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here is nothin more asic than cate ori ation to our
thou ht, perception, action, an speech ao 1
or autonomous a ents, cate ories often appear as a -
stractions of ra sensor rea in s that provi e a means
for reco ni in circumstances an pre ictin e ects of
actions ore amp e, such cate oriesp ay an important
roe for a mo ie ro ot that navi ates aroun o sta-
ces anil 6, for a machine-vision system that rec-
o ni eshan estures Darre , ssa, entan 1 6,
for a simu ate a ent that maneuvers aon a hi h-
ay McCa um1 6, an for a human-computer in-
terface that automates repetitive tas s Das, Ca ayan,

onsa ves 1 i e ierce an uipers 1 ,
am an Santamaria 1 an others,e , al 1
hrun 1 , e eieve that sensorimotor a ents can

iscover cate ories for themse ves  hus, the focus of
this paper is an unsupervise metho y hichamo ie
ro ot e uces meanin fu cate oriesfrom uninterprete
sensor rea in s
reviousy, e emonstrate a techni ue for e tract-
in sensory concepts from time series ata  osenstein
Cohen 1 ur resu ts ere from a simp e pur-
suit avoi ance ame here t o simu ate p ayers fo -
o e oneof severa eterministic movement strate ies
he simu ator recor e the istance et een p ayers
throu hout many ames, an the resutin time se-
ries ere transforme y an unsupervise earnin a -
orithm into c¢ usters of points n e ect, the a orithm

foun cate ories of sensorimotor e perience, ie, c us-
ters of time series ith simi ar patterns his paper
sho s that a c uster- ase approach to earnin such
cate ories sca es to a more comp icate ro ot omain
ith iverse in sof sensorsan rea- or e ectssuch
as measurement noise, hee sippa e,an sonarre ec-
tions
he earnin a orithm, hich e escri ein etai
in the ne t section, returns a osch oy
1 ,or este amp e,foreach cate ory orthis or ,
prototypes are time series compute y avera in the
mem ers of a cate ory or custer or e ampe, i -
ure 1 sho s a prototype ase on seven instances of a
ioneer 1 ro ot umpin into a a y reco ni in
that its current situation is a match to the time series
in i ure 1, the ro ot can pre ict that its ump sensor
i oo a short time ater eo e provi e evi-
ence that sensory cate ories of thissort a 0 an a ent
to carve its or in some meanin fu ay Since our
ro ot refers to its prototypes ith ar itrary sym os
not or sie or the from
such cate ories comes from the pre ictions it can ma e
a out sensor rea in s

o enso s to Cate o ies

or a mo ie ro ot operatin in an environment of
even mo est comp e ity, sensory cate ories suppy a
nee e eve of a straction a ay from ra sensor

rea in s Maha evan, heocharous, haeeil
Michau Mataric 1 ierce uipers 1

am  Santamaria 1 Since our o ective is that
a ents iscover such cate ories for themse ves ith-

out supervision e ma e use of ¢ usterin techni ues
that o er a enera, unsupervise frame or for cate o-
ri in ata o ever,thefo o in su pro ems e ist,
an this section out ines our so ution to each one event

etection, time series comparison, sensor comparison,
an sensor ei htin

A ents in continuous-time settin s typica y enerate
tremen ous amounts of sensor ata empora a strac-
tion is nee e tofocusa earnin a orithm on the most
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pertinent parts of a ro ot s ifetime or instance, a
nite state machine representation can iso ate ey times

hen a ro ot encounters a an mar uipers yun
1 1 Mataric 1 or ranch point anil 6 An-
other ay toemphasi e the most re evant parts of a on
time series is to app y a suita e amount of compression
an e pansion aon the time a is or instance, Dar-
re 1 6 use a ynamictime arpin D
a orithm to perform this very sort of tempora a -
straction hen cate ori in human estures Schmi

1 asoutiie D to earn cate oriesan op-

erator mo e s for amo iero ot Dynamic time arp-
in a orithms have the a vanta e of ¢ assifyin time
series in a ve ocity-in epen ent fashion, a thou h D
represents a cost y preprocessin step for ¢ usterin a -

orithms eo h1l

he a ternative use here invo ves the rea -time e-
tection of events, i e, ey points in the sensor history
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b c d
_ | velocity -0.99 -0.98 0.72 -0.70
g sonar -0.67 -0.71 0.97 -0.54
bump 1.00 1.00 -0.74 0.79

ur premise is that sensorimotor a ents, such as infants
an mo iero ots, possess the innate a iity to etect
une pecte chan es in sensor rea in s A simi ar ap-
proach as ta en y Das 1 , ho emp oye
tri ers as a ay to iso ate time series se ments for
a human-computer interface n their app ication, a
tri er such as the Seect A comman in a or
processin pro ram sp its a prototype into t o pieces
apre pattern for reco ni in conte t an a su for
pre ictin the user s ne t action ur approach i ers
from theirs in that events act as si na s for ¢ uster ana -
ysis, rather than e p icit ecision points pu e out of
e istin c usters
oreco ni eevents, our earnin a orithmma esuse
of simp e ru es that etect simp e, conspicuous patterns
such as the risin e e from a ump s itch, the su -
en chan ein hee ve ocity hen aro ot sta s, or the
ump in visionrea in s henano ectsu eny isap-
pears heserues ereimp emente ycomputin the
corre ation of the most recent sensor rea in s ith one
of four temp ates a short time series pattern sho nin
i ure henever one of the corre ation va ues e -
cee s a thresho , an event si na tri ers the earnin
a orithmto ra a ve-secon in o of sensor rea -
in s centere on the event, an this mu tivariate time
series then ecomes a ne instance for ¢ uster ana ysis

istory- ase cate ories a eviate the rea- or i -
cu ties associate  ith hi en state, ie, partia y o -
serva e environments McCa um 1 6 Michau
Mataric 1 am  Santamaria 1 osenstein



Cohen 1 ne ay to ui such cate ories is to
perform c usterin of measurement , athou h
c usterin a orithmsori ina y esi ne for in ivi ua
feature vectors must ee ten e tohan e nite sensor
histories n other or s, one must evise a means for
time series comparison
very custerin a orithm, of hich there are

many veritt 1 0, re uires a measure of instance
simi arity, or issimi arity, to ui e its ecisions a out
c uster mem ership hen esi nin a measure of is-
simi arity for time series, one mi ht ta e into account
many i erent criteria, such as amp itu escain , time-
a is scain , or inear rift eo h a anil

ur choice yie s a very fast an simpe a orithm,

here e consi ert o time series, { }
an { }, as vectors an  uantify is-
simi arity as the uci ean istance et een them

issimi arity 1

ur choice of 1  as motivate 7y our previ-
ous or itha ynamics- ase simu ator osenstein
Cohen 1 an  ith the , a tech-

ni ue ase ontheorya out ynamics See Schrei er
Schmit 1 an references therein for other ays
to c assify time series y ynamics he metho of e-
ays transforms part of a time series to a point in
, here e ay coor inates are ust suc-
cessive measurements ta en at a suita e time interva
osenstein, Co ins, De wucal 4 aens 1 1
prove that e ay coor inates preserve certain eomet-
ric properties of a ynamica system, even hen ac-
cess to the un er yin state space is imite to a o -
imensiona pro ection he re evance for c uster ana -
ysis is that nearest nei h ors in state space remain near
one another in e ay-coor inate space

ne i cutyin or in ith ro ots is the variety of
sensors or instance, the ioneer 1 mo iero ot use
in this stu y has sonars that measure istance in mi -
imeters, infrare rea  eams that return one of t o
iscrete va ues, an a vision system that computes an
o ectssi e, amon otherthin s,ins uare-pi es o
shou acusterin a orithm ei hthe contri utions of
sensors ith i erent units an i erent
ran es of va ues urthermore, ho shou the a o-
rithm ea ith sensors that are oth continuous an
cate orica , such as the sonars hich norma y iverea -
va ue measurements ut aso return a ar e efaut
vaue hen no o ects are present
e propose a t o-step so ution 1 C uster in ivi -
ua sensor histories as escri e a ove, there y creat-

in a sma apha et of patterns speci ¢ to each sen-
sor Construct a unit- an sca e-in epen ent

that stores the pattern of simi arity et een a
ne yo serve time series an each mem er of the a -
pha et orro ot navi ation an e p oration, uipers
an yun 1 1 e ne thesi nature ofa istinctive
p ace as a su set of feature va ues that are ma imi e
at the p ace n enera,si naturescan e uit for sen-
sory cate ories, hich may or may not invo ve physica
ocations Moreover, the feature set, i e, the a pha et
patterns, nee not e speci e in a vance, ut rather
can e earne y the a ent from its ra sensor rea -
in s  or instance, hrun 1 use arti cia neu-
ra net or san  ayesian statistics to e tract features
from a ro ot s sensor action histories

As an e ampe, i ure3sho s the apha et of pat-
terns for the sensor one of t 0 in-
frare rea eams et een the ro ots ripper pa -

es ith the a pha et si e set to t o, the rst
t o patterns encountere ma e up the initia a pha-

et, ith each su se uent pattern forcin one iteration
of an a omerative c usterin a orithm ar 1 63
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an there yup atin the a pha et tore ect the contri-
ution of the ne pattern he si naturesin i ure 3
are the resu t of severa interactions ith o ects that
t the ioneers ripper n each case, the s ots in the
si nature ere e y computin the simi arity the
reciproca of issimi arity et een the correspon in
a pha et pattern an the recent history of
he actua vaues ere asonormaie y the
tota simi arity for the si nature hus, a si nature is
much i e a unit vector in the space of a pha et pat-
terns, ith the pro ection onto each a isin icatin the
e ree of match ith the correspon in pattern o-
tice in the wure that the sma cup an the a have
simi ar thou h consistent y istinct si natures hich
are vast y i erent from the ar e cup s si nature ne
cou reco ni etheo ectsin i ure3 ase soeyon
the si nature, a thou h one must
account for other sensors in more comp € e amp es
ne imitation of the current a orithm is the nee
to specify the a pha et si e in a vance Moreover, the
same a pha et si e is use for simp e types of sensors
such as the rea eams hichsho simperisin an
fa in e es as for rich types of sensors such as the
sonars hich respon to ar itrary movement patterns
of the ro ot an its environment ne o vious ay
aroun this imitationisto customi eeach a pha etsi e
to match the capa iities of the sensor, much i e the
approach ta en ith the event etectors o ever, our
previous resu ts for a pursuit avoi ance ame osen-
stein  Cohen 1 ea us to specu ate a out another
a ternative e foun that pre iction of the ame out-
come as a versey a ecte  hen the num er of c us-
ters,ie, the a pha etsi e, astoosma , hereas itte

ene t as aine yincreasin the num er of c usters

eyon acertainpoint hus, onecou initiai ethea -
pha etsi etoa ar e, conservative va ue, ait unti the
a pha et patterns sta ii e, an then ra ua y shrin
the a pha et y com inin patterns unti some perfor-
mance criterion e ra es to an unsatisfactory eve

or any iven event, ony a sma su set of a ro ots
sensors may contri ute to the time series patterns that
characteri e the event More enera y, a earnin a-
orithm shou ei h the importance of each sensor
hen eci in if t o patterns eon to the same cat-
eory oreampe, hen raspin asma o ecta
ro ot shou p acethe reatest emphasison its ripper,
ith itt e or no attention pai to attery eve Ma-
ha evan 1 so ve this pro em ith fee for-
ar neura net or san supervise earnin , hereas
Schmi 1 han pic e the sensors that receive
the same non- ero ei ht efore utii in an unsuper-
vise c usterin a orithm
he na step in our approach to earnin sensory

cate ories app ies another sta e of c usterin , ut this
time ith si natures as the input rather than
ra time series Speci ca y, this secon pass of c uster
ana ysis computes the issimi arity et een the th an
th event patterns y ta in a ei hte avera e of the
in ivi ua si nature issimi arities

issimi arity

here  is the num er of sensors an , is the th
si nature for the th sensor, ith ei ht ach
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mer e operation y the c usterin a orithm creates an-
other no e in a c uster hierarchy, ith ne si natures
an ei hts compute as an avera e of the constituents
a uste for thesi esof the mer e custers na par-
a e operation, the ra time series use to create the
si natures are a so mer e to ive a prototype as in
iurel o ever,these time series p ay no irect roe
in the computation of
o initia i e the ei hts hen a c uster has ust one

mem er ane instance of sensor si natures the earn-
in a orithm ma es use of the event etectors e-
scri e previousy n particu ar, a the sensors that
e hi itsu enchan es ithina 00ms in o arecon-
si ere to e part of the same event an their ei hts
are set to one a other ei hts are set to ero  s-
sentia y, the initia ei hts form a it vector here 1
an 0in icate, respective y, activity an no activity for
the correspon in sensor or e ampe, umpin into
a a asin i ure 1 causes severa sensors, i e the
for ar sonars, the ump s itch, an the ve ocity en-
co ers, to have initia ei hts of one, ut others, i e
the attery eve an the ripper rea eams, to have
initia ei hts of ero A thou h e foun encoura in
resu ts ith this strai htfor ar approach thata s it-
t e computationa cost, eima ine that some situations
may re uire a more sophisticate ei ht initia i ation
proce ure or instance, e ma e no attempt to a ust
for corre ate sensors such as the ro ots ve for ar
sonars he sonars carry, in e ect, ve timesthe in u-
ence of the ump s itch hich a so returns information
a out front ar o ects

i ure 4 is a schematic of the entire earnin a orithm
hich runs oth incrementa y an in rea time as the
ro ot interacts ith its environment a thou h the re-
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su ts in this paper are for post-processe  ata sets n
the eft, ra sensor rea in s are ma e avai a e to the
ro otatarateof 10 , iththeevent etectors contin-
uous y monitorin the time series for a rupt chan es
hen an event occurs, the a orithm co ects a ve-
secon se ment of sensor rea in s an constructs a it
vector that in icates the active sensors hese ata are
passe to the c usterin a orithms for a itiona ana -
ysis  irst, the ne time series are use to up ate the
pattern a pha et for each sensor e t, these same time
series are converte to a set of si natures for su se uent
c usterin ith the it vector actin as the initia sen-
sor ei htsin n the ri ht, the na output
is a hierarchy of sensory cate ories ith each cate ory
represente y a prototype i e the onein i urel

nte action ith ects

e teste thea orithm epicte in i ure4 yrecor -
in sensor ata hiethe ioneerro ot interacte ran-
omy ith various o ects, such asa a , a cup, an
a uc et o contro the ro ot e esi ne a sim-
pe ehavior, here the ioneer
turns a ran om amount, approaches the o ect c osest
to its ine of si ht, stops movin short y after ma in
contact, an then reverses irection for aran om y cho-
sen time ects erereco ni e ith the he p of the
ro ots o vision system that etects patches of re
pi esinitsima epane acho ect as ivenan oth-
er isein istin uisha ere mar , so sensory cate ories
ere ase on the nature of the interaction, not fea-
tures from a etaie ana ysis of the visua scene e
ran the contro er repeate y un-
ti the ro ot interacte at east ve times ith each of

si o ects
i ures an 6 are representative ¢ uster hierarchies
that summari e the output of the earnin a orithm



otice that sensory e periences ith the same o ect
ten to c uster to ether at the o est eves of the i-
nary tree urther up the hierarchy, the no es represent
a stractions of these in ivi ua e periences ore am-
pe,in i ure a the raspa eo ects the a ,the
cups, an the e of a es fa in the same ranch
of the tree an a the un raspa e, immova eo ects
the a fa in another ranch eca that a es
suchas raspa e an immova e aremeanin fu to
ourse ves ut may as e e ar itrary sym o s to the
ro ot hey sym o1i e prototypes, i e, avera e time
series
i ures an 6 i erinthesi e of the pattern a pha-
et use to construct the si natures n i ure the
apha etsi e asone, forcin each events ist of si na-
tures to e e uiva ent to the correspon in it vector
constructe y etectin une pecte chan es in sen-
sor rea in s  otice that the event etectors a one are
capa e of iscriminatin severa cate ories of e peri-
ences o ever, each it must e e pan e to a si -
nature ith at east t o sots asin i ure 6 in
or er to tease apart some interactions such as those for
the a an the cups  hich tri er oth rea eams
ut no other sensors A sma pattern a pha et a ays
su ce in our e periments, athou h e e pect more
comp icate environments to re uire ar er a pha ets
rototypes serve not on y as representatives for sen-
sory cate ories, ut a so as state a stractions or oas
At any iven time, the ro ot can etermine its state y
runnin a simp e nearest nei h or a orithm that n s
the est match et een its recent sensor history an
each of the prototypes More enera y, one can vie
the istance to the nearest nei h or as an in ication of
pro ress to ar a oa state
or e amp e, suppose the ro ots oa is to ocate a
sma a i ure sho sthe istance from the
most recent sensor rea in sto severa prototypes as the
ioneer approachesa a  nitia y, nopro ressisma e
to ar each of the prospective oa states ecause they
a invo ve activation of the rea eams hich are ui-
escent unti a out 0 s eforetheeventis rst etecte
Moreover, the est match for the uiescent eams isthe
sma cup since its prototype has the shortest activation
time for Simi ar y, the ar e cup
is the orst match since its prototype has the on est
activation times for oth an
nce the rst eam rea s pro ress is
ma e to ar each prototype hich hurts the
istance to the sma cup as sho n in i ure At
a out 1 s after the initia event the rear rea eam
eactivates as the a ro sa ayfrom the ro ot Unti
this time, the ro ot s impoverishe sensory apparatus
isuna eto istin uish the a from the superor inate
cate ory that a soinc u es the sma cup

iscussion

Sensory cate ories an their prototypes not ony act
as states that support reco nition an pre iction, ut
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a so serve as operator mo e s n this paper etoo the
former vie an focuse on prototypes as state a strac-
tionsan oa s, a thou hsevera researchers au mente
sensory prototypes for contro purposes as e ore -
amp e, Schmi 1 recor e amo iero ots
current activity as part of the prototype ata structure
he resut as an operator mo e for a S S-ie
p anner here the prototype as spit into t o parts
that correspon to pre- an post-con itions for the
store activity Simiary, am an Santamaria 1
use a case- ase reasonin approach to contro a mo-
iero ot for anavi ation tas heir system ma e use
of continuous cases that store time series of sensor in-
puts an contro outputs iven a esire sensory state,
acase i rarycan e uerie for the se uence of contro
comman s most i ey to achieve that state

hether e vie them as state a stractions or oper-

ator mo e s, sensory cate ories may provi e the foun-

ation upon hich to form a stract, propositiona con-
cepts Man er postu ate that to ui such a foun a-
tion, humans ma e use of an innate mechanism for sen-
sory ana ysis that searches for re u aritiesan preserves
the continuous nature of perception Man er 1

he unsupervise approach propose here performs a
simi ar form of sensory ana ysis for mo iero ots n
particu ar, our imp ementation n s c usters of simi ar
time series patterns an  ui s prototypes that retain
the characteristics of the ori ina sensor traces e have
yet to sho a path from sensory cate oriestohi hya -
stract concepts, a thou h autonomous a ents can sti
accomp ish a reat ea ith prototypes

nterestin y, prototypes an cate ories p ay a cru-
cia ro ein human inte i ence yet the act of cate ori a-
tion is often automatic an unconscious a o 1

ere uary ta e cate ories for rante unti force to
reason a out them e picit y, such as hen esi nin a
feature set that he ps a mo ie ro ot navi ate a c ut-



tere o ce environment hen ereaieho i cut
it can e to ist the properties,
, of simp e cate ories i e corri ors, oor ays,
es s, an aste uc ets Supervise earnin o ers
one common so ution, here a c assi es the in-
stances for su se uent cate oryin uction y a machine
earnin a orithm his research is part of an e ort to
push the c assi cation process insi e the machine, free-
in scientists an en ineers from much of the te ious
or hen esi nin autonomous a ents
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