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. .. RADITIONALLY, RESEARCHERS 
havc studied natural science phcnomcna by 
descrihing observations and by cxperimen- 
tally isolating and analyzing pcrtinent para- 
meters and factors. As computational power 
has mushroomed inrccenl ycars. amilysis or 
biological systems has increasingly involvcd 
formal inodcls coupled wilh compuler sim- 
ulations. Lately, invcstigatars have turned to 
individual-hased models that mimic the com- 
plexity of biological proccsses by using 
repeated local intcractions helwecn units, 
dcscribcd in  Fcw simple behavior ruIcs.I By 
mimicking plant morphology2 or the prob- 
Icm-solving capahililies oC“social” robots,’ 
computer scicntists can use a comparahle 
concept for simulation, applied chaos theory, 
artificial intellipencc, aiid artificiel life. 

In our approach, called ThescusV, we uscd 
this approach to mimic the spatial oricnla- 
Lion n i  spiders during weh constriction. As 
this article shows, heliavioral principles 01 
arthropods (spidcrs and insects) during ori- 
entation are interesting not only for rcsearch 
into the behavior oi  real aniinrzls, bnt also 
hcceusc their robustness and simplicity make 
them potcntially quitc useM for conlrolling 
autonomous agcnts such as insect robots. 
After all, most real hugs arc notoriously good 
at coping with unprcdiclahle environments, 
so lcssons we Icarn from animal inodcls can 
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also enhance artificial-life modcls and oticr 
new insight into spatial orientation to AI 
rcsearchers. 

Why spiderwebs? 

Spiderweb construction is a rate examplc 
of spatial orientation in biology that allows 
justified simplifications and abstractions as 
well as a slraighlrorwerd modcl validation: 

- first, the oricnlation and building proce- 
durc can be simplified as a 2D graphical 
task of short-range orientation$ and 
second, the entire behavior is reilected in  
the web, which ciin he graphically am- 
lyzed and compared with olhcr webs. 

* 

In the first case, the spider’s orb web is 

largely a 2D structure-the spider acquires 
lhe necessary spatial inrormation through 
touch and internal body sensors. These sen- 
sors provide cues about contact with the 
wch’s threads as wcll as the position and 
movement of the spider’s leg joints and cur- 
rent body posture.‘ Also, spiders incasurc 
and usc geomelric information, such as dis- 
tances and angles belwecn threads." (Vision 
docsn’l apply here hccausc these spidcrs are 
almost blind and can construct a perfect web 
blinded or in total darkness.’) Spiders can 
also usc gravity as an additional infnrmatiw 
source.% 

Besides tlicse important preconditions Sor 
propcr compulcr simulalions, lhc weh-con- 
stroction task is parlicularly interesting for 
studying spatial oricntation because lhe ani- 
mal must cope with a constantly changing 
cnvironment.q During conslruclion, thc spi- 
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Ttic \,irluaI organisin consists o l i i  c c n l ~ . ~ I  
iicrvous systcm (CNS), inolor abililics (mot- 
ors) aod a scl o1 pcrccplive iiiiits (sensors) 
(SCC Pigiire2).Thchcal-IoltlicCNS i s  arolc- 
Imscd syhlcin (higher CNS) lhal coiilaiiis our 
Ihrinali~.cd hypolhcscs. This syslcin's rulcs 
enccutc krw-lcvcl belinviar pallesiis (Iowcr 
(:NS), which inlcrncl with llic virltiiil spider's 
cnviroiiiiicnt hy coiiiinending llic sensors ;ind 

Icg 111otors. Wc: rnodclcd ~ i d y  l l ic  two lion1 
lcgs oI n rciil spider's c ighl  legs bccause wc 
iissiinic thiise legs tn he innst impnrl;iiit l i i r  
Inctilc, motinn-dciiendeilt, and body-inlcr- 
ilal perccplioii. Our cxclusive stiiriigc iiiiil 
(meinory) desigii madc coiiscmalioii and 
rccall 01 i i i fwmi t io i i  cxplicil. 

We stcpwisc re l i i icd iind validated l l i c  
b, n s i ~  ' .  iiioclel iii ii four-step circular punccss: 

I, Wc di,cuincotcd video scipie~~ccs d 
wch c o t i s t r i d m  iii tlctiiilctl scrilils aid 
suninlarizetl ~ l i c m  as miiii-Iiypiithcscs. 
Next, we lorniiilized llic cxtriicletl hy- 
pulliescs :is rules snd low-level bchav- 
ior p i i ~ ~ e r ~ i s  coiiiininiicating will1 SCII- 

soss, iiiotors, iiiid a memory. 
'Third, tlic virtual robot constructed ii 
ciqitwc sp i ra l  and disniaiitlcd Iht: iii ixil- 
iary spiral of;i ical giirdcn sp~der's Iiall- 
~DIIC digili,..rd wch 
Finally, wc coniparcd the i ir l i l icial cap- 
uirc spiral with the origiiial otic. 

2. 

3. 

4. 

Simulntinn liiilures poinlcd to iiicmiplek or 
iiicoiisistcnl aspects if o ~ i r  Iiypiithcses, t l i i i s  
forcing 11s to fncus again iiii par l i cu la  as- 
pects of rcid web huil i l i i ig iiiitl lo mudily tlic 
IlllldcI 

Dealing with space arid time. Kiiowlcilge 
reprcsciilation of spiitial nriciitatiwi requires 
hoth liinc and spiice iiiiaging. Wlth thc vir- 
iual spider, no accuiatc iinugc if real-l i lc 
motm iictiaris rcquircs ii rcprcsetitiitioii 01 
highly dyimmic intcractiiins involving SCII- 

son,  rno~ors, aid cogiiilivc c ~ r n t r d  I :ittier 
the r d c s  o r  the helinvior pzilleriis tliiis must 
deal with linic. Tlic rulc-hased systcm d k r s  
two Iniclliods for time reprcscnlalioii. 

l'lic first option i s  oii thc level of tllc lixed- 
action beliavioi pallcrii hy sumniariziiig 
iicliun scq~~cnces inlo tiiuc-indi\'isihlc 1x11- 

terns with cvcnt-i lqie~idcnt interrupts. For 
exa~npIc, considcr tlic iictioii n l  stutc l i ing 
oiic leg alrmg ii ihrcnd unti l cillicr a crossing 
tlircad i s  perceivcd or  the leg cann~il  slrclcli 

Tlic sccond option i s  iin enplicit I c p r e w -  
"ny lur1bcr. 

tiitiiiii if siiiiiilliiiicous psncc. on Llic rule 
Icvcl. ' T I E  siilc systcm's syntiix is hicmrclii- 
c;illy slruclurcd h y  the COIICCI>IS 01 bc- 
IILICIICCS, cninpetiliuns. iiiiil pcrlorniaiicc (sec 
Figurc 7). Seqiicnccs >ire ~ r t h r c d  lists u1ruIcs 
thiil arc iiiciint LO be c n e c ~ i l ~ t l  in iiiic unintcr- 

riipied IIow. 'I'hcy arc p i i ~ i c d  i i i io sn..ciillctl 
m~lecompoti.t.iana lliiil  can IIC actiwted 
tdterriativcly i ind c i ~ n p c l c  Ibr  firing. On h e  

. 1011 Icvel, nulePerformance, dil'krcnt 
prixips or compeliiig lulcs C X C C U L ~  s i i i i i i l t l i -  
cncously by iniultitasl<ing. 
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In Smalltalk: rp : =  U 1  ( (ThiruxRLlle ThCapRulrl 
(ThRevRul  el I 
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Figure 3. The rule syslem's formol fromework. A synloclirol description of the rule syslem consists of the concepls of 
sequences, compelilion, ond periormonce. On the sequence level, ordered Iisk of rules execule iii chronologicol ordei 
without interruption. Sequences ore grouped together as o set of ortivolion desrriptions thol con be srheduled 01 the 
some time und compete for firing (RulcCumpeti t ion) .  On the perfonnonce level, different groups of compet- 
ing rules execule simulloiteously -tho1 is, they [ire time-interrupl conlrolled. 
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Orienting leg, 

,/ 
Periphetal leg 

Figure 4. Motor Ilireclion commonds. The virlulil spider's 
front legs are orienling or peripherol orcording to lheir 
role for the orienlution. Angle a iiidicotes U cliunge of o 
motor direction, sperifyiiig the relolive direclion rhouge 
from Ihe current body ungle. l l i e  orienling leg iitterprets 
cxmirrored-with U negotive sigil-in con1rnstto the 
peripherol leg. Thus, hotli legs cui1 receive the some set of 
coininiinils for turns toword and owuy froni tlie body. 

Zig zag fill-ins 



(body-)forward, and (hotly-)backward (see 
Figure 4). It thus allows symmetric hiovc- 
ment iiislriictions indcpendcnt of whclher a 
Icg is attached to the body's right or IeStside. 
In fact, symmetric commands are plausible 
for real spiders-it is unlikely thal thc ordcr 
tocontracl aleg din'ers Cor right and left legs. 

There is an additional rcason for a coin- 
plcteabstraction of dealing with leflandrighl 
legs arising From the spider's orientation 
along Ihc auxiliary spiral. During the capture 
spiral's conslriictinn, tlic spider reverses its 

Behaviour patterns 
WConsid,erReverae (activated after constr. of a new thread) 
activate 

mapped to left and right legs. Thc initial as- 
signtnent is made when construclion hegins 
and swapped with each rcvcrsal. A real s p -  
dcr's initial peripheral-scarching leg is al- 
ways the leg that has bcen uscd lor nricntii- 
Lion while conslructing lhc auxiliary spiral. 
Thus, the virtual spider reccives this inlor- 
ination as start-up inforiilation from tlie siin- 
ulation selop. 

Design properties of capture spirals. Prom 
the vicwpoinl of cvolulionary thcory, we can 

self E1888 regleterPecfonaance. 

I lOWCOg geCFact: #lestCapPropDistl Value > 
IllOwCoB getfact: #capPropDlat) value + 
(lowcog getfact: #lostSpacsThresholdl value1 

i f T N e :  [lowcog putFact: #reversestatus value: #muchSpaoeLostI . 
ThEXeverae 

actlyate 

se l f  class regLsterPerformance. 

lowCog ChangeLegFunCtionS. 
lowcog body LUrnAroUnd. 

experiences its world, specilic problems arise 
involving suhjectivc inlerprcknion 01 per- 
ccivcd informalion and body-organ coordi- 
nation of motor d o n s .  In particular, tlie 
modeled Icgs receive spatial inrormation and 
perlorm iiclions relnlivc to the current hotly 
orienretion. 

We implemented a direction control Lhal 
specifies directions as dislal, periphcral, 

_ ~ _ _ ~  -~ ~ ~ -~ ~- ~ -~ 
lure 6. This hypothesis implementation example shows how we transformed U scientific hypothesis about the spidei 
I reverses inlo formol rules and behavior polterns. 

body direction several times, switching tlie 
body side tlial points loward thc guiding aux- 
iliary spiral. This swilching would require 
thal thc spider switch tlie way it addresses 
thc lel't and right leg aftcr each rcvcrsal, 
because of thcir changing role for orienta- 
tion. A morc clegant solution invdves coin- 
mirniceting through a concept of periphcrd 
searching and orienting along guidelinc legs 

rcasonably assume thal the spider's goal of 
capture-spiral construclion is the weaving of 
an optimal trap. 'Thereinre, the spider must 
fill ou1 lhe given space (bordered by lhe pre- 
viously ctmslructed frame) with an elticienl 
prey filter of sticky lhrceds. 

We hypathesi/e that the spidcr must deal 
willi two optimiznlion tasks: 

1. Ilinustilelerminean optimal sizcul'lhc 
gaps belwecn spiral turns (called mesh 
or spiral distances). They must he sinal1 
enough tri catch maniinuin prey for lhe 
spidcr, but must also he large enough to 
reduce Ihe amount of silk and time 
needed fur lhc construction. 
It nus1 provide a rcguhr gap size and 
niakc maximum use of the awiilahlc 
space within [he prcviuosly coiistructetl 
frame. 

2. 

By constructing a perfect circular spiral, the 
spider would reach the first goal, but Sor the 
latter goal, it inlist lollow the frame's shape, 
which usually dilfcrs (and can differ consid- 
erably) from a perfect circular spiral. 

The spider compromiscs by initially fol- 
lowing the kame, consecutively and smaulhly 
changing tlic spiral turns into a more circulin 
shapcthecloser they approach tlic weh'scen- 
tcr. Most c;iptnre-spird irregtilarilies thcrefoLc 
arise in the peripheral wcl? area. The spidcr 
tries to compensete lor thcsc irrcgulnritics by 
two liehaviur patterns: lirst, in case UI larger 
deviations from a circular shape, hy repeeted 
reverses d i t s  moving path, and second, by 
compromising between the generation olrcg- 
ular spinildistances and tlic allempllodesign 
acircular-shaped spiral (sec Figurc 5) .  

We inodelcd our virtiiiil spider rohot on 
our observations of tliesc coinpcnsatary 
behevior patterns and the spider's attempt to 
gel as clnsc 10 the frame as possihlc. 

From observations to 
implementation 

The spidcr's decisian LO reverse its moving 
pall1 crucially dclerniincs tlie capture spiral's 
design. Based on :I series of videotaped obser- 
valions, we proposed a sinipic hypothesis, 
which we have iinplementcd as onc rule and 
two hchiivior pattcrns in Smalllalk s y n t ~ x  (scc 
Figurc 6) .  We qoanlilied the expression "tlm~- 
lically reduccd" with it specific behavior pal- 
tern (ThBConaiderReversej, which bases 
its (Boolean) decision on a (float) threshold 



perameter 1ostSpaceThreshold. We cap- 
tured thc change of lhe distance hetwecn aux- 
iliary and capture-spiral thread between two 
successive construction steps as cap- 
PrOpDiSt and lastcapPropDiet, both 
measured and mcmorized. This rule pcr- 
forms lhe reverse if thc previous patterns sig- 
nal a "drastically reduced" distance (much- 
SpaceLost) by executing a motor action 
pattcrn (ill this case, ThBReverse). The cor- 
responding bchavior pattern changes the 
roles of the leg functions: the innerleg 
becomes the outerl<eg and vice versa, and the 
(passive part of the) hody turns around by a 
full I80 degrees. 

The tactile task of discovery aiid cultiva- 
tion. Figure I shows the currently uscd 
(complete) set of rules and associated behav- 
ior patterns. 

Thc first group of rulcs for basic oricnta- 
tioii and movcment contains thrcc rules for 
fallowing an auxiliaiy spiral threads (Track- 
AuxSpiral) and radials loward either the 
web centcr (TrackRadiusCentral) or the 
peripheral web (TraclcRadiusPeripheral). 
Thc next two rules MoVeIn andMoveout let 
the spiderroholchange the guideline by mov- 
ing on auxiliary spiral turn inwards or out- 
wards. Finally, the BeqinReverse rule 
schedulcs a movement rcvcrsal. 

A second special group of advanced inlor- 
niation acquisition Corms by the explicit stor- 
age of information aboul the most recently 
passed auxiliary spiral crossing a radius 
(ReqAuxcross) as well as Lwo rules for a 
modified adjiistmeiit ofthegap size between 
spiral turns mcshes (BottomMeshVari- 
abilityandTopMeshVariability). 

In addition to thcse rules for spatial orien- 
tation, a set of thrcc rules conlrds wcb mod- 
ification by inserlion of ncw threads under 
the condition of a previously perceived outer 
sticky thrcad (SetCapNode) or the special 
csseof aperceived frame thread (SetReat- 
CapNode). The latter is only active during the 
construction behavior's early stages. 

Finally, we provided one rulc to detect the 
end ofthe construction and to stop the weh- 
building behavior (Finish). 

Model validation by liypotheses testing. 
Figure 8 illustrates Iwo characteristics of 
(both real and artificial) webs th;it we ex- 
tracted and analyzed. 

On tour orientations: north (up), south 
(down), and west and east (sideways), wc 
measured distances bctween the points where 

succcssive spiral lurns m e t  the same radius 
(spiral distance). We also countcd the number 
uf (body orientation) reverses. We grouped 
web characleristics located in the capturc spi- 
ral's outer-half spiral and scparaled them from 
those of thc inner halS. If our web-design 
hypothesis is valid, the variances of spiral dis- 
tances and the number of reverses should he 
significantly higher i n  the outer web. 

To calculate rcal and simulated wcbs, we 
used a two-way aiinlysis of variance (Anova) 
for the spiral distances and aChi-square test 
for the reverses after checking that thc under- 
lying assumptions ror normality and equality 

of vfu'innccs held. Sainplc sizes were n(,aal) 
= 8 and n(simulutrd) = 8. 

Spi,nl rlistnnce. Figurc Ya shows thc rcsults 
of the analysis ol spiral distances, Sor spiral 
spacings along four radii closcst to the direc- 
tions north, suuth, cast, and wcst. A compar- 
ison of variances of spiral dislance (all four 
orientations poulcd) clilTered significantly 
bctween inner and outer weh areas (F = 
4.8345: P = 0.0363), whereas wc found no 
significant diifcrence hetwecn real and s i r -  
ulatcrl wehs ( F  = 2.5150; P = 0.1240). The 
interaclions WCID no1 significant (F= 0.5784, 

" -9 Rules Behavior ~ a t l e m  I * _ _ .  

Advanced information acqulsilion I I l l  
ConsiderBonomMeshVeriabill~ 

ConslderTopMeshVarisbility 

Web buildlna conclusion - 
Finish +ioishCanstruction I 

I I 
~ ~ ~~ ~ ~~~ ~ ~~ ~~~~~~~ ~~~ 

Figure 7. The simuloted spider robot's rules and behavior polterns. Rules lire ortording IO pretonditions involving 
informotion coming from the memory ond sensory orlivify of the touch, proprio, ond grovity sensors. Eorh rule otli- 
voles o set of behavior palterns tho1 performs the wonted obslratl instrurtions by coordinotion of motor ottions. 



P=0.4533). (Nole 1hatl:rcpresents thc valuc 
of the F distr ibutim (oamcd altcr R.A. 
Fisher) which, in  this context, i s  uscd to tcsl 
hetcrogencity among samplc means. Pis the 
s1alistic;il prohahilily that this heterogeneity 
has heen misleadingly ideiitified by cliance. 
Important threshold Yaliics are: 1' < 0.05 sta- 
tistically significant; p < 0.01 slatistically 
highly significant; andp < 0.001 stiilistically 
vcry highly signiricanl. For further rcading 
on biologically rclcvant statistics see, for 
example, R. Sokal ai id F. Rohlf, Hiornc tq ,  
Frcernan and Co., NcwYork, 199S.j 

Number qf IPVL'I.VC,S. Figure 9b shows Llic 
anelysis of body direction rcverses. We fnund 
I I  highly significant differencc was l'ound 
hctwecn inncr and ooler weh aieas (xz = 
16.689XS4; P < 0.0001 ). The ctitnparison of 

rcal aiid sirnulaled webs was, again, ii(11 sig- 
iniliwnt (x2 = 0.543328; P = 0.461 I). Thc 
interactions werc agein not significant (x'= 
~~.nnooso, P = I I W ~ ) .  

Discussion 

I n  applying individual-hased and ininimal 
(parsimony) modeling to the dcsign of  a vir- 
ti ial spider robot, we wanted to maximi%e the 
likclihood that c u r  assumplimn would rcftect 
llic set of strategies iised by our real spider 
model. This i s  esscnlial because inodel vali- 
dation ohviously can inevcr prove that simii- 
lation rcsults are caused hy exiiclly the same 
principal a s  the characteristics obscrved on the 
system analyzed. Purthcrmore. we uscd our 
I-de-hased system for hyputhcsis falsification; 

wc hoped toguidcourrcscarch focus by poiol- 
ing loincomplcleor inconsistcnl koowlcdge. 

Wc round  hat a virtual spidcr equipped 
with a small iiuinber of rulcs c m  construct a 
wcb similar to a real spider. We fuiinil evi- 
dence for the hypothesis that orb-web spi- 
tbrs might try to opliinize the absolute s i x  as 
well as the variation in skc of  spiral distances 
while using llie availahle spacc as much as 
possiblc. The webs gcneratcd by tlie virtual 
spider robot sharcd characleristics with the 
real webs, thus suppoiTing our imini-hypotlie- 
ses of hehavioral Ipattcins of spalial oricnla- 
timi and construction, 

Our  examplc or  spidcrweh coiistruction 
showcd that, up Lo a certain degrce ofdistur- 
hance, evcn challenging tasks of spalial uri- 
entation could be managcd by scquences uf 
purely local-nrieiitatinn pallerns preceded hy 

Figure 8. Web rhoratteristirs used for model volidalion. Spirol dirtonre meosurement along the four spokes N, 5, W, 
and E, ond number of reverses reporoted into inner ond outer web. The inner web i s  the ore0 of the rupture rpirol, 
whirh is within the ronge of half of ilr width. 

- 4 6"UR INVESTIGATION OF SPIDER 
weh-building hchavior has shown lliat vir- 
tual robots iirc powerful lads in  artificial 
cthology and classical a n i n d  hchavinr stud- 
ies. Given i t s  open and tlimsparcnt ol1,ject- 
orientcd design, th is a p p r u s h  can caaily he 
adapied IO t;icklc it great divcrsity ofhchav- 
ioral qucstioiis. For tlie compiler scientisl, 
it might hcequally iiilcresting locmploy this 
approxch ID unravel and iileirtify nuvcl, 
rohusr, and cfficieiit solutions for use in  h a d  
ware robotics. 
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Inner web Outer 'web 
Armeiia diadnmefii,~ 

liiner web Outel web 
Simulation 

Iiiner web Outer web 
Aianeus diadeniatiis 

liiiior web Oilier web 
Sltnulation 

Figurc 9 .  (cmpurircn betwecii reo1 uitil ortifiiial wcbs: (01 icinynrison u l  inesh~rize variuiiies bctwcen real ontl simu 
luted webs yrouycd lor iiiiicr a d  cutcr wcli ureus; (b) the some iciiipuriso~t lor rewrses. 
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