the robot -
centri c control  condi t i on move suggest i ons were forceful ,  l ess 
pol i te and even aggressi ve i n tone, and we were expect i ng t hem to 
be general l y annoyi ng.  The current  resul ts suggest  users t ransl ated 
assert i veness to credi bi l i ty, and t rusted thei r robot i c teammates 
more when t hei r move suggest i ons had an added qual i t y of 
robot i c chut zpah.  

6. 4 I mpl i cat i ons 
Is Sheep and Wol ves a useful  t ool  f or assessment  of  HRI  
paradi gms? We bel i eve i t  i s a promi si ng tool .  The hardware and 
sof t ware we used and devel oped were rel i abl e, and are repl i cabl e 
and rel at i vel y af fordabl e,  al l owi ng studi es of  el aborate HRI  
par adi gms i n l ab condi t i ons.  We thi nk the use of a mixed real i ty 
i nterface between the robots and human hi ghl i ghts the uni que 
nature of HRI  tasks and the rol e and advantages robots wi l l  have 
i n future appl i cat i ons, mergi ng t he physi cal  and vi rtual  domai ns,  
and per f ormi ng act i ons and accessing i nf ormat i on i n both real ms. 

How can we i mprove Sheep and Wol ves? In the short t erm we 
pl an to pol i sh the current  i nterface and sol ve the remai ni ng 
techni cal  i ssues (Sect i on 4).  We are pl anni ng to further enhance 
t he chat  mechani sm al l owi ng ri cher textual  i nteract i on bet ween 
the user and the robots.  Later,  we are pl anni ng to devel op versi ons 
of Sheep and Wol ves whi ch al l ow several  humans to pl ay wi th 
several  robots and possi bl y wi th mul t i pl e vi rtual  enti t i es. Another 
di rect i on we are pursui ng i s al l owi ng the humans to pl ay 
physi cal l y on the game board,  i nteract i ng di rect l y wi th the robots 
usi ng gestures and speech.  

What  does Sheep and Wol ves si gni f y t o t he domai n of HRI ? We  
are by far not  al one i n advocat i ng the need to search for ef fect i ve 
new i nt eract i on paradi gms bet ween humans and robot s.  We 

bel i eve Sheep and Wol ves and si mi l ar syst ems wi l l  al l ow hi gh-
l evel  human-robot  i nt eract i on i deas and phi l osophi es to be easi l y 
desi gned,  t ested and i mproved i n research l ab sett i ng.  

7.  CONCLUSI ON 
In thi s paper we presented the desi gn,  i mpl ement at i on and earl y 
testi ng of Sheep and Wol ves,  a mixed real i ty-based i nteract i ve 
testbed for assessment of  HRI  paradi gms.  Sheep and Wol ves is 
based on a l arge board game where robot s,  humans and vi rtual  
enti ti es pl ay together.  Our current  i mpl ementat i on i nvol ves a 
vi rtual  sheep and a pack of  four  wol ves composed of  three 
aut onomous robot i c wol ves and one pl ayed by a human user.  The 
syst em was eval uat ed i n t wo ext reme robot i c behavi oral  
condi t i ons:  human-cent ri c cont rol  where robots tend to conf i rm 
and f ol l ow moves suggest ed by t he human and robot -cent ri c 
cont rol  where the robots tend to di sregard and di srespect  the 
human suggest ed moves.  I n prel i mi nary test i ng the syst em 
demonstrated sensi t i vi ty to the roboti c behavi oral  patterns, and 
poi nted to the possi bi l i ty that addi ng assert i veness to robot i c 
react i ons might  enhance thei r overal l  percei ved rel i abi l i ty and 
ef fect i veness. In the future we are pl anni ng to expand Sheep and 
Wol ves capabi l i t y to support  col l aborat i on of  several  users wi th 
the robot i c wol ves as wel l  as to al l ow humans to pl ay the game 
whi l e st andi ng on t he physi cal  game board.  
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