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LA RADITIONALLY, RESEARCHERS
have studied natural science phenomena by
describing observations and by cxperimen-
tally isclating and analyzing pettinent para-
meters and factors. As computational power
has mushroomed in recent years, analysis of
biological systems has increasingly involved

formal models coupled with computer sim-

ulations. Lately, investigators have turned to
individual-based models that mimic the com-
plexity of biological processes by using
repeated local interactions betwecn units,
described in fow simple behavior rules.! By
mimicking plant morphology* ar the prob-
lem-solving capabilities of “social” robots,?
computer scientists can use a comparable
concept for simulation, applied chaos theory,
artificial intelligence, and arlificial life,

In our approach, called ThescusV, we used
this approach to mimic the spatial oricnta-
tion of spiders during web construction. As
this article shows, behavioral principles of
arthropods {spiders and insects) during ori-
entation are intcresting not only for research
into the behavior of veal animals, but also
because their robustness and simplicity make
them potentially guite useful for controlling
autonemous agents such as insect robots,
After all, most real bugs are notorionsly good
at coping with unpredictable environments,
5o lessons we learn from animal models can
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T0 EXPLORE THE SPATIAL WORLD OF DIGITIZED SPIDERWERBS, |
THE AUTHORS MODELED THE GARDEN CROSS SPIDER AS A
VIRTUAL ROBOT. USING LOCAL BEHAVIOR PATTERNS UNDER THE
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SUPERVISION OF A RULE-BASED SYSTEM TO CONTROL ARTIFICIAL
LEGS AND SENSORS, THEIR APPROACH REQUIRED ONLY A FEW
PATTERNS TO ACCURATELY GENERATE A LIFELIKE SPIDERWEB,

also enhance artificial-life models and offer
new insight into spatial orientation to Al
researchers.

Why spiderwehs?

Spiderweb construction is a rare example
of spatial orientation in biology that allows
justified simplifications and abstractions as
well as a straightforward model validation:

« first, the orientation and building proce-
dure can be simplified as a 2D graphical
task of short-range orientation,* and

+ second, the entire behavior is reflected in
the web, which can be graphicaliy ana-
lyzed and compared with other webs.

In the first case, the spider’s orb web is
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largely a 2D structure—the spider acquires
the necessary spatial information through
touch and internal body sensors. These sen-
sors provide cues about contact with the
web’s threads as well as the position and
movement of the spider’s leg joints and cur-
rent body posture.® Also, spiders measure
and use geometric information, such as dis-
tances and angles between threads.® (Vision
doesn’t apply here because thesc spiders are
almost blind and can construct a perfect web
blinded or in total darkness.”) Spiders can
also use gravity as an additional information
source.?

Besides these important preconditions for
proper computer simulations, the web-con-

‘struction task is particularly interssting for

siudying spatial oricntation because the ani-
mal must cope with a constantly changing
cnvironment.? During construction, the spi-




Related work

Soar! is comparable to using an integrated AT sysiem, which is designed to model human
intelligence (psychological modeling) rather than animal orientation, Sowr accounted for
numerous psychological phenomena and relies on specitic, cognitively motivaled hypotheses
about the structure oF human problem solving. Tis integrated conflict resolution by spaning
and exploring an auxiliavy scarch space added flexibility and genevality, which our project did
not require. Probabilistic reasoning, which has been successtully applied in medical-biologi-
cal contexts (such as Mycinz), dic not suit cur project ohjectives cither.

Indeed, our goal was to capture and represent a qualitative and causal interpretation of the
weh-building process made by a human observer. Our appreach shows that a bottom-up repre-
sentalion of the behavior patierns and their interactions with the animal’s motor-sensory sys-
tem can do this. Our ilea is much closer related to methods used in qualitive simulaton,”
which tries to mimic human ability to predict system behavior bused on causal relationships,
commonsense knowledge, and categories.

Generally, robotics approaches—yparticularly autonomous robots—deal with tasks compa-
rable to those onr virtual spider robot faced, althongh (hey are usually based on subsymbaolic
AL?* However, the seientific goal, and thus the modeling process, is very dillerent. Robotics
abms to build artificial agents and improve their perforniance 1o solve a specilic task, Ty con-
trast, we wanted to imitate a natural organism to pinpoint missing and incorrect trails in scien-
tific hypotheses, using a spider’s decision-making process as its paradigm. We assumed that
the compiexity of spiderweb-building behavior could be generated as an emergent property ol
repeated interactions of simple units and local behavior patterns. Consequently, we have used
asimple Infecence engine for the reasoning process (feedforward, procedural knowledge rep-
resentation, and monotone reasoning), while the accurate representation of the spider's func-
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der itsclf constantly inserts, tiphtens, and cuts
threads, wlhich it then uses for subsequent ori-
entation and construction steps. Rain, wind,
and trapped inscets or wind drift (such as
teaves) also hreak threads unpredictably.

Yet, despite this unpredictability, the spi-
der’s behavior almost always produces the
Lypical web-- -a highly optimized structure
that serves as a [rozen (race of behavior pal-
teens For our observations, Web construction
is a rarc example ol an orientation process
Lhat takes place in a limited, readily obseryv-
able, and freely manipulated arcna. Thus, we
can reasonably and easily validate our com-
puter simulations of the spider’s orientation
behavior against real webs by comparing
their geometrical designs.

Given the weh-building process’s robust-
ness and local characteristic (use of local spa-
tial inlormation and local impacts of inter-
action, such as insertion of threads), we
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tienal organs and their interactions was of major importance, For this, we combined object-
oriented programiming, symbolic Al, and gualitative simulation.
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would expect to find emergent properties in
the web’s global pattern. Indeed, we identi-
ficd ane such property in the coiling patiern
of the avxiliary and capture spiral of the gar-
den cross spider. Our virtual robot’s suc-
cesstul imitation of this patlern strongly sup-
ports the validity of our model,’® which we
previously used to tackle specilic biotogical
questions,'1?

Orb-web building of Araneus
diadematus

We chose the parden eross spider Areners
diadeniatis because it builds a highly struc-
tved 20 orb web'* and is casy to handle in
the labotatory. To build its web, a garden cross
spidet first explores potential sites, before
building a ¥-shaped structure by lowering
itself down on a thread line from the middle

of a thread bridging two supports (sce Figure
1). The junction of the ¥ becomes the webh's
hub; the arms and stem are the first radials.
In stage 2, the spider (inishes the hub by mov-
ing around the center, attaching more radials
as il goes and setting up a surrounding {rame-
waork ol thecads. Next, it construets the aux-
iliary spiral, which consists of four to cight
spiral turng from the hub toward the web’s
outside. In stage 4, the spider builds a sticky
caplure spiral from the oulside to the eenter,
which can consist of up to 50 tarns, usually
with several reverses (especially near the
peripliery). Tinally, it finc-tunes lensions by
pulling and interconneeting radials at the hub.

Moadeling a virtual spider robaot, Our study’s
primary goal was to develop a deeper under-
stancling of the type and amount of informa-
lion, meinory, and intelligence needed for welb
construction by a relatively simple organism
ot machine {such as a spider or robot).

Our approach differs from earlier com-
puler studics on spider behavior,' mainly
because we tricd to generate a web using a
simulated spider robot that must explore,
construct, and modify a spatial world with
its biologically justificd perceptive, copni-
tive, and motor abilities. Consequently, we
did not give the virtual spider robot a priori
spatial information—that is, our spider must
explore, experience, and represent its spatial
world itself, Thus, this approach resembles
the situated behavior ideas proposed by Rod-
ney Brooks,'” who invoked antonomous
agents that build their own warld represen-
Lation by expericnce and adaplation.

Also, this approach requires that the
maodel’s design be minimal {pursimonious):
the virtual robot has as little cognitive abiti-
Lies as necessary forit to perform, This min-
imal modeling is particularly useful when
determining the indispensable memory re-
quirements for web construction,

The “Related work™ sidebar outlines fur-
ther ways that our model relates to other Al
approaches,

Nesign features. o designing a virtual
spider as a simplificd organism,'? our meth-
odology models cach organ as an object
aceessible by a well-struetured, constrained
exchange of information aimed to not ex-
ceed a garden cross spider’s abilities, Our
maxdel’s simplifications and abstractions rely
on previous investigations in web-building
behavior and the physiological abilitics of
A. digdetnaius 891617
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The virtual organism consists of a central
nervous system (CNS), motor abilitics {mot-
ors) and a set of perceplive units (sensors)
{sec Fipure 2), The heart of the CNS is a rule-
hased system (higher CNS) that centains our
formalized hypotheses, This system’s rules
execute low-level behavior patterns (lower
CNS), which interact with the virtual spider’s
envitonment by commanding the sensors and
leg motors, We modeled only the two [ront
legs of a real spider’s cight legs because we
assume those legs to be most important for
lactile, motion-dependent, and body-inter-
nal perception. Our exclusive storage unif
{memory) design made conscrvation and
recall of information explicit.

We stepwise relincd and validated the
basic model in a four-step circular process:

1. We docunented video sequences of
web construction in detailed setipris and
summarized them as mini-hypotheses.

2, Next, we formalized the cxtracted hy-
pothescs as rules and low-level behayv-
ior patterns communicating with seo-
sors, mators, and a memory.

3. Third, the virtual robot constructed a
capture spiral and dismantled the auxil-
iary spiral of a real garden spider’s half-
donc digitived web,

4. Finally, we compared the arlificial cap-
ture spiral with the original one,

Simulation fuilures peinted 10 incomplele or
inconsistent aspects of our hypotheses, thus
forcing us to focus again on particular as-
pects of real web building and to modify the
maodel.

Dealing with space and time. Knowledge
representation of spatial orientation requires
hoth time and space imaging. With the vir-
tual spider, an accurate image of real-life
motor actions requires a representation of
highly dynamic interactions involving sen-
sors, motors, and cognitive control, Vither
the rules or the behavior patterns thus must
deal with time. The rtle-based system olTers
two methods for time representation.

The first option is on the level of the (ixed-
action behavior pattern by summarizing
action sequences into time-indivisible pat-
terns with event-dependent intertupts. For
example, consider the action of strgtehing
one leg along a thread until either a crossing
thread is perceived or the leg cannot siretch
any lurther,

The second option 1s an explicit represen-
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Figure 1. Web building of the yarden cross spider Araneus diadematus: (a) in stage 1, the spider completes the hub
and first radii; {b) next, in stage 2, it completes the frame, hub, and rudii; (¢} in stage 3, the insect undertakes auxil
iary spiral construetion From the renter toword the peripherol web; (d) finolly, the spider completos {sticky} capture
spira construction by circling back from the peripheral web to the center (stage 4).
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Figure 2. Components and cammunication of the simulated spider, The simulatec! spider hos o central nervous system
controlling sensors and mofars, The CNS divides info o higher CNS (containing o rule-based system), & lower CHS {con-
taining behavior patterns), ond o memory. The orgunism interacts with the enviranment through its motor-sensory sys-
tem, processing und staring percaived information for further uctions.

tation of simultancous processes on the rule
level. The rule system’s syntax is hierarchi-
cally structured by the concepts of se-

guences, compeditions, and performance (see |

Figure 3). Sequences are ordered lists of rules
thal are meant to be executed in one uninter-

rupted flow. They are grouped into so-called
RuleCompetitions that can be activaled

~alternatively and compete for living. On the

top level, RulePerformance, dillerent
groups of competing rules execute simulta-
neously by multitasking.

n




MemoTy reéad = "rulefystom getFact:! SMALLTALE Symbdl

Brhctivation - 1= rruleSyatem dopetion:" SMALLTALK symboll

) ) " [MwikhLeg: " SMALLTALK aymbol?2]
Memoly write : i= "ruleSystem putFact:" SMALLTALE symboll
v : "value:" SMALLTALK aymbol2
preCond ;= Mesmory read
Action 1= BPActivation | Memory write .
Rule := PreCond [ ' PreCond]* " " potion [" " Action}¥
hulsSequenqe := Rule (" " Rule]l*
RuleCompetition ;= RuleSequence [" " RuleSequencel*
RulePerformance := Rulegompetiton [" * RuleCompetition]*
Example: RE{ RC({ RS{H2Z R4 R7)

RS{R3) )
RC( RE{R5 RE) )}

{ {ThauxRule ThCapRule)
{rhRevRule) )
{ {Th{utRule) ) )

In Smalltalk: rp i= #{
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Figure 3. The rule system’s formaf framework. A syntuctical description of the rule system consists of the concepts of
sequences, competition, and perfarmance. On the sequence level, ordered lists of rules execute in chronological ordes
without interrution. Sequences are grouped together as a set of activation deseriptions thut cun he scheduled at the
samte fime and compate for firing (ruL ectompet it 1on). On the performance level, different groups of compet-
ing rules execute simultuneously —that s, they cre time-interrupt contrallad.

Implementation method. Our individual-
based approach’s design and implementation
requires a computing design of individual
components and clearly defined communi-
cation protocols for interactions.

Tn our simulations, the virtual spider robot |
i spider would encounler, we aimed to sin-

cxplores and cultivates its world on a graph
representation ol a digitized photo of a hall-
done web taken helore the caplurc-spiral
stage has begun. By giving the virtaal spider

Object-oriented languages can [ullill these
requirements. Smalltalk, in particular, is o
pure object language that provides a trans-
parcpt view on single abjects as well as the
information [low between thein. Powerful
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Figure 4. Mator direction commands. The virtual spider's
front legs tre orienting or peripherad accarding fo their
role for the orientation. Angle ot indicates u change of o
moter direction, specifying the relative direction chunge
from the current body angle. The orienting leg interprats
or, mirrored — with o negafive sign —in contrast fo the
peripheral leg. Thus, hoth legs can receive the some set of
cammands for tums toward and awey from the hody.

preconditions conparabie to those that a real
fate a realistic orientation task.

The robot’s world. As a virtual spider robot

objeet browsers with classification aids for
objects and methods allow quick changes of
views on the model tom greater distance and
in close-ups,

Theretore, we used Smalltalk (Visual-
Works 2.x on an Apple Power Macintosh)
for our implementations; because we gave
accurate design higher priority, we were
willing to accept the drawback of poot exc-
cution-time cfficiency compared to C++ or
CommonLisp’s CLOS, for example.

Specilying the orientation task., We de-

cided to focus our simulafion on the caplure
spiral construction, which is particularly
interesting for geveral reasons:

= 'The [inished capturc spiral can be accu-
rately deseribed by geometric variables,
thus letting us compare differcnt spirals.

¢ These characteristics refleet all previous
construction stages and are highly impot-
tant for the web’s efficiency in its func-
tion as a Lrap.

+ Tinally, this task is especially challeng-
ing because the spider dismantles threads
of the auxiliary spiral that it previously
used for orientation.
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Figure 5. Web-repuration strategies. The garden cross spider tends to use reverses to fill aut eccontric parts of the
frame with sticky silk, especially necr the web's outer periphery. As soon us the construction of the captura spiral
hecomes possihle without sevore deviation from a dreclar spiral, the spider hegins to fix irreguluriies by u different
method. Insteqd of repeated reverses (analogous to patching up u hole in a sock}, the spider compromises,
ahternafively keeping the gap size constunt between spiral turs and creating o dirculor spired.

o

7

o, ",

o

(EEE INTELLIGENT SYSTEMS




e -

expericuces its world, specific problems arise
involving subjective interpretation of per-
ceived information and bady-organ coordi-
nation of motor actions. In particular, the
modeled legs receive spatial information and
perform actions relative to the current body
orientation.

We implemented a direction control that
specifies directions as distal, peripheral,
(body-Yorward, and (hody-)backward (see
Figure 4). It thus allows symmetric move-
ment instructions independent of whether a
leg is attached to the body’s right or lelt side.
In fact, symmetric commands are plausible
for real spiders—it is unlikely that the order
to contract a leg differs for right and left legs.

There is an additional reason for a com-
plete abstraction of dealing with left and right
legs arising from the spider’s orientation
along the auxiliary spiral, During the capture

spiral’s construction, the spider reverses its

body direction several times, switching the
body side that points toward the guiding aux-
iliary spiral. This switching would require
that the spider switch the way it addresscs
the left and right leg after each reversal,
because of their changing role for orienta-
lion. A more elegant solution involves com-
municating through a concept of peripheral
searching and arienting along guideline legs
mapped to left and right legs. The initial as-
signment is made when construction begins
and swapped with each reversal. A real spi-
der’s initial peripheral-searching log is al-
ways the leg that has been used for orienta-
tion while constructing the auxiliary spiral.
Thus, the virtual spider receives this infor-
mation as start-up information from the sim-
ulation setup.

Design properties of captare spirals. From
the viewpoint of evolationary theory, we can
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Figure 6. This hypothesis implementation example shows how we transformed o scientific hypothesis about the spiders

path reverses into formad rules und behovior pottems.
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reasonably assume that the spider’s goal ol
capture-spiral construction is the weaving of
an optimal trap. Therefore, the spider must
fill out the given space (bordered by the pre-
viously constructed frame) with an efficient
prey filter of sticky threads.

We hypothesize that the spider must deal
with two optimization tasks:

1. Ttmustdelermine an optimal size of the
gaps between spiral turns (called mesh
or spiral distamces). They must be simall
cnongh to catch maximum prey for the
spider, but must also be large enough to
reduce the amount of silk and time
needed for the construction,

2. Tt must provide a regular gap size and
make maximum use of the available
space within the previously constructed
frame.

By constructing a perfect circular spiral, the
spider would reach the first goal, but [or the
latter goal, it must follow the frame’s shape,
which usually differs (and can differ consid-
erably) from a perfect civcular spiral.

The spider compremises by initially fol-
lowing the rame, consecutively and smoothly
changing the spiral turns into a more circular
shape the closer they approach the web’s cen-
ter. Most capture-spiral ivregularities therefore
arise in the peripheral web area. The spider
tries to compensate for these irregulatitics by
two hehavior patterns: [irst, in case of larger
deviations from a circular shape, by repeated
reverses of its moving path, and second, by
compromising between the generation ol reg-
ular spiral distances and the attempt lo design
a circular-shaped spiral (sec Figure 3).

We modeled our virtual spider robot on
our ohservations of these compensatory
behavior patterns and the spider’s attempt to
get as close to the frame as possible.

From observations to
implementation

The spider’s decision Lo reverse its moving
path crucially determines the capture spirak’s
design. Based on a series of videotaped obser-
vations, we proposed a simple hypothesis,
which we have implemented as one rule and
two behavier patterns in Smalltalk syntax (see
Figure 6), We quantified the expression “dras-
tically reduced” with a specific behavior pal-
tetn (ThBCongiderReversae), which bascs
its (Boolcan) decision on a {{loat) threshold

T




parameter lostSpaceThreshold. We cap-
tured the change of the distance between aux-
iliary and capture-spiral thread between two
successive construction steps as cap-
PropDist and lastCapPropDhist, both
measured and memoerized. This rule per-
forms the reverse if the previows patterns sig-
nal a “drastically reduced” distance {much-
spaceLost) by executing a motor action
pattern (in this case, ThBReverse), The cor-
responding behavior pattern changes the
roles of the leg functions: the innerLeg
hecomes the outerleg and vice versa, and the
(passive part of the) body turns around by a
full 180 degrees.

The tactile task of discovery and cultiva-
tion. Figure 7 shows the currently used
(complete) set of rules and associated behav-
ior patterns.

The first group of rules for basic orienta-
tion and movement contains three rules for
following an auxiliary spiral threads (Track-
auxSpiral) and radials toward either the
web center (TrackRadiusCentral) or the
peripheral web (TrackRadiugPeripheral).
The next two rules MoveIn and Moveout let
the spider robot change the guideline by mov-
tng on auxiliary spiral turn inwards or out-
wards. Finally, the BeginReverse rule
schedules a movement reversal,

A second special group of advanced infor-
mation aequisition forms by the explicit stor-
age of information about the most recently
passed auxiliary spiral crossing a radius
(RegAuxCrossa) as well as two rules for a
modified adjustment of the gap size between
spiral turns meshes (BottomMeshVari~
ability and TopMeshVariability).

In addition to these rules o spatial orien-
tation, a set of three rules controls web mod-
ification by insertion of new threads under
the condition of a previously perceived outer
sticky thread (SetcapNode) or the special
case of a perceived frame thread (SetReat.-
capNode). The latter is only active during the
construction behavior’s early stages.

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

Model validation by hypotheses testing.
Figure 8 illustrates two characteristics of
(both real and artificial) webs that we ex-
tracted and analyzed.

On four orientations: north (up), south
(down), and west and east (sideways}, we
measured distances between the points where

successive spiral turns meet the same radius
(spirat distance). We also counted the number
of (body orientation) reverses. We grouped
web characteristics located in the capture spi-
ral’s outer-half spiral and scparated them from
those of the inner half, If our web-design
hypothesis is valid, the variances of spiral dis-
tances and the number of reverses should be
significantly higher in the outer web.

To calculate real and simulated webs, we
used a two-way analysis of variance (Anova)
for the spiral distances and a Chi-square test
for the reverses after checking that the under-
lying assumptions for normality and equality

of variances held. Sample sizes were a(real)
=8 and nisimulated) = 8.

Spiral distance. Figurc Ya shows the results
of the analysis of spiral distances, for spiral
spacings atong four radii closest to the direc-
tions north, south, cast, and west. A compar-
ison of variances of spiral distance (all four
orientations pooled) difTered significantly
between inner and outer web areas (F' =
4,8345; P = 0.0363), whereas we found no
significant difference between real and sim-
ulated webs (F = 2.5153; £ = 0.1240). The
interactions were not signiticant (# =0.5784,
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vates a set of hehavior patterns that performs the wanted abstract instructions by coordination of moter actions,

&

IEEE INTELLIGENT SYSTEMS




P =0.4533). (Note that 7 represents the valuc
of the F distribution (mamed after R.A.
Fisher) which, in this context, is used 1o test
heterogencity among sample means. P is the
stalistical probability that this heterogeneity
has been misleadingly identified by chance.
Important threshold values we: < 0,05 sta-
tistically significant; p < 0.01 siatistically
highly significant; and p <0.001 statistically
very highly significant, For further reading
on biclogically rclevant statistics see, for
example, R. Sokal and I%. Rohlf, Biometry,
Freeman and Co,, Now York, 1995.)

Number of reverses. Figure 9b shows the
analysis of body direction reverses. We found
a highly significant difference was found
between inner and outer web areas (y* =
16,689854; P« 0.0001). The comparison of

real and simulated webs was, again, not sig-
nificant (32 = 0.543328; P = 0.461 [). The
interactions were again not significant (% =
0.000059, P =0.993%),

In applying individual-based and minimal
(parsimony) modeling to the design of a vir-
tual spider robot, we wanted to maximize the
likelihood that our assumptions would reflect
the set of strategies used by our real spider
model. This is essential because model vali-
dation obviously can never prove that simu-
lation results are caused by exactly the same
principal as the characteristics obscrved on the
system analyzed. Furthermore, we used our
rule-based system for hypothesis falsification;

Spiral distance

Figure B. Web characteristics used for model validation. Spiral distance measurement along the four spokes N, S, W,
and E, ond number of reverses separated into inner and euter web. The inner weh is the area of the capture spircl,

which is within the range of half of its width.
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we hoped to guide our rescatch focus by point-
ing Lo incomplcte or inconsistent knowledge.

We found that a virtual spider equipped
with a small number of rules can construct a
web similar to a real spider. We found evi-
dence for the hypothesis that orb-web spi-
ders might iry to optimize the absolute size as
well as the variation in size of spiral distances
while using the available space as much as
possible. The webs generated by the virtual
spider robot shared characleristics with the
real webs, thus suppotting our mini-hypothe-
ses of behavioral patterns of spatial orienta-
tion and construction,

Our example of spiderweb construction
showed that, up to a certain degree of distur-
bance, even challenging tasks of spatial ori-
entation could be managed by scquences of
purely local-orientation patterns preceded by
a few start-up conditions. Thus, in some
cases, we can substitule global world repre-
sentation in cognilive maps with an oricnta-
tion behavior vaised by the dynamics of
repeated interactions between simple units.
Fon a further investigation of this hypothe-
8is, we are currently transferring this virtual
approach to hardware robots. However, tor
the conceptual scientific questions we inves-
tigated herc regarding animal decision mak-
ing and spatial orientation, a simulation
approach is more appropriate than a hard-
ware impletnentation: in a rebotics approach,
we must deal with the robot’s mechanical

-characteristics ¢highly specific) rather than

the real animal’s anatomy and physiology
(with very ditterent specifications).

ilff UR INVESTIGATION OF SPIDER
web-building behavior has shown that vir-
tual robots are powerful tools in artificial
cthology and classical animal behavior stud-
ies. Given its apen and transparent object-
oriented design, this approach can casily be
adapted to tackle a great diversity of behay-
ioral questions. For the computer scientist,
it might be equally interesting to cmploy this
approach to unravel and identify novel,
robust, and efficient solutions for use in hard-
ware robotics. 8
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Figure 9. Comparison between reaf and arfificiol webs: (a} comporison of mesh-size varignees between real and simu-
lated webs grouped for inner und outer weh areas; (b) the same comparison for reverses.
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