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Abstract— This paper describeshow environmental com-
plexity measurescan be employedin the procesf validating
experimental robotics work. We advocatethe use of metrics
that attempt to quantify the “dif culty’ of motion for a given
ervironment. Space syntax methods (from the urban and
building design literatur ) and uid- o w models (used in
crowd modeling) are described and proposed as relevant
measuresfor mobile robotics domains. We shawv experimen-
tally that thesetwo metrics give very different expressions
of complexity. We then discusshow, given their properties,
thesediffer ent metrics may be applied to robotics controller
designand evaluation.

I. INTRODUCTION

Within the mobile robotics community it is common
to seenew algorithmsproposedandempirically evaluated
with respectto a number of critical system variables.
Sincerobotsareexpectedo operaten complex real-world
ervironments,a separationof all in uential variablesis
usually not feasible or even possible. The selection of
the subsetof variables,thus, is typically speci c to the
particulardomain,task,andalgorithm. This malesit very
dif cult to comparealgorithms and drav ary general
conclusiongencompassingorethana singletaskdomain.

In this work we proposea meansof evaluatinga com-
mon property of multiple robot systemsand algorithms:
the ernvironment.Mobile robots are embodiedagentssit-
uatedin rich ervironmentswhich imposeconstraintshat
con ne therobots' feasibleactionset,therebyin uencing
the possibletasks and the associatedperformance.We
suggesthatsomesufciently generaimeasureof erviron-
mentalcomplity would be usefultoward the evaluation
of a variety of robotic platforms, software architectures,
control algorithmsand implementations.

In developing such a complity measure,we focus
on motionwithin the ervironmentand adapttwo existing
measureselatedto humanmotion in openand con ned
spaceasdescribedn Sectionll. While the two measures
are not original, to the bestof our knowledgethis is the
rst time they have beenconsideredrom a roboticsper
spectve, therebylending novel insightto our eld. Next,
in Sectionlll we describeexperimentswe constructedn

orderto comparethe two measuresn the roboticscontet
and discussthe results.Finally, in SectionV we present
the conclusionsand implicationsof the results.

Il. MEASURES OF ENVIRONMENTAL COMPLEXITY

As is well known, the structure and complity of
the ervironment can have a major in uence on task
performance.The ability to characterizeervironmental
compleity would enablethe assessmertf the generality
andscalabilityof controlalgorithms,aswell astheir more
objectve comparison.

Consider for example,the taskof target tracking.Jung
andSukhatmd12] notethat“how obstructedthe environ-
ment]is, seemdo be signi cant” They thenusea metric
basedon visibility betweenpointsin the ervironmentto
provide a measureof occlusion. This measureadopted
from the computergraphicscommunity was originally
proposedto analyzethe compleity of threedimensional
sceneq?].

Work by LaValle et al. [13] has produceda number
of interesting pursuit algorithms. More relevant to this
paper for a particularcharacterizatiorof the sensingca-
pability, the authorsshav how a computationageometry
framework (polygons, and other similar expressionsof
the ervironment) can be appliedto calculateboundson
the numberof robotsrequiredto successfullyperformthe
pursuittask.

From the sensingperspectie, the notion of compleity
is in the eye of the beholder; what is comple to a
robot equippedwith a range- nding device (e.g.,a planar
laser), may not be so to anotherequippedwith a vision
sensor(e.g.,a 2-D camera).Furthermore ernvironmental
complity is a function of task: a highly symmetrical
ernvironmentis more problematicfor a robot doing some
form of localization than it is for a robot doing wall
following. This makesa sensing-basenthetric problematic
for comparisorbeyond a particularsensingsuiteor across
taskdomains.

Thework of Donald[3] providesoneway of addressing
this problem.By shaving two sensorgor more generally



computational-sensorgystems)equialent, one may as-
sumethatthe ervironmentalcompleity perceved by one
sensotis identicalto thatperceved by the other However,
when one sensoris strictly more powerful than another
similar conclusionsabout ervironmental compleity are
tenuous.

A sensing-base@pproachis only one way of char
acterizingenvironment compleity. Considerinsteadthe
ernvironmentas somethingthat affects not only sensing,
but also action, i.e., motion. Since motion is something
that mobile robotsmustdo, regardlessof task,the effects
of the ervironmentthat in uence freedomof motion are
particularly relevant. Thus, we aimed our researchfocus
at measure®f the environmentcompleity thatarelikely
to be correlatedwith movementratherthan sensing.

The needto assesservironmental compleity is not
speci ¢ to robotics;researcherin other elds have been
interestedin descriptionsof spacefor sometime. The
urban morphology researchcommunity has done work
in this areathat seemsparticularly pertinent,as it also
focuseson the effects of spatialconstraintson motion, in
this casehumanmaovement.We have studiedthe notion
of spacesyntax[9], a methodof describingspaceorigi-
nally developedfor architecturaldesignof buildings and
now usedfor large-scaleplanning and analysisof urban
ervironments|8].

A. SpaceSyntaxMeasues

The spacesyntaxtheory considersconnectvity of fea-
tures,ratherthan distance as critical in analyzingspatial
structure[16]. This scale-ivariant view accountsfor its
generality of use; it has been particularly popular for
planningat the level of the entire city [7, 16].

The methodis basedon a geometricspatialrepresenta-
tion of the ervironment,which is partitionedinto corvex
polygons, marked as free or occupied. Next, an axial
map is computed,consistingof a set of axial lines the
minimum numberof lines that crossthe sharedpolygon
edgeq17]. Fig. 2 and3 shav ernvironmentsandtheir axial
mapssuperimposeds dottedaxial lines.

We are interestedin connectivitypropertiesthus once
thefree spacewithin the environmenthasbeenpartitioned
into corvex polygons,an adjaceng graphis constructed,
with corvex polygonsasverticesandpolygonadjacencies
as edges.An alternatve adjaceng graph can be con-
structedbasedon the axial map, with a vertex for each
axial line and an edgebetweenintersectinglines.

Either of theseadjaceng graphscan be used,but the
choicetypically dependson the scaleof the spacebeing
considered For now, we assumethat one of the graphs
has been decided upon. Next we calculate the Hillier
integration valuesfor the graph,de ned below.

We de ne the compleity distancefor eachnode in
the graph, representectither by a polygon or axial line,

dependingon which adjaceng graphis beingconsidered.
The mean distance, basedon the presentationof the

calculation of space-compbaty measuresrom [11], is

given as:

MDi:
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where d; is the distancefrom nodei to j, measured
in terms of edgesof the adjaceng graph. The relative
asymmetryis given as:

RA | = 2(MnDi 1)
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When the mean distanceused in the calculation of
a nodes relatve asymmetrycomputedis with respect
to every other node in the adjaceng graph, then the
resultingrelative asymmetryis called global integration.
When insteadonly thosein a limited neighborhoodare
considered,the measureis called local integration. A
typical neighborhoodncludesall thoseof a distanceof
threeor less.

The axial mapis usedat scalesaslarge asentirecities.
Usually it is computationallyinfeasibleto t axial lines
to crossall the adjacenciesn city mapsandinsteadaxial
lines are taken to run along the straight segments of
eachstreet.Jiangand Claramunt[11] suggestthat since
structuresthe size of buildings have free-spacethat is
lesslinearandmoretwo dimensionalan adjaceng graph
de ned in termsof corvex polygonsis a better choice.
This implies that, at leastfor the moment,ervironments
for most mobile robot experimentsshould have integra-
tion valuescalculatedon the graph of corvex polygonal
adjacencies.

Hillier [7] describedrafc pattersn aportionof central
London, shawing that rush-hourand mid-daytrafc ow
along roadsrepresentedy axial lines that signi cantly
correlateto global and local integration values, respec-
tively. This analysishas subsequentlpbeenperformedin
dozensof cities, e.g., in [16], with similar results. The
techniquehasalsobeensuccessfullyappliedto pedestrian
traf c.

The spacesyntax measuresare also useful at smaller
scales:the integration values have been calculatedfor
building structuresOne study calculatedocal integration
valuesfor corvex portions of a museum,and found a
clear correlation with peoples obsered routes through
the museumin the rst ten minutes[11]. (SeeFig. 1.)

This empiricalevidencegave rise to the centraltheories
of spacesyntax[7]. Most relevantto our work is the idea
thatthestructureof thefreespaces largely responsibldor
trafc o w. Sincespacesyntaxmeasuregjive predictions
of the movementen mass we are thusjusti ed in using
thesemeasuregsspredictorsof ervironmentalcompleity.



Fig. 1. Spacesyntaxmethodsappliedto a museumLeft: pathstraveled
by people;Right: shadedrooms shav Local Integration values. From
Jiangand Claramunt[11].

B. Crowd BehaviorModels

While the spacesyntaxmeasureslescribedabore refers
to normal humanmovementwithin structuredspace,an-
other relevant context in which human movement has
beenmodeledinvolvescrowd evacuationscenariosWhen
large numbersof people congregate and form a crowd,

an action inciting panic can resultin dire consequences

— the resultantgroup behaior is substantiallydifferent
from what might be expectedfrom a collectionof rational
individuals [15]. Researcherfiave worked on modeling
crovd behaior, in order to inform architecturaldesign.
We consider these models here becausemodeling the
dispersionof peoplein a given ervironmentalsoprovides
a measureof the complity of the environmentfrom the
perspectie of freedomof motion.

Historically, traditional uid ow or gas dispersion
modelshave beenusedas reasonableapproximationsof
crowd egress.This assumptiorwas then shavn to be in-
accurateby Still [18], becausef the impactof interactve
individual decisionssomeof which areirrationalandlead
to suboptimalevacuation.

Helbing et al. [6] presenta model of crowd dynamics,
basedon data from social psychology This so-called
“generalizedforce model” is not a typical uid-o w ap-
proach asit includessuchfeaturesasgranularinteractions
betweersufciently proximalindividuals.The modelalso
includes the exit crowding phenomenonaptly termed
“f asteris slower,” in which attemptgo rushthrougha door
resultin the eeing peopleproducinga smaller average
velocity and increasingthe possibility of fatalities. The
modelwas usedto analyzea numberof arrangementfn
anervironment,andprovided someinterestingresults.For
example,in somecaselacingan obstaclein anexit path
can actually speedup evacuation.Furthermore panicled
crowdsof peoplemove slower thanis predictedoy a uid-
ow model[6].

While both Still [18] and Helbing et al. [6] attemptto
model peoples' responsesas accuratelyas possible,we
insteadfocuson a modelinspiredby the ideathat disper
sion of repulsedentitiesis in uenced by the complity

Fig. 2. Thethreetestenvironments,with axial mapssuperimposed.

Fig. 3. An automaticallygeneratecervironment,with its axial map.

of the ervironment.Essentiallywe considera simplecase
wherethe socialforcesusedby Helbingetal. [6] dominate
the motion of the entities.While perhapssimplisticfrom a
evacuationdynamicspoint of view, theresultsareintended
for a slightly differentpurpose.

Since operationin structuredervironmentsis a major
domain of mobile robotics, existing metrics of ernviron-
ment complity and models of human movement are
highly relevant to robotics as well. Therefore,we took
the two generalmethodsdescribedabore and compared
themin orderto assessheir relevancefor mobilerobotics.

I1l. A COMPARISON

To comparethe measureproducedoy the spacesyntax
framework to thosethat of a simplied gas/uid ow
model,we performedtwo experimentsntendedasa basic
representatiorf anin nite spectrumof possibleworlds.

A. ExperimentalEnvironments

In the rst experiment,we usedthree hand-designed
ervironmentsand calculatedboth local and global inte-
gration valuesfor the corvex partitioning and axial map
adjaceng graphsfrom the spacesyntax literature. The
ervironments shavn in Fig. 2 with anoverlaid axial map,
werecarefully chosenThe rst wasintendedto represent
a simple of ce suite, the secondapproximateda regular
of ce/cubicle ervironment, and the last a challenging
maze-lile world.

In the secondexperiment,we automaticallygenerated
45 randomervironments rangingin compleity, but sim-
ilar to thatshavn in Fig. 3. A numberof constraintsvere
introducedto ensurethatthe environmentswereplausible,



including the degree of connectity, total area,and the
ratio of width to heightof eachroom.

B. The Diffusion Algorithm

We implementedthe gas/uid crovd model with a
particlediffusionsimulation.Eachparticlehada massthat
was subjectto acceleratiorde ned by Newtonianlaws in
termsof repulsie forcesexperiencedrom otherparticles
andwalls in the ervironment. Additionally, eachparticle
was subjectto a viscousfrictional force. Particles were
introducedsequentiallyfrom a single point source which
was varied acrossexperimentsets. The constantvalues
for the repulsve forcesbetweenthe particlesandthe ob-
staclesyviscosity values,and massesvere kept consistent
for all experimentsFor the rst experimentset,the three
ernvironmentshad approximately27, 36 and 28 randomly
choseninitial sourcesfor the gas/ uid o w, respecitiely.
At eachof theselocations,the processvasrepeatedhree
times, to accountfor noise. The secondset usedonly 5
initial locationsfor eachof the 45 ervironments;again
eachlocationwas repeatedhreetimes.

Details of the derivation of physical equationsde ning
the motion of eachof the particles,including aguments
for reachingeventualequilibrium, arefoundin [10]. The
control law for eachpatrticle dictatesthatit experiencesa
force (andhenceaccelerationproportionalto the distance
to eachof the obstacleqincluding other particles)within
its sensingange(large comparedo theindividual particle
size). Along with a numberof parameterdor repulsion,
particle mass,and viscousfriction, this resultsin a mi-
croscopicsimulationof whatis effectively a diffusing gas
or uid. The simulationwas run within the Player/Stage
device sener and simulator[4] with particlesrepresented
asomni-directionalpositiondevices.SinceStagedoesnot
simulate dynamics,the resulting velocities of the robots
were identicalto thosecommandedy the controller

The progressmade by each particle was logged and
analyzeff line. A measureelatedto thepotentialenegy
still in the systemafter the simulation time period had
elapsedvasusedto give anideaof how well the particles
had succeededn spreadingout and moving to positions
of low potential. The morerestrictive the environment,the
higher the expectedenegy. We found that althoughthe
particlesspreadout rapidly, they took a prohibitively long
time to settleinto an equilibrium state.Closerobsenation
shaved thatthe systemarrived closeto its nal statelong
before the equilibrium stateoccurred.Thus, we chosea
conserative experimenttime of six minutesthetimerwas
startedafter all the particleswere released.

For the three ervironmentsin the rst experiment,36
particleswere used,allowing sufcient dispersionwith a
low meandistance.(SeeFig. 2.) For the secondexperi-
ment, 100 particleswere used.Sincewe were attempting
to usea single measurefor the entire ervironment,and
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Fig. 5. The effect of ervironmentalcompleity on particle dispersion
time.

theseervironmentswerecomple, sufcient particleswere
requiredfor completecoverage.

C. Resultsof the First ExperimentalSet

For eachof the three ervironmentsin Fig. 2, random
locationswere chosenas initial sourcesof particles.Af-
ter a sufcient time the nal positionswere recordered.
We computed,for eachof the maps,the ervironmental
complity with respectto eachindividual nal location.
In consideringhe compleity usingpolygonalgraphsthe
integration value of the polygon that surroundsthe point
wasused,andin the axial mapcasesthe equivalentvalue
wastaken for the closestaxial line.

The plot in Fig. 4 shavs one instanceof the results.
The horizontal axis is the value of local integration in
the polygon adjacenciesgraph; the vertical axis is a
measureof the nal spreadof the particles,with higher
valuesequatingto higherspreadThetwo variablesappear
uncorrelated.The sameis true for the valueswith respect
to the local integration over the axial line adjacencies
and the global integration over both the polygonal and
axial line adjacenciesExaminatiorshavedthatthereis no
signi cant trendin ary of the data.This is surprisingand
hasinterestingconsequencess discussedn SectionlV.

D. Resultsof the SecondExperimentalSet

In this experimentset, we constructeda performance
metric for the entire ervironment, by summingover the



valuesof local and global integration. We then applied
the algorithms to the 45 randomly generatederviron-
ments.With theincreasedhumberof ervironmentsdueto
computationalimitations, we scaledback the numberof
particlesourcedor eachervironment.As shovn in Fig. 5,
the dataare consistentith the rst experimentandaggain
demonstrat@o relationshipbetweerthe uid/g as ow and
spacesyntaxmeasures.

Interestingly we obsenred that althougheither corvex
polygonsor axial lines could be usedfor calculationsof
integration values,the two had a strong correlationwith
oneanotherfor the automaticallygeneratecrnvironments.
Additionally, therewas very little differencebetweenthe
values obtainedfor local and global integration values.
This suggestghat perhapsthe ervironmentswere insuf-

ciently comple. In a simple structure,like an average
house the valuesfor local and global integration may be
very similar becausehe depthof connectionss typically
small (lessthanor equalto 3).

1V. DISCcUSSION

Neitherof thetwo experimentsabove shaved ary form
of correlationbetweerthe spacesyntaxand uid/gas ow
metrics. This is surprisingconsideringthat both metrics
have beenshavn to be predictie. It is thuslikely thatthe
regime of interactionsfrom normalmovementto crovded
escape,has a strong in uence on the resulting use of
space.Fluid/gas models are likely to be applicable to
problemswhereinterferencedynamicsare high, suchas
multi-robot scenarioswhile spacesyntaxmethodsappear
morerelevantto domainswith structuredmovement,such
asindividual robotsnavigatingin uncravdedcorridorsand
alongwalls, etc.

The transitionbetweerthe two regimesis interestingto
considerlt hasbeenshavn thataddingrobotsto a multi-
robot problemincreasegperformancedo a point, andthen
impactsit negatively dueto interferencdl, 5]. It is likely
that uid/g as o w metricswould modelthose saturated'
regimes well. Using the two measuresn tandemcould
thus be employed in orderto asseshow “orderly’ motion
is in a given ervironment.

A number of researcherdave begun to utilize Vis-
ibility Graph Analysis (VGA) techniquesbecausethey
provide information at a higherresolutionthat traditional
spacesyntax[14]. Thesehigherresolutionspermit closer
blendingof the resultsof macroscopianodels(like space
syntaxones)and microscopicones,that modelmotion by
simulatingthe behaior of individuals. VGA-basedanal-
ysis splits areasinto smallersections basedon visibility.
This permitsthe constructionof a proportionatelylarger
graph than those producedwith the corvex polygon or
axial line methods.Jung and Sukhatme[12] also used
visiblity information in their tracking task, where it is
the relevant sensotbasedproperty Otherswho work in

analyzing complity of human ervironmentsuse axial
andbvisibility linesbecausef theassumptiorof thehuman
bias toward preferringto walk straight,emplg/ing “least
effort” [18].

V. CONCLUSION AND FUTURE WORK

In this paper we consideredwo compleity measures,
intendedfor usein human ervironments: spacesyntax
methods used for analysis of typical ows of trafc
(humanand vehicular)and uid/g as modelscustomarily
usedfor moredisorderlymotion. Our experimentalresults
indicate that thesetwo approachegroduceuncorrelated
results, thus appearingto measuredifferent aspectsof
ervironmentcompleity. We have madesomesuggestions
asto when eachof the approache®r their combination
would be best suited in robotics. By evaluating perfor
manceacrossa numberof ernvironments,and considering
which of the metrics correlatesbest, one may be able
to drav conclusionsas to how well movementis being
coordinated.

Qualitative information about the environment would
be of usein a sensornetwork deployment task [10]
wherethe structureof the ervironmentis known a priori.
Furthermorework in mapping(e.g., Thrun and Bucken
[19]) usesa numberof optionsfor partitioning a metric
representatiorof the ervironment so that a consistent
topological map can be produced.Cross pollination of
theseideaswould be an interestingfuture direction for
the on-line methoddescribedabove.
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