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Abstract. This paper describes our user model (Virtual Uder)

behavior simulation. The model simulates the goaftsial traits,

perception, and physical behaviors of users intmnvironments. It
includes three major components: geometric modedéind motion

control; cognitive modeling that enables Virtualeds to understand
the environment model; and behavioral modeling tb@amlessly
integrates sources of theoretical and practicairenment-behavior
studies, statistics from a field study, and anfi&itl Life approach.

By inserting the Virtual Users into our environmembdel and letting
them “explore” it on their own volition, our systemeveals the
interrelationship between the environment andsesrst

1. Introduction

Environmental behavior simulation can be used &dliot and evaluate the
impact of environments on human behavior and ibfigreat interest to
designers and clients. User modeling (as well agr@mment modeling) is
key to such simulations. We have developed a uselemwhich we call a
Virtual User, defining the goals, social traits,rqgaption, and physical
behaviors of each user in a simulated environm¥irtual Users are

modeled as autonomous agents, which have theyataliinderstand’ their
environment and behave accordingly. Compared wiltistiag user

simulations, our model represents a new approachtefrating an agent-
based model and a statistical behavior model intmteerent user model
(Section 2).
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The Virtual User model includes three major compisie(1) geometric
modeling and motion control, (2) cognitive modelirand (3) behavioral
modeling (see Figure 1).

Geometry modeling represents Virtual Users as nauine, with
articulated body geometry, texture mapping and ation. To achieve
autonomy, a good strategy for our purpose is t@psgate basic motions
(walking, running, and sitting, etc.) within theeugnodels and enable script
control of series of motions. Virtual Users’ automms movements can
then be controlled through high-level behavior sulg@etailed in Section 3).

Cognitive modeling defines the Virtual Users’ acibiity to the
environment model. Perceiving and understandingremnments are the
prerequisite for Virtual Users to behave properlfowever, simply
providing all the information of the environment deds to each user will
not solve the dynamic problems that are not prabletin advance, such as
encountering another moving user so that they aamdacollision. Our
solution to perception is the combination of foamponents: “seeing” their
local environment, “knowing” the global environmgrtinding” paths to
destinations, and “counting” duration of a specifiehavior (detailed in
Section 4).

Behavior modeling is the most critical issue unglag the simulation
because it must mimic closely how humans behawgniilar socio/spatial
environments, given similar goals. Accordingly, doehavior modeling
stems from three important and firm sources inedéft research areas:
theoretical and practical environment-behavior igtsidreal world data from
a field study, and an Artificial Life approach. Aanless integration of
these sources into a working solution results ihaver simulation that is
close to reality (detailed in Section 5).
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Figure 1.User modeling components: geometric modeling antiomaontrol,
cognitive modeling, and behavioral modeling.

We have conducted a case study with a campus pl&@oul Plaza at
the University of California at Berkeley, which ¢ams distinctive paving,
a fountain with low seating edge, large area opstand a few benches
(Figure 2). We first used video tracking in thezslaand obtained a large
number of statistical data about people’s behaf¥an and Forsyth, 2005)
and then integrated the statistical data into @ar unodeling. By inserting
the Virtual Users in our usability-based buildingael and letting them
“explore” it on their own volition, our system reals the interrelationship
between the environment and its users (detail&kwtion 6).
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e

Figure 2. Sproul Plaza ath University of Califor at Beey.

2. Existing User Modelsand Our Approach

Human spatial behavior simulations that exist aftenolimited to some
well-defined areas of human activities where theas been considerable
empirical research that can help develop the réquiognitive models
(Kalay, 2004). Some of the areas for which suchitg models have been
developed are pedestrian simulation and fire egsésmilation. These
simulations are often aimed at testing the Levebeifvice (Fruin, 1971)—
the amount of space people need to conduct cedetivities, such as
walking through corridors and doors, under normagmergency situations.
General human spatial behavior simulation model leeen developed by
Archea (1977), Glaser and Cavallin-Calanche (1988, Kaplan & Kaplan
(1982). They typically use discrete event simulatimethods, where a
generalized algorithm tracks minute-by-minute clesnggeometry-based
approaches (Glaser and Cavallin-Calanche, 1999earal-nets (O'Neill,
1992).

Batty (2001) has given a good review of recent pem behavior
modeling that employs agent-based models. Theseelsxadke a very
different view of probability than that used in radraditional transport and
traffic models. Most transportation projects modwlvement patterns at a
much higher scale than that of walking and theyrareapplicable at the
kinds of fine scale that are associated with pe@estmovement. The
advantages and feasibilities of using agent-baséd\hor simulation model
include the following (Batty, 2001): computer pragmming has become
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more object-oriented with individual events andfacts being treated as
classes whose behavior can be explicitly simulata] new ways of
articulating social systems by using ideas from glexity theory have
developed over the past years, e.g. by GilbertCaomdn (1994). Some agent
models have plans giving distinct purpose to tirs that drive them to
complete some tasks, such as shopping (Haklay,llW&u et al, 2001;
Kerridge, Hine et al, 2001). Some other models dagved from various
analogies in fluid dynamics and particle systemd also embracing key
ideas from the theory of self-organization. All retalemphasize the way
pedestrians interact with one another and withethgronment they walk in
(e.g. Helbing, Schweitzer et al, 1997). The geneubds these models use
are walking rules for interpersonal and obstaclEdance and shortest path
(e.g. Helbing, Molnar et al 2001).

Stahl (1982) and Ozel (1993) developed fire egraesdels, simulating
the behavior in emergency. Ozel's model uses asffsuch as “go to exit”)
and goal modifiers (such as “alarm sounds”) lirario define the behavior
rules. These libraries, in turn, use the fire eyvérg building configuration,
and the characteristics of the people as the detants of their rules.

For various purposes, such as industrial produsigde entertainment,
and medicine, researchers have created many humdelsn Developed at
the University of Pennsylvania beginning in 1984d¢klis a human model
used in industry and government, showing car maufars whether their
designs can accommodate a person of a certain sizeonstruction
companies whether a patrticular task might leaveleysps injured and
unproductive. Jack is good at testing ergonomica pfoduct design, while
our Virtual Users are specifically created for esding environments.
Thalman et al. have built virtual humans and aorimed Environment that
creates a database dedicated to urban life siroolatUsing a set of
manipulation tools, the database permits integnationvhat they call “urban
knowledge” in order to simulate more realistic béba Moreover, for
various types of mobile entities, they can compaéhs to move through
the city according to area rules. By using datavddrfrom the environment,
virtual humans are able to acquire urban behavibalmann, Farenc et al,
1999). Therakomen (2001)’'s simulation uses agesedanodel (Artificial
Life) that is also used in our user model.

However, these simulations lack components thathivik are essential
to environmental behavior simulation: the integratiof an agent-based
model, which employs human social/personal spakss,rand a statistical
behavior model, which provides goal distributiondaaverall behavior
patterns, into a coherent user model (as well sgstematic approach for
creating usability-based environment model, whigldéscribed in Yan and
Kalay 2005).
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Based on Steinfeld (1992) and Kalay & Irazabal 8)39 proposals
toward an artificial or Virtual User, we first proged and then developed a
new computational model that simulates a built emment, its occupants
and their behavior. We have developed methodologies algorithms to
build the simulation that consists of a usabiligsbd building model and an
agent-based user model. The building model is erelis spatial model that
represents the building objects. It possesses d¢pdimetric information of
design elements and non-geometric information abthé usability
properties of these elements. The relationship éetmdesign elements and
their intended users, which was implicitly undecstdy the designer, now
becomes explicit to the Virtual Users through tisability-based modeling.

The agent-based user model is a computer modeti#izies behavioral
rules for each individual to simulate both individand group behavioral
patterns including encountering, congregating, @wgj, interacting, etc.
The behavior rules are derived from previous liign& of human spatial
behavior, a field study, and Artificial Life resear The agent-based user
models are autonomous models. They emulate théstreahppearance,
movement, and perception of individual users ungemmal conditions.
They have adjustable profiles that consist of ptaisand social variables.
The simulation of group behavior is pursued simétausly with the
simulation of individual behavior, and is achieveditomatically by
aggregating individual behavior without extra efforThe methods of this
simulation are described in the following sections.

3. Geometric Modeling of Virtual Users

Geometric modeling includes 2D and 3D modeling.ni2@deling is used for
behavioral simulation and 3D modeling is used ®hdvioral visualization.

3.1. 2D MODELING

The Virtual User’'s 2D model is a fairly abstractrayol used for user model
design and checking purposes in the simulationghiBse Virtual User (as
well as our environment model) utilizes Scalablectde Graphics (SVG)
format — a graphical presentation of XML — for therpose of presenting
both geometrical and non-geometrical informatigks shown in Figure 3,
its graphical view is made of a filled circle andlaort line indicating the
facing direction of a Virtual User.

G

Figure 3.Virtual User’s 2D model
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Its textual view represents non-geometrical infdraraof Virtual Users’
traits, as shown in Table 1.

Table 1. Content of the Virtual User’'s model in SY&@&mat

<SVg>

<title>Plaza User</title>

<g id='geom’' style="stroke:blue;stroke-width:0.1;fill:#00ff00;'
transform="translate(0,0) rotate(0,0,0)'>

<circle r="375'/>

<line x1='0' y1="0' x2='0.75' y2="0' style='stroke:red;stroke-width:0.1;">

</g>

<traits

id="vuser'

time_sit_fountain_mean="'190'
time_sit_fountain_std='124"'

</traits>

</svg>

In the above table, a Virtual User's geometry irdel by a circle and a
line with transformation data. The user's traite @efined based on our
field study — a large number of statistical datéaoted by video tracking
(Yan and Forsyth, 2005), including probabilitiesusiers’ choices of sitting
by the fountain, on the steps, or on the benclespectively; their duration
of stay; their walking paths, etc. For example,ofprl 5" in the table
means the probability of a user comes from Lowez&land chooses to go
to the fountain, and its value is 1.58 %; and &irsit fountain_mean” is
the average time that users spent sitting by thatéen and its value is 190
second. The standard deviation of sitting duratgnthe fountain is 124
second.

3.2. 3D MODELING AND MOTION CONTROL

The Virtual User's 3D model (as well as the envimemt's 3D model)
utilizes VRML for seamless integration of the twodhels in visualization.

The user's 3D VRML model represents Virtual Usessnaannequins,
with articulated body geometry, texture mapping amtimation, and
conforms to the international standard of human etind—Humanoid
Animation Specification (H-Anim, 1.1, by Human Aration Working
Group). It is used to represent realistic closemgrlels of Virtual Users,
their walking and sitting animations (Ballreich T99Babski 1998; and
Lewis, 1997. Figure 4 left)
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Figure 4.Left: Nancy and Bob demonstrating sitting and sitagndbehaviors
respectively; Right: Ryan demonstrating sitting detr.

This model, however, is computationally too expeador visualizing
groups of people. Therefore, we created a simplenam model called
Ryan, based on low-level limb movements that aapsulated within the
H-Anim model, such as the arms’ and legs’ movemétsvalking. These
stick-figures have the same high-level movementshasclose-up models
(walking, running, and sitting), without the oveddeof fully fleshed-out
bodies (Figure 4 right).

Our simulation has shown that the Ryan model hagrtimimal level of
details needed to depict behavior patterns: wesegnclearly how people
use the public space using these models. The NamdyBob models with
higher level of details require considerable corapabhal resources. By
using them, we can achieve a more realistic vigatitin that is similar or
even better than that in the video used in oudfsldy, which has been
shown in Figure 2.

The H-Anim models use prototype design concepiQP& in VRML).
In H-Anim models, human’s joints (e.g. a shouldand segments (e.g. an
upper arm) are defined as PROTOs with field tydesa types, field names,
and default values (see Ames, Nadeau, et al., id9Fetails of PROTO in
VRML). Virtual User model extends the Humanoid PRDTh H-Anim
model by adding clothes colors for distinguishingdividual Virtual Users
and motion control variables for triggering behasisuch as standing,
walking, running, standing up, and sitting down.

By augmenting the VRML model with Java programmiwg created a
real-time motion control to start or stop walkimgnning, sitting down,
sitting still, standing up, and standing still. Té@ntrol makes it possible to
create a sequence of motions using a script, el @ location X, sit for n
minutes, and walk to location Y. Transitional mowaits such as sitting
down and standing up are inserted into motion secpi@utomatically. For
example, if a Virtual User first walks and thenssia transition of sitting
down is inserted between walking and sitting.
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Each Virtual User model occupies a cell in the iige space model and
has 8 directions: north, south, west, east, nosthewrthwest, southeast,
and southwest. Turning is calculated automaticsdythat there is no need
to specify it: whenever a Virtual User starts arjay in a new direction, it
will turn along the direction smoothly and go fordajust like a real user.

4., Cognitive Modeling of Virtual Users

Cognitive modeling defines the users’ ability tocess and interpret the
environment model. Perceiving and understandingremwents are the
prerequisite for Virtual Users to behave properlfowever, simply
providing all the information of the environment deds to each user will
not solve the dynamic problems that are not prabletin advance, such as
encountering another moving user so that they aamdacollision. Our
solution to perception is the combination of foamponents: “seeing” their
local environment, “knowing” the global environmgrtinding” paths to
destinations, and “counting” the duration of a $fi@behavior.

4.1 KNOWING

“Knowing” the entire environment in advance to hetpke basic decision
of what to do and how to behave, much like a fretuesitor has good
knowledge of the space. The Virtual Users enterplaea with knowledge
of all the design elements, e.g. the starting jgaamid the targets, which are
entrances or openings of the plaza. They know eatits design element
type, be it ground, steps, fountain-side, fountaater, benches, etc. They
know the location and orientation of all seatstte®y can seek them out in
order to sit on one. They also know the cells #ratobstacles they need to
avoid on their journeys such as the fountain aredb#nches. They need to
calculate the shortest paths to go to their detiting using a search
algorithm.

4.2 FINDING

“Finding” paths to destinations. People are natynatry conscious of their
choice of routes because it is generally tiringvédk. If the target is in sight,
they tend to steer directly toward it, sometime®ssing the plazas
diagonally. Observations show that almost everyfmilews the shortest
routes across plazas; only users who push bicyelémby carriages make
detours (Gehl, 1987). For the Virtual Users, we leygd A* algorithm for

searching the shortest path. A* algorithm is wideded in games (Russell
and Norvig, 1995). We optimized A* in our simulatito reduce the search
space from the total number of cells to a subsetedis. Given starting

point, target point, and original empty cells afdtacles, the algorithm first
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returns a subset of the empty cells and obstatles subset is defined as a
rectangular area with starting and target pointc@sers. That way the

search space is very much reduced and the perfeamah searching is

speeded up significantly. In most cases a Virtusgritan find a path in this
subset of the search space. In case a shortestcpathbe found in the

subspace, the original search space will be ug&ege Section 5.5.1 for a
sample of path finding using A* algorithm.)

4.3 SEEING

“Seeing,” i.e. accessing the relevant parts ofdh@ironment model within
circular areas (social spaces) in front of a usereal-time, and translating
them into terms that correspond to the Virtual Useognitive model, for
such purposes as avoiding collisions and recoggiaimacquaintance or an
object. Once a Virtual User obtained a path, it stért to walk on each cell
along the path. During its journey, the Virtual Useeds to avoid hitting
others and to keep reasonable inter-personal destdtrwill stick to the path
unless someone else comes close. At each stepirtualMUser checks its
social spaces. If others are found within the spatiee Virtual User will
adjust its path. In case of meeting acquaintareeser will stand still (and
talk with them for a while). All of these kinds kiftlowledge are obtained in
real time. (Social spaces are detailed in Secti@n 5

4.4 COUNTING

“Counting” the duration of a specific behavior, Bugs sitting, to make a
decision about what to do next: continue sittingh& duration has not
exceeded a preset maximum duration based on distist (from the field
study), or walk away.

5. Behavioral Modeling of Virtual Users

Behavioral modeling is the most critical issue uthdeg the simulation
because it must mimic closely how humans behawniilar socio/spatial
environments, given similar goals. Accordingly, d@havioral modeling is
based on three important and firm sources. Thda fwmurce includes
theoretical and practical environment-behavior igsidsuch as those by
Lewin (1936), Moore (1987), Stokols (1977), Halbgb), Whyte (1980),
Gehl (1987), etc. The common characteristics ofe¢hteories provided us
with the basic relationship between environment dwehavior. The
relationship can be expressed as: B = f (G, Rwhgre G, R, and E stand
for the goals, behavior rules, and the built envinent, respectively. Goals
are high-level objectives, the results of intragoeral processes. Rules are
the results of physiological and psychological psses, influenced by
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social and cultural factors. The built environméntcomprised of design
elements.

The second source of data is our field study usidgo tracking, which
provided important and substantial statistical meaments about users’
behavior, e.g. users’ goals and overall behavittepzs (Yan and Forsyth,
2005).

The third source of data is Artificial Life resehdycwhich provided
primitive group behavior algorithms. Built from gdhe behavior rules for
individual users, the group behavior algorithms ased for simulating
spatial interactions among individuals during teovements.

Using these three sources, we developed an agsetHagproach, where
the behavior of Virtual Users (which include walisithrough the plaza,
sitting by the fountain, on the benches, or ondteps, or standing while
meeting acquaintances, etc.), is determined thr@ugterarchical structure
of rules (Figure 5), which resulted directly frohetfollowing aspects.

5.1 ARTIFICIAL LIFE APPROACH

The Virtual Users’ primary movement control is iired by Artificial Life’s
flocking algorithm (Reynolds 1987). Three simpléesudefine the heading
direction of a so-called Boid and result in a caempbehavior pattern that
mimics birds’ flocking. The three rules are:
(a) Separation - steering to avoid crowding local flockmates (Fig 6
left);
(b) Alignment - steering towards the average heading of local
flockmates (Figure 6 middle); and
(c) Cohesion - steering to move toward the average positiotooél
flockmates (Figure 6 right).
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Figure 6. Boids’ flocking algorithm. Source: Reynolds (1999).

5.2 SOCIAL SPACES

Environment-behavior studies validated and helpgalyaArtificial Life’s
flocking algorithm to users’ behavior simulation public spaces. When
applied to user simulation, Artificial Life’s floakg algorithm is modified
with consideration of human social environmentatdes.
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5.2.1 Separation
On plazas, the closeness is gratuitous (Whyte, )1986ich means people
want to keep certain distances from each othery Thyeto avoid collision
with other people of the same or different direcsioon their paths. They
also defer to someone of higher priority if in dastf with priority
determined by age or gender (Gehl, 1987). Diffeddnts of distances
among people, discovered by Hall (1966), are usetttermine the minimal
distance between users:
(a) Intimate Distance: (6 ~ 18 inches)
(b) Personal Distance: close phase (1.5 ~ 2.5 feet), far phase (2.5~4
feet)
(c) Social Distances: close phase (4 ~ 7 feet), far phase (7 ~12 feet)
(d) Public Distances: close phase (20 ~ 25 feet), far phase (25 or
more)
For a graphical illustration about the distances, Bigure 7.

Figure 7. Personal-space bubbles. Source: Deasy (1985).

5.2.2 Alignment

Whyte (1980) observed the following pedestrian b@han public spaces:
people walking quickly, walking slowly, skipping gbeps, weaving in and
out on crossing patterns, accelerating and retgrttirmatch the moves of
the others.

Gehl (1987) also found that pedestrians align in-tvay traffic. The
upper limit for two-way pedestrian traffic is 105-pedestrians per minute
per meter street width. If the number increasestéhdency of dividing into
two parallel opposite streams occurs. People stakeep to right, and
freedom of movement is more or less lost. In ait@adional pathway,
passing on the right-hand side (which forces aligniis a rule in countries
such as US, etc., and left-hand side in UK, etc.
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5.2.3 Cohesion

What attract people most are other people and Hutivities. People try to

stay in the main pedestrian flow or move into ithiyte, 1980). They gather
with and move about with others and seek to plheenselves near others.
New activities begin in the vicinity of events thate already in progress
(Gehl, 1987). This is the so-called self-congestiehavior.

From the above comparison we believe that it isorable to apply the
Artificial Life’s flocking algorithms to simulatingusers’ movement in a
plaza, with consideration of human’s social andtigpbdactors, and the
environmental effects (which will be discussed hie hext section). Using
Hall's proxemics findings, we created social spafmesa Virtual User by
grouping the cells in front of a user into differapaces (Figure 8). As a
Virtual User changes its direction, the spaces gbaas well. The
corresponding parameters used are shown in Tabldée spaces used that
affect Virtual Users’ movement are personal spawejal space’s close
phase, and social space’s far phase. Public distennot affecting users’
movement because other persons’ present can beosgeperipherally in
this distance (Hall, 1966).

4 Public distance |

[ [
I Social space (far) |

| e |
| social space (close) |

\ 5(1 || —— ——

( [ jl\llll\ [ T T 1

HAdT | Personal space |

-
— ]

A Virtual User facing north

Figure 8. Virtual users’ social spaces. Each cell in the gfithe usability-based
building model is an object that possesses selamils of usability properties.

Table 2. Parameters of users’ social spaces (dgarmentation)

/ldistances of personal/social spaces

size = tile.size / scale; //750 mm

int personalDistance = 1200; //mm, 4 feet

int socialDistanceCloser = 2100; //mm, closer social distance, 7 feet
int socialDistanceFarther = 3600; //mm, farther social distance, 12 feet
int publicDistance = 7500; //mm, 25 feet;

When users move in the plaza, at each step théghéatk whether there
are other users or design elements are invadirig gbeial/personal spaces
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and if so, they will behave accordingly, e.g. topstand stand to talk if
meeting acquaintances, or detour if meeting str@ngieobstacles.

5.3 ENVIRONMENTAL EFFECTS

Our field study provided the model with users’ goand quantitative
measurements of overall behavior patterns, incydin

(a) Entering rates to set up the frequency of inserting Virtual Users
into the plaza from different entrances, basedlQndtal number
of people who entered our observation region ingleea during
the time interval of our field study; and (2) Paoissdistribution.
Poisson distribution is commonly used to model tugnber of
random occurrences of some phenomenon in a spkaifid of
space or time. (For more details of Poisson distidm, see
Spiegel, 1992). Thus it is a good choice to usedewi distribution
to model the users’ entering rate. We have alsmdothat the
distribution of the arrival rate per minute duritig time interval is
close to a Poisson distribution.

(b) Target distribution based on numbers of users walking in
different routes and their probabilities. We apglibe probabilities
of a user entering from one entry and exiting framother or
heading to a seat.

(c) Probabilities of users choosing to sit based on numbers of people
who entered the plaza chose to sit vs. to walksingsthe plaza.

(d) Seating preferences based on people’s choices among fountain,
benches, and steps.

(e) Distribution of duration with means and standard deviations of
duration at different seating places.

5.4 RANDOMIZATION

To add more realism to behavior simulation, we igoptandom processes
to model users’ behavior patterns.
(a) Poisson distribution is used to set up the rate that users enter the
plaza. It is also confirmed by our field study.
(b) Normal distribution is used for duration of sitting and standing.
(c) Uniform distribution is used in the following processes:
* Random appearance (clothes colors) to differentiateial
Users in visualization.
* Random starting or ending points at entering otirgxiareas.
* Probability of meeting acquaintances (a Virtual Usell
stand still then).
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5.5 SAMPLE SCENARIOS

Combining all the four components: Artificial Lif@algorithms, social
spaces, environmental effects, and randomizatienbwilt a user model to
simulate individual and group behaviors. The im@amation details will be
discussed in Section 6.

The following two scenarios are intended to testvhibe behavior
simulation works. They reveal that many behavidtgras can be simulated.
For testing purposes, we used only two Virtual ¥sBob and Nancy.

5.5.1 Finding benches in a plaza

Nancy and Bob use the shortest path search algo(it) to find benches
to sit on. Greenery is treated as an obstacle thagt circumnavigate.
Nancy has priority over Bob to get her nearest bei8o when a given
bench is identified as the nearest seat from bahcis and Bob’s points
of view, Nancy will get it and Bob will look for ather seat, even if it is
further than the first one. The graphical userriatee allows designers to
move the benches and let Nancy and Bob find thegu(€ 9).

&
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Figure 9. Left: Nancy and Bob started to walk to the benalsisg A* search
algorithm. Right: Nancy and Bob found the benchres sat.

5.5.2 To sit in the sun or in the shade?

For each cell of the space we calculated dynargiegtlether it is in the sun

or in the shade, based on the plaza’s geograpbatiém, the sun’s azimuth
and altitude at a given time, and objects suchesstand buildings that may
cast a shadow on the ground. Virtual Users canvkratile’'s sun/shade

disposition, and choose whether to sit on a beocatéd on that cell or not.
Figure 10 shows that Nancy prefers a seat in theaher than a seat in the
shade, even though the one in the shade may hawechser to her point of

departure.
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Figure 10. Nancy prefers a seat in the sun to a seat in theaesh

6. Applying the User Model to Behavior Simulation

We applied the user model to our behavior simutaiio the run time
through a simulation engine.

The simulation engine first loads the building moded parses the
model’'s graphical and usability properties, theeates a Virtual User
group—a list that allows an unlimited number of usedels to be added
into, and upon completion of a journey removed fribm@ list. The engine
runs the simulation step by step, and at each sieye (one second) it adds
users from the entrances and moves all the useméystep. The Virtual
Users acquire environmental knowledge through thgnitive processes
(knowing, seeing, finding, and counting) so thae tbhsers know, for
example, where they can walk and where they cafsén the engine lets
the Virtual Users move following behavior rulesy.eshortest path, group
movement rules, and social spaces. The simulatigine uses Batik SVG
toolkit with Java2D rendering engine, and Docuntehject Model (DOM)
to traverse the design element tree of the buildioglel (see Watt, A. et al.
2003 for details of Batik SVG toolkit).

The simulation results include (1) a 2D animatidn\irtual Users
movements, including walking and standing in thezp| sitting at different
places, and meeting other users, etc. (Figurefl)l dad (2) a behavior data
set that records all users’ behavior informatiosoagted with their paths,
including the coordinates along paths, arrival tinmeotions (walking,
sitting, or standing), sitting directions, and diga of stay (Figure 11 right).
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Figure 11.Left: 2D animation of Virtual Users’ movements. RigVirtual Users’
paths drawn using dark lines.

Finally, by inserting 3D models of Virtual User an& 3D model of the
plaza and letting the users move following the bedradata recorded in the
simulation, we realized behavior visualization—aatiimns in which Virtual
Users exhibit similar traits to those observed éality (walking, sitting,
meeting other Virtual Users, etc., see Figure 12).

Figure 12.3D visualization: Virtual Users exhibit similar itsto those observed in
reality (walking, sitting, meeting other Virtual &s, etc.)
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7. Conclusion

Our model supports fast creation of realistic usienulation because the
Virtual Users are re-usable, autonomous constracid,their behaviors are
driven by adjustable variables of users’ charasties and spatial
configurations. We expect, with our Virtual Usemalation, human
behavior analysis as one of the most importantcaspa building design
can be integrated into designers’ daily design tras seamlessly. The
evaluation of human spatial behavior can be madieand visible before
the building is built. This will encourage designéo pay more attention to
users and therefore innovative buildings concernioge about the needs of
people can be designed and built.
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