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Crowd Mapper is a projection-based, low-cost spatial design tool that can
visualize possible pedestrian crowd behaviors associated with spatial
configurations that are interactively updated by users. The method utilizes
efficient representation of 2-D silhouette-based figures using agent-based
computation, developed by the first author, and allows real-time editing of
building designs by multiple users. The use of projection mapping technology
allows architects to project multiple design schemes with three-dimensional depth
and qualities. While this method still conforms to the familiar framework of
architectural production standards utilizing traditional white massing models, the
method has a potential to improve the existing work flow and stimulate the
creativity of architects by its real-time editing capabilities.
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INTRODUCTION
Architects and urban designers produce scale models made of white cardboard, blue foam, or 3-D
printed materials to explore their design decisions
in professional oﬃces. However, those models have
limited capabilities to visually represent dynamic elements such as walking pedestrians and vehicular traﬃc. Spatial qualities in architectural design
cannot be fully evaluated solely by observing geometrical constructs without reference to inhabitants
placed inside. However, imagining what happens to
those inhabitants and appreciating their movements
is diﬃcult, even for trained architects. Furthermore,
those white cardboard models are limited in terms
of demonstrating multiple design schemes visually,
one after another, rapidly, or all at once. Thus, many
architectural designers end up repeatedly producing
and revising a large number of models until they are

satisﬁed with their designs.
In this paper, we propose to apply projection
mapping and agent-based pedestrian simulations
for the conventional design processes among architects and urban designers using scale models made
of white cardboard. Crowd Mapper allows a designer
to use either a 2-D rendering poster pinned on a wall
or a 3-D physical model as a projection surface. The
tool optically adjusts its output image based on a perspectival geometry of the source material, and the
projection mapping technique produces an immersive 2.5-D representation of a 3-D environment as an
interactive physical display. Multiple projectors are
used for visualizations on a 3-D physical model.
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Figure 1
The space re-actor:
Simulation and
visualization of
human behavior.
(Narahara 2007a,
2007b)

BACKGROUND
Crowd Simulation
The project in this paper utilizes technologies
from two areas: crowd simulation and projection
mapping. Crowd simulation has been researched
throughout disciplines including computer graphics (Reynolds 1987; Braun et al. 2003), physics (Helbing and Molnar 1995), safety science (Thompson
and Marchant 1995; Galea et al. 1996), sociology
(McPhail et al. 1992), and architecture (Penn and
Turner 2001; Yan and Kalay 2004) for the last two
decades, and each discipline has diﬀerent focus areas
for its simulations. Some researchers in engineering
and computer science have greater focus on pursuing credibility of pedestrian simulation under certain
conditions such as egress simulation. In architecture
and computer graphics, research interests include
the visual quality of animated pedestrians and creation of immersive virtual environments.
In this project, the authors seek to help architects
understand and evoke a sense of space and scale visually and qualitatively using projected animated ﬁgures from crowd simulation on a physical architectural model, rather than developing a tool to predict
precise behavioral patterns of pedestrians under speciﬁc scenarios such as egress simulation under emergency conditions. At this stage of the project, the
authors are focusing on movements of pedestrians
under normal ambient conditions (unlike emergency
egress simulation) with a few variable elements using
relatively simple rules and constraints inside a program written by one of the authors (Narahara). However, in theory, results from any simulation package
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from any discipline area - as long as it can visually output pedestrians' movements - can be used as a source
for projection mapping onto an architectural model.
Figure 2
A simulation of the
busiest pedestrian
scramble crossing
in Shibuya, Tokyo in
UC-win/Road,
Forum8 co., Ltd.
(Narahara 2010)

The original prototype for the simulation program
was developed during association with Professor
Takehiko Nagakura's laboratory at MIT (Narahara
2007a, 2007b). The program used the NetLogo language [4] for pedestrian simulation that could visualize possible human behaviors and 3D Studio Max
[1] for visualizing realistic movements of pedestrians
using bipedal ﬁgures with motion-captured behavioral movements. The proposed program used a relatively simple stochastic selection from a set of implemented behaviors in reaction to physical conditions such as architectural layouts, material options
for transparency of walls, and programmable proﬁles
of pedestrians, such as diﬀering degrees of sociability. The program allowed for interactive editing of
plan layouts using an editable 2-D color-coded map
that represented material types, and results of the
simulation from NetLogo were sent to the rendering

software's synthetic bipedal ﬁgures. Then the simulation result was superimposed inside a 3-D model
that corresponded to the initial 2-D layout. The aim
of the project was to help people quickly study and
understand a spatial design as it would be inhabited.
The program included behavioral sets prepared by
the author for the demonstration purpose. However,
in principle, it could serve as a visualization platform
for various sets of human behavioral data using animated ﬁgures.
After 2007, the author wrote another version of
the program, using a Java-based open-source programming language, Processing [5], that operated
without exchanging data between two separate applications, which allowed for real-time interactive
editing of the simulation. From 2007, the authors
started to collaborate with a software company, Forum8 co., Ltd., and produced a simulation of the busiest pedestrian scramble crossing in Shibuya, Tokyo.
This was implemented inside a 3-D city modeling virtual reality software (UC-win/Road with its Delphibased scripting API platform), using a similar logic
from the previous programs with motion-captured
ﬁles applied to simple low-poly 3-D ﬁgures (Narahara,
2010). In the present project, the Processing version
of the program was adopted as a basis for the crowd
simulation due to its compatibility with a video mapping tool for streaming animated simulation for projection mapping.

Projection Mapping
In addition to the ability to project animated pedestrian simulation, the tool can also project diﬀerent
façade design schemes on physical models with optically created three-dimensional depth using projection mapping technology, which is often referred to
as the display of an image on an arbitrarily complex
surface. Shader Lamps (Raskar et al. 1998) introduced the technique to render a virtual object that
has the same shape as the physical object used as a
display surface using multiple projectors. This technique allowed for animating complexly shaped objects with diﬀerent graphics, material properties, and

illumination, so they appear to be made of other materials. Our project allows users to directly paint obstacles or add directional arrows to inﬂuence pedestrians' movements using a mouse-based interface,
and our work draws heavily also from a project by
Bandyopadhyay et al. (2001); that project demonstrated an interface that could paint directly onto the
real object at the same time as the computer model,
using projectors to display directly on the movable
physical object.
We propose to apply projection mapping and
agent-based pedestrian simulations in pairs to aid
the design processes of architects and urban designers using conventional white cardboard scale models. The idea of projecting simulation results from
agent-based simulation onto three-dimensional surfaces or objects has existed since the 1990's - for example, a series of projects based on the conceptual
vision introduced from the Tangible Bits project at
MIT including metaDESK (Ishii and Ullmer, 1997) and,
more recently, Disaster Simulation (Kobayashi et al.
2006). Their vision was to bridge the gaps between
cyberspace and the physical environment, as well as
the foreground and background of human activities.
They also argued that the tabletop tangible user interface with projection allows for collaborative planning by a group of users. Our project adopted these
beneﬁts of technology introduced by them.
The contribution of our project is that we have
tailored Crowd Mapper for the use of architects and
urban designers and customized it to ﬁt their conventional ﬂow of work in their professional oﬃce environments. During the process of design by architects,
there can be lags in diﬀerent degrees of certainty in
design between their productions in the physical and
virtual space. While a white massing model in physical space can explicitly demonstrate what the allowable building volume can be, design schemes associated with the given volume could still ﬂoat inside
the virtual space, sometimes as ﬂux or formless assembly of digital pixels. We hope to provide a platform to be used for the process of minimizing these
gaps by proposing Crowd Mapper, which can super-
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impose digital pixel information onto physical, tangible materials.

METHODS
The following describes a procedure for running a
simulation using projections on a 3-D physical miniature model.

Interactive Crowd Simulation
The main control unit of the tool, including the agentbased simulation, was implemented in Processing an open-source programming language [5]. According to the scale of an architectural model, the number and size of pedestrians, direction of sunlight, and

camera lens for a perspective can be adjusted using the control unit. At the outset of the simulation, a color-coded 2-D plan that corresponds to the
site condition of the physical 3-D model was manually generated. As a ground plan for a physical architectural model is normally available, this process
was easily done based on CAD drawings. This 2D plan indicates relationships among building footprints, open areas, and any existing static elements
on the site in order for pedestrian agents to recognize
and distinguish them within their cones-of-vision.
The current system only uses a plan with a continuous level, without allowing agents to descend or
ascend to diﬀerent levels, though, in principle, this
Figure 3
Projecting crowds
on a 2-D
architectural poster
(Y. Kobayashi).
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Figure 4
A conventional
architect’s scale
model (left.)
Pedestrian agents
are projected on a
scale model. Users
can add obstacles
and arrows to edit
some layouts in real
time (middle-two.)
Computationally
economical 2-D
silhouettes of
pedestrians (right.)

could be implemented by providing multiple plan
layers with portals that indicate vertical circulation
systems.
The program generates a video stream showing
the crowd simulation, and the stream is sent to a
video mapping tool directly using the Syphon framework [6]. Syphon is an open-source technology to
share the full frame rate video among multiple applications in real time, and the Syphon API for Process-

ing was used inside the simulation program. An oﬀthe-shelf video mapping tool, the MadMapper [2],
was used to project the output onto a physical architectural model and used for manipulations of source
images and their projection target areas, such as perspective transformations and warping, and masking
of selected areas.
The Syphon framework was required in order
to allow interactive real-time editing of a design us-

Figure 5
Projecting crowds
on a 3-D physical
cardboard model.
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Figure 6
Projection Mapping
setup with two
high-end video
projectors and an
architectural model
supported by a
tripod.

ing intuitive mouse and touchpad-based interfaces
by users while constantly projecting possible pedestrian movements using the embedded agent-based
program. By concurrently adding or subtracting
new spatial elements, such as corridors, walls, and
passages, users can recognize emergence of new
pedestrian ﬂows (or congestion). This allows users
to interactively analyze spatial characteristics that
are unique to their design and select a scheme by
observing multiple design scenarios with diﬀering
movements of pedestrians. The current implementation allows users to add obstacles such as planters
and walls in exterior circulation areas, arrows that act
as signage to promote pedestrians' movements in a
speciﬁc direction, and attractors that become local
destination points. Since the program is written in
an open-source language, the system is potentially
extensible for implementing more complex logic.
Additionally, the tool uses computationally economical 2-D silhouettes of people using a ﬂat polygonal shape that is parametrically produced based on
primary control points projected on the plane relative to the viewer's orientation. No 3-D image processing or objects are used, in order to reduce computational rendering cost and time. This feature is adequate for urban designers to study movements of
thousands of people, since the details of each ﬁgure
are not critical. Their priority is to study and recognize the scale and density of space by inserting the
ﬁgures. For more in-depth implementation mechanisms of the pedestrian simulation, please refer to the

196 | eCAADe 33 - Design Tools - Evaluation - Volume 1

aforementioned Narahara (2007a, 2007b, and 2010),
introduced in the previous section, as some features
from them were implemented.
Figure 7
System diagram of
Crowd Mapper
using multiple
projectors.

Projector Setup and Calibration
Two projectors with high lumens, NEC-GT6000 [3],
were used for projectors on a 3-D physical model: one
for augmenting static elements such as building designs with façade textures and the other for projecting the real-time output from the crowd simulation
using Syphon technology. (The projection onto a 2D poster required only one projector.) The projector
can project a scene with up to 5400 lumens and a
maximum projection size of 1600 x 1200 pixels. In the
experiment, outputs from each projector were set to
1280 x 720 pixels (i.e., a total of 2560 x 720 pixels).
A laptop computer with conventional speciﬁcations,
a MacBook Pro (2.2GHz quad-core Intel Core i7 processor with 4GB of DDR3 memory), was suﬃcient for
running the crowd simulation program and control-

ling two projectors. A video splitter, TripleHead2Go
by Matrox [7], was required to connect two projectors as outputs and the computer as an input. The
following is a step-by-step setup instruction for the
projections on a 3-D physical model.
Figure 8
Screenshots of a
video mapping tool
shows target
mapping areas for
projections (top),
and corresponding
source materials:
pedestrian
simulation and
textures (bottom).

Step 1: Set up the 3-D miniature model and projectors.. Although the common setup is to mount
projectors in the ceiling tilted downwards toward
the model on a horizontal tabletop surface, we positioned the model on a tripod with a universal joint
at its head to maximize adjustability when calibrating
projection angles, and placed heavy high-end projectors on a stable pedestal to avoid the cumbersome
process of hanging them from the ceiling, as shown
schematically in Figure 3. In this way, calibration of
the projection angles can be adjusted from both the
model and projectors, and the setup can be easily
replicated inside a conventional architectural oﬃce
environment.
Step 2: Mapping and Masking. A common issue in
projection mapping using multiple projectors is to
control and predict luminosities, contrasts, and colors of any areas where two projections overlap. Mixing of colors from projectors follows the rule of the
additive color system - wavelengths of light that must
be present yield to white light, and this easily makes
any overlapped spot appear bright white with very

little contrast within it. One strategy to avoid this is
to create masks for one of the overlapping projection
sources using the video mapping tool. The tool allows a user to select a certain region surrounded by a
polygonal boundary on the source image as a target
mapping area that is also bounded by a corresponding modiﬁable polygonal boundary, allowing adjustments of a target location and geometry while observing the projections. (The MadMapper oﬀers various geometrical proﬁles for selecting regions.) For
example, images for building façades were mapped
to corresponding faces of a physical model one by
one using the technique, and any overlapping of
two sources could be avoided. These manual mapping and masking processes required some time to
complete. However, once all surfaces are perfectly
aligned with source images, users can quickly swap
source images that contain various façade designs.
Step 3: Mapping Crowd Simulation. The second
projector was mainly used to project the real-time
animation of pedestrian simulation. The projector
calibration was accomplished by adjusting parameters for a camera inside the simulation program. In
accord with the user's viewing angle, the perspective can be manually adjusted to align corresponding parts of the physical model. The video mapping
tool allows the adjustment of the parameters while
viewing projection results. In order to optimize visual clarity based on given color ranges of any source
materials, the simulation program has the feature to
dynamically change colors of pedestrians, their shadows, and the ground to adjust contrasts among them.
In case of projection on a 2-D poster with a white
background, the color of pedestrians was set to black
and their shadows for gray to enhance the visibility.
(If the background is black, it would be better to use
lighter colors.) For a projection on a 3-D model, we
empirically found that white for pedestrians, black for
the shadows, and gray for a ground plane worked
without canceling each other or interference by colors from other elements.
Step 4: Interactive Demonstration. After all masking and mapping of images and projector calibra-
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tions are completed, the system is ready for an interactive demonstration. The tool can transform static
physical architectural presentation media into a dynamic and interactive design tool without directly altering physical models or computer-generated images - a costly and time-intensive procedure. By registering the 3-D virtual space with the physical space,
the system produces a rich, seamless workspace
where the advantages of both direct and indirect interaction are jointly exploited.

DISCUSSION
Today's advanced computational design tools can instantaneously produce near-photo-realistic 3-D digital images on a 2-D computer screen. However, the
fact that the majority of architects still employ physical models to study spatial conditions implies that
there are some intrinsic qualities in physical tangible
representations, and the design process of engaging
viewing of physical models may have some advantage over the process of observing solely digital images. Since the process of design involves architects'
tacit knowledge based on how they perceive spatial conditions visually using their qualitative and aesthetic decisions, the authors speculated that helping
architects understand a spatial design as it would be
inhabited through the use of visually animated ﬁgures on physical 3-D models would contribute to this
particular profession.
The unique aspect of our approach is that the
tool lends itself to a physical representation for which
our brain can exploit the parallax using the basis of
stereopsis, and projected augmented contents can
be seen directly through our eyes in a real-world environment. This is unlike seeing the augmented objects superimposed (overlaid) on a camera-tracked
image on a ﬂat 2-D screen of a tablet using aug-

mented reality (AR) technology. The project sought
to integrate the unique experience of projection
mapping into the architectural design process, which
is diﬀerent from compositing of AR contents on a ﬂat
screen. The projection mapping with dynamic interactive simulation interfaces can also be viewed and
shared simultaneously by a group of users in collaborative planning sessions and can promote a collective way of designing, whereas the AR experience on
a portable hand-held device based on compositing
technique is primarily for individual use.
In principle, our system works with any physical
model as a projection surface. However, each model
requires custom setup for mapping, masking, and
calibration for projectors. In contrast to hand-held
AR that only requires markers such as QR-codes or
GPS tracking data, our system's setup can be cumbersome. Automation of setup features, including mapping and masking, would improve the system's usability. The lack of auto-calibration features for projectors and the perspective angle for the simulation
has not become a critical hindrance to our setting up
the project in a timely manner, and it is known that
today's many projection mapping artists manually
adjust them. Our current system has a limited viewing range for users to experience three-dimensional
optical eﬀects properly. We can overcome this limitation by tracking a user's head location using a sensor
such as Microsoft Kinect and auto-adjust perspective
angles of any optically inserted augmented elements
such as pedestrians, shadows, and recessed or embossed façade components in relation to the current
user's position. This method allows a user to freely
walk around the model by adjusting the perspective
of those artiﬁcially inserted elements in accord with
a current viewer's position in real time. However,
the method only works with one user at a time, and
Figure 9
Various design
schemes
represented by
projecting diﬀerent
textures and
shadows.
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Figure 10
Various design
schemes
represented from a
single identical
scale model by
projecting diﬀerent
animated textures
and shadows.

we might compromise the collective aspect of the
project with this approach.
There are a number of ways to display and evaluate information of crowd behaviors, for example, the
use of heatmaps to indicate crowd density and velocity, rather than literally seeing walking agents. Penn
and Turner (2002) presented a notion of the visibility
map with a color gradient, and the program by Narahara (2007a) has features to indicate a relative level
of privacy inside an architectural plan using a color
gradient. As projection mapping has been eﬀectively
used for displaying location-based color-coded data
overlaid on maps (Ishii and Ullmer, 1997), other visualization features can also be implemented. Further
improvement of and research on technologies is anticipated in order to provide a complete vision of this
project.

CONCLUSION
Crowd Mapper has the potential to change the way
architects and urban designers engage, examine,
and exchange three-dimensional design ideas in relation to pedestrian behaviors by providing a collective design platform. An intuitive and interactive interface based on a mouse or multi-touch device allows simultaneous engagements of multiple users,
enabling them to collectively develop a spatial design scheme. Possible applications are not only to
help designers in aesthetic decision-making, but also
to aid them in visually analyzing queuing, congestion, and emergency egress in crowded transportation facilities. The system provides a generic platform
for assigning diﬀerent statistical data of behavioral
and psychological proﬁles for pedestrians, based on
the purpose of an architectural model. For future exploration, more complex and detailed data acquired
from real human behaviors can be installed, based on
diﬀerent simulation scenarios.
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