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Computer-aided design tools have become an integral part of much architectural
design practice, to the point where design is heavily dependent on the assistance
of these tools. But current computer-aided design tools are fundamentally limited
by the WIMP (windows, icons, menus, and pointer) interface, reliant on 2d input
and output. Design of buildings and other 3D objects via 2D workflow is slowed
by the conversions that designers must make. In this paper, we explore the
potential of transformable physical design media through two design tool
prototypes: Integrated spatial gesture-based direct 3D modeling and display
system (InSpire), and tangible objects based massing study tool kits (CuBe). Both
of these design tool prototypes allow designers to develop their design within a
fully 3d environment with optical and haptic references, so that the interaction
between designer and design object become much more intuitive and direct.We
conclude by discussing some related subjects in the domain of HCI and argue that
transformable physical design media represent a desirable solution for enhancing
design experience. Architects and designers could benefit from the usage of
transformable physical design media, especially during the early phases of
architectural design by allowing designers to efficiently alter the topology
properties.

Keywords: Human-Computer Interaction, Design Media, Hand Gesture Input,
Augment Representation.

INTRODUCTION
The nature of architectural design is that of mate-
rialization, reflecting the designer's creative think-
ing. WIMP-based computer-aided design tools have
been redefining the foundation of architectural de-
sign. While architecture focuses on materialization
of design architectural designers work increasingly
through the medium of computer-aided design, and
while both 2D drawings and 3D models may be cre-

ated andmanipulated, the underlyingmode of inter-
action remains predominantly 2D, created through
keyboard, mouse and monitor It is not capable of
fully representing physical 3D objects, We believe
that the interaction between designer and design
objects through these tools needs to be enhanced
and we are seeking a brand new design medium
which can provide a more direct and intuitive inter-
action to help designer inspire and improve their de-
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sign intent.
This is necessary because the tools selected by

architects have significant impacts ondesignobjects,
and on designers' thought processes. Many archi-
tects are spending considerable time learning to use
software and solving software problems that are not
design problems. The manipulation of the user in-
terface, interacting through data, keeps confusing
professional architects, leading to reduced efficiency
and misunderstanding of projects. Architects, who
used to work with descriptive drawings and physical
models, have becomemonotonous computer opera-
tors. Architectural design, which is supposed tobe an
interesting and creative process, canbecomea repet-
itive electronic task, while knowledge and skill ac-
cumulated through design education and long term
professional practice arenow replacedby computers.

A brand new Computer-Aided Architectural De-
sign systemneeds tobe createdwhich can inspirede-
signers by deemphasizing computer manipulation.

BACKGROUND
Aleksander (1999) and Kalay (2004) identify three
generations and two tracks in the development of
CAD tools (Figure 1). The two tracks are distinguished
by the purpose of development: an engineering-
oriented track (CAD), in which development, was of-
ten led by industry heavyweights such as General
Motors, and an architecture-track (CAAD) which was
usually led by university-based research.

The first generation of CAAD systems were de-
signed to be intuitive and architectural. But the
shortcoming of 1st generation of CAAD was that it
tried to contain the entire architectural design pro-
cess, and failed. The engineering-track CAD system,
basedon2Dwire-framemodeling, was alreadybeing
applied in engineering practice while architectural
CADwas still in gestation. With the growing demand
of automotive and aerospace industry in 1960s, engi-
neers sought newways to define complex geometry.
Before long CAD technology broke through from 2D
wireframe modeling to 3D modeling, and complete
assemblies could be defined in CADAM systems.

In 1980s, during the PC revolution, the second
generation of CAAD system focused on drafting and
modeling, defining the different types of geometries
rather than defining the building element proper-
ties. They all focused on 2D and 3D geometry such
as line, poly-line, surface and simple geometric rela-
tions. Meanwhile, engineers developed solid mod-
eling technology which can illustrate the topological
relationships as well as the geometric physical prop-
erties.

The third generation of CAAD system had be-
come far more complex than the previous, archi-
tectural elements are interdependent, and the num-
ber of these elements is large. The third genera-
tion of CAAD system (BIM) seeks tomanage the large
amount of associated data.

Figure 1
a comparative
history of CAD
development

CHALLENGE
We might conclude that the computer-aided design
technology used in Architectural industry is always
adopted from engineering track because of the prac-
ticality, reliability and stability required in architec-
tural practice. Is it impossible for any form of exper-
imental reforms to firstly happen in architectural in-
dustry? Does adoption provide the best fit for archi-
tectural designers?

Architectural designers are responsible for de-
signing the aesthetics and spatial details of a build-
ing. Design is an act of seeing, thinking, and mak-
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ing (Lobel, 2009), combining eyes, brain and hands.
Through the association of all three, architectural de-
signers are aware of information; through the itera-
tive process of design, architects have the chance to
re-define information and get feedback so that they
can make the right decisions.

CAAD tools provide us with a new means to ex-
plore new ideas, and introduce the designer to new
metaphors. But, if architectural designers don't ac-
tively and critically consider how the changing tech-
nology can impact our ability to communicate and
think, that CAD technology could equally well be
crippling.

THE TRANSFORMABLE PHYSICAL DESIGN
MEDIA
The tools which architects need should be designed
to offer more freedom, expanding their design capa-
bilities and enhancing the communication of design
process. These tools should be able to support the
architectural designer to effectively deal with more
creative issues and complete their work with fewer
restrictions. We believe such a system needs be de-
veloped in twodifferentways: through efficient tools
and through revolutionary paradigm-shifting tools,
but that these will be eventually integrated together
into a newplatform. This paper describes a paradigm
shift.

The classic 2D GUI, produces huge numbers of
design drawings. But the experience given by the
physical presence of architecture is significantly dif-
ferent from the designers' experience given by de-
sign drawings. Our vision for future design activity
relies on developing a brand new design media in-
tegrating intuitive tools and augmented representa-
tions to enhance the design experience. Media is
more than just a "tool", as articulated by McCullough
(1996), media is also an environment where in our
minds and bodies fully take on the issues of design.
Tools, incorporating intuitive input via physical ma-
nipulation will bemastered quickly by designers. Im-
mersive augmented displays will enhance the phys-
ical interaction with designer with information fo-

cused on the design object, not the interface. As a
result the designer's experience of the object during
design will more closely approximate the informed
physical experience.

But if we are talking about the tangible media in
design space, one of the fundamental challenges is
that design process are always dynamic; design ob-
jects keep changing. Generally, when people inter-
act with a physical object, they do so through theo-
retical abstractions or physical entities (Ceolho 2009).
The surfaces of the object are boundaries through
which we interact with things. Surface will eventu-
ally define physical forms and the form canbe sensed
by human. Thus, a transformable surface will im-
pact the designer's cognition. In mathematics, sur-
face changes are usually realized by topology trans-
formation. But in the physical world, transforma-
tions are limited to additive or subtraction processes.
Based on the shape-changing study, currently avail-
able transformation of object potentially could be re-
alized through topological transformations and tex-
tural transformations.

We are seeking a design-oriented manipulation
concept which avoids indirect input manipulation
and providesmore direct relations to the object. This
concept can be illustrated in the context of driving
a car. Manipulating the steering wheel and pedals,
the car responds immediately to the driver's actions,
and these responses are immediately evident. If the
driver turns too sharply, they quickly recognize this
and perform a corrective measure. But try "driving"
from the back seat of the car, giving a stranger di-
rections. The indirect manipulation provides no feel
for the road and the passenger doesn't have a direct
view of where he is going.

We need to find better methods for designers to
interact with their design, not only through mouse
and monitor, but also through more intuitive and
natural ways to sense and manipulate the project.
The most intuitive tool should incorporate input ma-
nipulation through a natural language. Natural lan-
guage in this context refers not only to a language
like English, but also to human behaviors such as
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hand gestures. If the manipulation setting can be
based on natural behaviors, it will be easy enough to
be learned. The circular flow of information among
thinking, observing, and making gives designers
the opportunity to dynamically re-define the objects
they sense. Body manipulation motivates designers
evaluating object from multiple aspects so that in-
spire appropriate design intent. Grandhi (2011) ex-
plored people's natural gestures using "before" and
"after" pictures and instructing partic¬ipants to per-
form the gesture needed to get from before to af-
ter. The experiment suggested that user experience
couldbeenhancedbydeveloping thegesture vocab-
ulary based on understanding that the actions are
embodied.

Given the importance of visual feedback to de-
signers, visual immersion incorporating both geo-
metric and non-geometric feedback, is desirable but
current hardware often interferes with UI interaction
or communication. An augmented representation as
output display has several approaches to enhance
the experience of designers and achieve the desired
results.

We report here on two projects that incorpo-
rate input using hand gestures and augmented out-
put. One focuses on gesture and visual feedback, the
other on haptic interaction and visual abstraction.

RESEARCH PROTOTYPE I, INSPIRE
The first project, InSpire, emphasizes the visual ex-
perience during design process by using virtual real-
ity technology. A virtual 3d representation provides
designers a co-located and coordinated mix of syn-
thetic and real visual feedback to facilitate design
genera¬tion. Current technologies such as virtual-
reality headset devices and holographic technology
canhelp achieve the idea smoothly. How¬ever, while
operating these devices via gesture manipulation,
precise pointing is an issue because a purely opti-
cal representation does not enable haptic feedback.
While developing InSpire, we found that unlike 2D
mouse input, where the operating surface under the
mouse provides extra support in the vertical dimen-

sion, the fully three dimensional gesture manipula-
tion in a virtual-reality environment lacks a stable ref-
erence plane.

InSpire combines an optical see-through display
and gesture input, enabling users to directly interact
with the systemusing spatial gestures in the same vi-
sual volume as the displayed geometry. The actions
of input are three dimensional and output display is
virtually three-dimensional.

Figure 2
Physical
configuration of
InSpire

The current physical configuration for InSpire is
shown in Figure 2. It is a single user installation con-
sisting of a CPU (not shown), a mini projector (A), a
rear projection surface (B), an RGB webcam (C), an
adjustable semi-reflective plastic surface (D), a Leap
Motion sensor (E) and a tablet (F). The virtual geome-
try is displayed on the semi-reflective surface, which
acts as a see-through holographic screen. The size of
the display screen and the volume below it roughly
match the sensing range of the Leap Motion sen-
sor. This configuration allows a single user to put
their hands below the display screenwithout obscur-
ing content, allowing their hands to directly (if virtu-
ally) "touch" the 3D model. The Leap Motion sensor
placed on the bottom surface tracks the hand. The
tablet placednext to the LeapMotionprovides a con-
trol panel to switch between different functions. The
semi-reflective surface reflects only the light parts of
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the projected 2D image; dark areas allow the user to
see through to the space below the surface.

Figure 3
Viewing the same
Holo-geometry
from different
angle(b) with
head-mounted
LEDs.

Figure 4
6. Modeling mode
gesture: (From left
to right) push, click,
drag, select and
Triggle mode
gesture

Figure 5
occlusion display

During project developmentwe found that although
the mirrored image on the display provided users
some sense of depth, the absence ofmotion-parallax
was a problem. To address this, we added a webcam
and head-mounted LEDs to provide head-tracking
(Figure 3). The user interacts with themirrored shape
in the display. Thewebcam tracks the user's head po-
sition and automatically updates the viewpoint used
to produce the model display .

Hand gestures are used to perform geometry
manipulation-creation, scaling and rotating geomet-
ric elements-while more abstract operations, such as
file save, object deletion, and attribute assignment,
which lack natural gesture mappings, are carried out
on the tablet.

The Leap Motion sensor captures the position,
trajectory, and speed of fingertips and palm, pro-
ducing a compact "hand" data structure which we

transfer into Grasshopper, where we extract the co-
ordinates of the hand. Within Grasshopper, com-
mand gestures are identified and acted on. For head-
tracking, images from the webcam are processed to
isolate the LEDs. Based on the 2D positions and sep-
aration between the LEDswe compute a 3Dhead po-
sition, which is used to control Rhino's scene render-
ing.

The InSpire system uses two types of gesture
( Figure 4) : modeling mode gestures and trigger
mode gestures. The modeling mode gestures sup-
port direct manipulation of geometry in the model-
ing application - including continuous drawing, scal-
ing, rotating, and selecting. Trigger mode gestures
are used in the navigation application-swiping two
fingers defines a vector which the system applies as
an adjustment to the camera view-vector.

All the gestures are pre-set in the Grasshopper
definition, based on features such as the number
of fingers & palms and the movement of fingertips.
Once a gesture's feature gets confirmed, a command
is activated to manipulate the geometry. When a
model is complete, the user canuse the tablet for sav-
ing files, setting layers or deleting objects.

The shape seen on the screen is a 3D projection,
reflected from the surface between the user's eyes
and hands. Their spatial sense may will be confused
if they see the geometry displayed "on top of their
hand" even though the geometry is spatially posi-
tioned "behind" the hand. In the real world parts
of user's hand should block, or occlude, the geome-
try of the model, depending on the distance of hand
and geometry from user's eyes. We address this is-
sue in the way we render the hands. The Leap Mo-
tion data stream reports fingertip positions and the
palm's center. Using thehanddata, InSpire generates
a correctly-positioned 3D hand shape in the model
and applies a flat black texture to it. Since black ar-
eas of the display are not reflective, when any part of
the hand is in front of the model geometry, that ge-
ometry is partly or completely blocked by the hand's
black shape and the user sees through this part of the
display to their own actual hand in correct relation to
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the 3D model, enhancing their sense of immersion.
(Figure 5)

Wehave used the InSpire platform to develop for
two designer-oriented applications. The most ma-
ture and important application so far is the mod-
eling function (Figure 6). Using it, a designer can
build a 3Dmodelwithhandgestures just like sculptor
and observe it from many different angles. Model-
ing mode gestures exist for drawing lines, poly-lines,
and curves, as well as creating single or multiple sim-
ple and complex surfaces and 3D volumes. After the
geometry is created, users can edit an existing ob-
ject via "hot wire" cutting gestures and control-point
"tweaks" to further develop the free-form geometry,
as well asmoving, scaling and rotating objects. As an
architectural design tool, InSpire also allows users to
set the geometry of different architectural elements
on different layers.

The InSpire system can also be utilized to navi-
gate a model, but space limitations do not permit us
to describe it here. Instead, we move to a brief dis-
cussion (Figure 7).

One fundamental difficulty is that architects
must provide small-scale size and position control of
large objects. Although the 3D "holo-interface" en-
ables manipulations with one more dimension than
available with a mouse, vision-based positioning is
approximate. In the traditional CAD system, object
snap features are available tomake themodeling job
more accurate. Without object snaps InSpire remains
useful in massing studies which occur at a very early
phase in the entire design process, but is less help-
ful when working with complex models or detailed
geometry. Related to this issue, the interface en-
ables one to directly manipulate the model geome-
try, but it is difficult to measure the depth dimension
accurately. Features such as head tracking and hand-
model occlusion partially solve the problem, but an-
other strategy, such as adding a projected outline
of hands to both of side and bottom in the display,
or voice-activated positioning constraints, might fur-
ther enhance the experience.

Another fundamental problem is the lack of tac-

tile feedback. In the physical world, when people are
manipulating an object, there are at least two senses
that help them to feel in control of the object--visual
and haptic. The InSpire system is now focusing on
the visual interaction. A touch sense could help to
enhance the participation of hands. A potential strat-
egy could be wearing tactile feedback gloves. An al-
ternative approach is explored in CuBe (below).

Figure 6
Gesture modeling
applications

Figure 7
Navigation
Function

Figure 8
CUBE system
configuration
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RESEARCH PROTOTYPE II, CUBE
Another prototype CuBe combines transformable
representation with gesture manipulation which can
give designers a multi-somatosensory cognition.
When manipulating objects directly through ges-
tures, designers gainmore information than through
a purely visual experience. Besides, directly manip-
ulating a physical object, designer can establish a
three-dimensional con¬trol with more accuracy.

Combining input and output in the same 3d vol-
ume seems to be a solution of producing direct and
intuitive design media. But during the development
of InSpire we had to predefine the gesture vocabu-
lary, drawing from our design experience. The result-
ing pre-set gesture set will not be "intuitive" for all
users. This raised the question of natural gestures or
gestures customized by users.

In the physical world when people are manipu-
late an object, as when picking up a fork,, they don't
think about which gesture to use. The gesture come
out spontaneously based on current conditions. In
the physicalworld, a physical objectwill provide peo-
ple haptic reference in addition to visual experience.
Haptic feedback helps judge how much force to use
when lifting.

As discussed above, a tangible user interface
could be a possibility. Designers could directly work
on a physical object to improve their design with
more direct and intuitive interaction. Using a physi-
cal object to represent building geometry let design-
ers better experience their design object and feel the
proportion of the building shapes. To explore this
concept, we developed CUBE, a tool kit of tangible
objects for performing massing study.

The general environment of CUBE contains a
projector, an interactive desktop, and several tangi-
ble object tools with augmented reality (AR)-markers
(Figure 8 & Figure 9). The interactive desktop is an or-
dinary desk covered by rear-projection film. It needs
to be associated with the projector on the top, and
a regular web-cam from below. Software compo-
nents were built using Processing, UDP, reacTIVision
andGrasshopper. ReacTIVision senses the AR-marker

and transfer to Processing then send the data though
UDP to Grasshopper.

We developed three tangible object tool kits for
massing studies.. The first set is three static geometry
shapes: a cube, a keystone, and a tapered (Figure 10).
Each object represents a single building object. On
the bottom of each shape the AR-marker is tracked
by the webcam below the table..

Figure 9
QR marker used in
CUBE

Figure 10
static geometry,
cube, keystone,
and, tapered

Figure 11
transformable
twisting block

When user places any of the shapes on the desktop,
the system responds in various ways. The user can
move or rotate the shapes to do the massing study
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and evaluate what would be the best location and
orientation of building. But when you get involved
in form finding or more complex composition, the
static geometry is not sufficient. So, we developed
a set of transformable twisting blocks (Figure 11). For
each transformable twistingblock there is onepoten-
tiometer and one slide potentiometer inside the ob-
ject. The rotational potentiometer senses the twist
angle and a slide potentiometer senses the vertical
height change. Both of these potentiometers send
real-time data to the display computer, thus the sys-
tem can apply the data to generate amatched digital
model automatically.

The transformable twisting block affords more
design tasks, such as evaluating a high raise build-
ing shadow situation or curtain wall reflection simu-
lation. But the twisting block only provides two de-
grees of shape freedom, the rotating angle and the
height. What designers need is more flexibility and
less limitation. Therefore, we developed the third
version of the tangible objects based massing study
tool kits.

The third version of CUBE is made up of 10 trans-
formable edges (two of them are diagonal) and 4
fixed edges (Figure 12). Each of transformable edge
includes a slide potentiometer which connects to a
central micro controller. An AR marker is also nec-
essary for tracking the location and orientation. The
designer can consider the CUBE as a proxy for a sin-
gle room or a building geometry. He or she will
just need to lengthen or shorten the transformable
edges to change the shape, proportion, and scale of
the cube. Based on the sensed edge lengths, the
computer utilizes trigonometric functions to recon-
struct the shape of CUBE, then the transformations
are remapping into a matched digital model with
samegeometric properties. The 3-dimensional phys-
ical CUBE provides direct manipulation and tangible
representation of architecture geometry.

Figure 12
Collaboration Cube

Currently, CuBe can achieve 4 main functions:

Building Information Storage,
Since CUBE is an abstract physical representation,
when doing massing study, designers may need to
pay attention on architectural properties of the 3d
volume such as area, height, number of stories. The
feature allows designer to pre-associate those data
and information with the geometry. As the designer
is manipulating the geometry, these architectural
properties will be automatically projected on the in-
teractive desktop. So designer would have an intu-
itive impression about the building. Even designer
moved the geometry, the property information will
stick with the static geometry. (Figure 13)

ShadowAnalysis
Shadow analysis is also possible. The system will
generate a digital shadow based on the location of
the building and the position of sun. The simulated
shadow is also dynamic. User can set one of the static
geometries as the shadow input parameter. Manipu-
lation the input geometry dynamically simulates the
whole day shadow situation. Using transformable
twisting block, designer could evaluate the shadow
impact from the shape changing. The system would
sense themotion of twisting block and automatically
updated the shadow in the real time. (Figure 14&Fig-
ure 15)

Wind Analysis,
The function allows theuser to evaluate the impact of
wind to thebuilding surroundingareabyprojectinga
flow field on the tabletop. Once designermove or ro-
tate the geometry within the interactive desktop, the
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wind vectorswill be automatically updated, and gen-
erate visual pattern for designer's judgement. (Figure
16)

Figure 13
Building
Information Storage
with CuBe System

Figure 14
static geometry
shadow analysis

Figure 15
transformable
twisting block
shadow analysis

Figure 16
Wind Analysis of
CUBE

Figure 17
comparison of
transformable
physical model and
reconstructed
digital model

Collaboration
Shapes can be combined and manipulated while
talking with a client or co-worker in consideration of
a site condition. When the discussion is done, the
model is immediately available. It is not necessary for
the designer to recapitulate the modeling decisions.
(Figure 17)

SUMMARY AND FUTUREWORK
In this paper have introduced two interactive 3D ar-
chitectural design system prototypes called InSpire,
and CuBe. These prototypes allow users to directly
interact with virtual or physical 3D objects using nat-
ural or pre-set hands gestures. We described the sys-
tem implementations, focusing on the workflow for
developing gesture interactions. We illustrated sev-
eral interactions that these prototypes support, and
described application scenarios and possible uses.

We summarize the paper's contribution as fol-
lows: Developing several system allowing for 3D ge-
ometry to be created and manipulated through in-
teractions based on user gestures, while leveraging
the affordances of enhancing the visual experience
or providing haptic reference and good hand ges-
ture to approach appropriate fully 3d working envi-
ronment. This research highlights that it is possible
and helpful for designers working in a total 3d envi-
ronment.

The study space of designer oriented physical
media remains partially unexplored. The paper is at-
tempting to establish an understanding of the space
as well as develop several system prototypes which
could embody the vision we seek to explore. The
invention of physical design media will potentially
completely change the traditional workflow of de-
signers and bring them brand new working experi-
ence.

The research complete thus far indicates that the
study of physical design media will not be wholly ac-
complished, understood, and delivered within either
the domain of design study, or the domain of HCI.
Instead, the work proposed resides in the connec-
tion betweenmultiple areas - an interdisciplinary en-
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vironment that is necessary condition to support.
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