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more things, and project more, resulting in the production of a greater number of design variants.
“You have the paper, you have the foam, you have CAD … but when you have all of them together, this
helps you to focus on creativity.” If one observes collaboration within a group of people, one can see
that the roles are more clearly distributed. People draw simultaneously in a model, or divide up the

DANCING ON THE DESKTOP:
GESTURE MODELING SYSTEM TO AUGMENT DESIGN COGNITION

work to each of the different media, model and sketch. In future evaluations we will use a design task
to compare established analog ways of working with designing using the CDP, with a view toward
revealing the weaknesses and benefits of the system in practical use.
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ABSTRACT
During the design process, architects have traditionally used a range of media and tools, including
sketches and physical models, to create external representations that communicate design
concepts. These representations are rapid, support quick testing and advancement of ideas, and
allow new patterns and ideas to emerge. However, building these models in computer-aided
architectural design (CAAD) programs is cumbersome and disembodied. In this paper, we take
a cognitive perspective to explore how designers distribute part of their spatial reasoning onto
the materials and tools with which they work. From this cognitive theory, we have created a
unique gesture-based modeling system, Dancing on the Desktop. In this prototype, two interactive
displays are projected on a desktop and the adjacent wall to show the plan and perspective views
of an architectural model, respectively. Visual images and text are projected on the user’s hands to
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provide different types of feedback for the gestural interactions. A depth camera detects gestural
interactions between these two displays to create an immersive gestural interaction space for
model manipulation. We argue that Dancing on the Desktop helps users develop an embodied
understanding of the spatial and volumetric properties of virtual objects that the current CAAD
systems cannot afford. The details of the low cost, yet effective, gesture recognition technique are
also described in this paper.
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1

INTRODUCTION

figure 1

Spatial cognition plays a key role in the early stages of architectural design. In the design process,

Using Dancing on the Desktop to build
a model. The user would a) draw a
shape on the horizontal surface; b) use
two fingers to select the shape; c) pull
the hand up to extrude the shape; and
d) grab the created volumetric model
and move it to a proper location; e) when
a user shows an invalid gesture, the
system projects a question mark.

architects reason about spatial relationships in floor plan layouts and building forms. Architects
apply spatial cognition to discover design problems and define constraints (e.g., quality and quantity
of spaces and distances of circulations). The problem space, constraints, and motivations are what
Schön (Schön 1992) refers to as the “design world.” Designers build up and use the “design world”
to conduct consistent and objective evaluations of their design decisions. Schön describes design
creativity as a “reflective conversation with the materials of a design situation,” whereby architects
make creative discoveries by exploring the emergent consequences of their design decisions and
manipulations. Since many creative discoveries involve emergent spatial relationships, the cognitive
process in design is not linear. Though the process may appear to occur solely inside the head of the

figure 2

architect, it is often distributed between mental processes and the multimodal feedback provided

Dancing on the Desktop configuration.
One projector is above the desktop for
horizontal projection. The other projects
vertical images in front of the user. The
depth camera is hung on the desktop
to detect the locations and gestures of
both hands.

by the “materials of a design situation” (Schön 1992). Unfortunately, current computer-aided
architectural design (CAAD) tools do not support spatial and distributed cognition in this manner.
For example, interacting with a mouse only provides 2D XY coordinate information in CAD programs,
which does not intuitively support moving a virtual object in a 3D environment. Furthermore, the
Windows Icon Menu Pointer (WIMP) style of interaction requires users to remember and understand
the commands associated with the buttons and menus.
In our prototype, Dancing on the Desktop (DoD), we introduce an immersive and natural gestural

figure 1

interaction space. It provides multimodal feedback to help designers develop an embodied understanding
of the spatial and volumetric relationships of architectural models. By combining feedback from
multiple modalities, including vision and movement, DoD augments the spatial cognition of users
to facilitate emergent creative discoveries in the design process. With these modifications, we aim to
fuse the computational power of CAD modeling with the flexible and embodied nature of early design

2

RELATED WORKS
In 1984, Nemeth made the first attempt to utilize hand input for a CAD system to aid designers’

sketching and prototyping.

spatial cognition throughout the design process (Nemeth 1984). To increase user engagement with

Figure 1 depicts the use scenario for DoD in which a user employs hand gestures to create

aid designers in creating models (Donath and Regenbrecht 1999). Their systems helped designers

computational models. First, in Figure 1A, the designer uses a finger to draw a 2D shape on the
horizontal surface. Then, in Figure 1B, the designer selects the shape and extrudes it to create a
volumetric model using a pulling gesture (Figure 1C) with the hand movements in Z direction. He
or she may “grab” these virtual models in the air to move them to the proper locations as shown
in Figure 1D. The system projects three types of feedback on the user’s hand: (1) categorical, (2)
spatial, and (3) task-dependent gestural. Categorical gesture feedback communicates to users
what types of gestures are valid or invalid. For instance, in Figure 1E, when a user shows an invalid
gesture, the system projects a question mark. Spatial gesture feedback provides information about
where in space the user’s hand is relative to the virtual objects in the model. Task-based gesture

the modeling environment, Donath et al. adopted virtual reality (VR) with instrumented gloves to
generate simple geometries and navigate them with a head-mounted display. Unfortunately,
these early prototypes that adopted gestural interactions required heavily instrumented settings,
customizations based on the particular usage scenarios. The resulting physical configurations were
not comfortable for users over long periods of time.
Gesture Modeling is a project that reduced the size of the designer’s workspace to that of a
customized desk, which is a more ergonomic configuration (Gross and Kemp 2001). The system
employs both gesture languages and VR to indicate where the user’s hands are. The project employs
a camera that performs image processing of the noninstrumented gloves to trigger the commands

feedback provides additional information about the actions, such as icons and texts that are relevant

for 3D shape editing. The depth data is calculated by the size of the gloved hand in the scene.

to the task the user is currently engaged in. The horizontal and vertical interactive surfaces host the

In recent years, due to the wide availability of sensing technologies, many projects have adopted

reference plan and associated perspective of the current drawing.

new interaction techniques to facilitate more natural ways to interact with the computers. However,

For our DoD system, we employ a depth camera (Microsoft Kinect) to capture hand gestures with

few of them can be successfully applied in practical scenarios. Gustafson et al. argue that these

3D motions and two projectors to project images for visual feedback. As shown in Figure 2, the
first projector projects images horizontally on the desktop while the other projects vertically on
the vertical surface in front of the user. These two displays form a unified interactive environment
where the users use gestures to manipulate the models. In this paper, we will review related

failed prototypes employ too many categorical gestures, such as different hand gestures to trigger
commands, rather than spatial ones in which users can trigger commands through utilizing the
locations of interface objects (Gustafson et al. 2010). Many other gestural interaction researchers
also believe we can take advantage of body motion and use visual feedback to reduce the learning

gestural prototypes and examine their shortcomings. Then, we will introduce distributed cognition

curve for gestural interactions (Kratz and Rohs 2009).

and describe how it helped our system address the shortcomings of typical gestural systems. Next,

Recently, Wang et al. created 6D Hands (Wang et al. 2011) for directly manipulating virtual objects

we will describe the implementation details and explain each type of gestural interaction in detail.

in a mechanical CAD system with bare hands, a keyboard, and a mouse. However, they found that

Finally, we will discuss our preliminary tests and conclusions.

their prototype is confusing without any visual cues when interacting in the 3D space. LightSpace is
figure 2
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another project that has demonstrated motion inputs with immersive computational images (Wilson

to the corresponding command. Our system eases this cognitive task in two ways. First, we

and Benko 2010). This project illustrates the potentials of using hand gestures with interactive touch

project visual feedback on the user’s hand to indicate the type of gesture they are engaged in

screens to enhance the user experiences in between the physical and the virtual worlds. They explored

and also inform the user when the system did not recognize their gestures, as in the case when

how projection images could help users to “feel” the virtual interface objects in the physical world.

the fingers are blocked from the sensor. Second, we constrain the gestural input the system
recognizes for each interactive surface to those commands that are relevant to that particular

3

COGNITIVE TASKS IN DESIGN
Our prototype, DoD, enables several types of cognitive offloading and can therefore be considered
a cognitive technology. Similar to the prior projects, gestural interactions help users develop an

surface. If the user performs irrelevant gestures, the system will give visual feedback such as the
question mark projected on the user’s hand (Figure 3A).

embodied understanding of the spatial and volumetric properties of virtual objects. Unlike other

4.2 Spatial Gestural Feedback

projects, we introduce the multimodal feedback that projects images on the user’s hands and

As the user moves through areas of the gestural space that are occupied by three-dimensional

two displays. The multimodal feedback can help the users remember the available and relevant

virtual objects, the system provides visual feedback to indicate the presence of those virtual

commands as well as further enhance the spatial cognition of elements in the immersive gestural

objects. For example, in Figure 3C, when the user’s hand moves to the inside of the object, the

space. Each of the gestural feedback mechanisms (categorical, spatial, and task dependent) as well

system projects hatch marks onto the hand to signify that it has moved to the interior of a virtual

as the gestural interaction space itself enables the user to distribute unique cognitive tasks onto

object. Since an overhead projector is used in the system, the color and shape projected on the

the technology. Before we introduce the multimodal feedback of DoD, we will discuss the idea of

user’s hand would naturally reflect the location of the building, but this does not provide any

distributed cognition and explore its relevance to gestural interactions as well as the design tasks.

information about the height of the building. Our system helps the user understand the height of

Distributed cognition is a cognitive science theory that argues that humans can offload cognitive
processes onto artifacts and other individuals in the environment (Hutchins 1995). An everyday

virtual objects by projecting hatch marks onto the user’s hand whenever it is within the bounds
of a virtual object. When the user’s hand moves out of the virtual object in Z dimension, the

example of distributed cognition is writing a phone number on a piece of paper to help remember it
(or asking a friend to help remember a part of it). Designers rely on this cognitive capacity when they
sketch their designs on paper rather than trying to imagine the entire picture. Humans have limited
attention resources and can only consciously attend to a small number of items in what is referred
to as working memory (Baddeley 1992). Working memory temporarily retains information relevant to
tasks that an individual is engaged in, such as symbolic or spatial representations that are used in
cognitive processes (Thagard 2005). Psychologist George A. Miller famously discovered that humans
could actively maintain seven plus or minus two chunks of information in working memory (Miller
1956). Although humans have a hard constraint on the capabilities of working memory, we have
the unique ability to manipulate and restructure the environment in such a way as to distribute
cognitive tasks onto it. Technologies that enable individuals to distribute cognitive processes are
said to extend and augment human cognition and are referred to as cognitive technologies (Dror
and Harnad 2008). Considering distributed cognition while designing technology and also analyzing
how designed artifacts facilitate cognitive offloading is therefore a valuable goal when building
technology to support cognitive tasks, such as design.
In addition to distributing cognitive tasks onto tools, Le Dantec also found that design teams utilize
various embodied acts for hunting through design mistakes, exploring ideas, and solving problems
(Le Dantec 2009). The team members observed by Le Dantec frequently adopted common gestures
to indicate specific activities, scales, spatial properties, and the directions of angles. Viewing our
system through this lens, DoD has the potential to facilitate social cognition in the design process
by providing an immersive gestural interaction space that responds to gestures typically used to
communicate features of designs. Rather than translating the discussion to a computer model after
the meeting, DoD would dynamically adjust the model throughout the discussion.

4

figure 3
Different projections on the user’s hand
for multimodal feedback: a) categorical
gestural feedback showing an invalid
gesture; b) task-dependent gestural
feedback projecting height of a building;
c) spatial gestural feedback projecting
hatch marks to inform the user that the
hand is inside a virtual object; d) spatial
gestural feedback masking light around
the contour of the hand to show that it is
above and outside of a virtual object.

MULTIMODAL FEEDBACK
4.1 Categorical Gestural Feedback
We designed four different types of multimodal feedback to offload cognitive tasks during design
activities and enhance gestural interactions. The first and most common issues identified by
Gustafson et al. (Gustafson et al. 2010) is that it is difficult to remember the plethora of available
gestural commands in a gesture-based system. Instead of performing important design tasks, the
user may waste cognitive resources trying to remember the proper gestural configuration that maps
figure 3
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system creates a mask, and thus nothing appears on the user’s hand (Figure 3D). It is then possible
to raise one’s hand to try to develop an embodied understanding of the height of the virtual object.
Enabling this kind of embodied interaction helps the user develop a deeper understanding of the
spatial and volumetric properties of the virtual objects. Varela et al. argue that a large degree of the
human conceptual system is influenced through our bodily interaction with the world (Varela et al.
1999). Without this embodied interaction, the user would have to produce a mental simulation or
visualization to make design decisions. However, DoD offloads and augments this task of embodied
reasoning through its

4.3 Task-Dependent Gestural Feedback
Providing relevant task-based information accomplishes two things. First, it confirms the task that
the user is engaged in to help avoid errors. Second, it provides relevant details that help the user
make informed decisions. With these functionalities, this feature supports decision making and
memory. For instance, Figure 3B shows the system projecting the height of the extruded artifact
onto the hand of the user. The projected value represents the extrusion distance from the desktop

figure 4

surface. It informs the user how far he has extruded the current model. The extrusion value updates
dynamically, based on the user’s hand position, and provides real-time visual feedback to augment
spatial reasoning tasks.

4.4 Dual-Display Visual Feedback
Figure 4 shows that DoD contains a dual-display configuration that projects both plan and threedimensional views on two independent interactive surfaces. Both of these displays update dynamically
and therefore provide visual feedback about how manipulations change the plan and three-dimensional
properties of a model. Since the user doesn’t have to mentally simulate how their decision affects
the model in the third dimension, he can use those resources to explore and evaluate different

figure 5

designs, and therefore increase the creative potential of the designer. This is an example where DoD

5

can be used as a creative technology in a process called distributed exploratory visualization (Davis

OpenNI tries to detect the center of the hand locations once it receives the data from the depth

et al. 2011). Distributed exploratory visualization describes a process whereby introducing cognitive

camera. Computing the intersection points of the hand’s contour and convex hull polygons yields

technology into a creative task has the potential to transform cognitive processing from planning or

the fingertip locations (the blue and red dots in Figure 5C). The fingertip locations are also used for

simulating to exploration and evaluation. While interacting with DoD, users do not have to envision

querying the depth distance in the 3D scene. Thus, the vectors for each finger can be calculated by

how their decisions are going to affect their creation. Rather, low-cost and playful embodied interactions

using the location of each fingertip and the finger depth point. These vectors are used to recognize

enable the user to creatively explore and evaluate ideas in real time. The model of distributed

the gestures. The location for the fingertips could also be the place at which the user is pointing. By

exploratory visualization suggests that this low-cost creative exploration and evaluation can help

using this method, we can easily recognize the gestures in more than 20 frames per second, which

facilitate creative discoveries.

meets real-time interaction needs.

IMPLEMENTATIONS

5.2 Gestures

The system analyzes the image streams from a depth camera. We adopt OpenNI (OpenNI 2012) as

We utilize the algorithm described above to detect four predefined gestures. The user’s right-hand

the middleware, a natural interaction library to analyze the raw data. This software library helps the

“pointing” gesture (Figure 5A) is recognized as a pointer in the system. The pointing gesture is

system detect hand locations and manage point cloud streams from the device. The raw depth data

mainly used to draw shapes on the horizontal surface. Instead of the mouse cursor in WIMP setting,

provides the distance from the camera to the objects in each pixel and produces grayscale images

the cursor is now the user’s fingertips. The user’s right hand “grabbing” gesture (Figure 6B) is used

(Figure 5A). These grayscale images are used for recognizing the contours of hands and fingers

to select a virtual object in the immersive environment—the equivalent to hold-and-drag when using

to produce the meaningful gestures in our prototype system. First, the software recognizes the

a mouse. When a user performs the gesture “releasing” (Figure 6C), the system knows that the user

movements and gestures. Next, another module executes certain actions based on the recognized

is placing the object onto the surface. When a user performs a “pulling” gesture (Figure 6D) on the

gesture, as well as projecting images on the user’s hands for multimodal feedback.

polygon in the scenario of CAD, the system will execute the extrusion command on the polygon to
create a 3D model. The combinations of these gestures form a sequence of actions that enable 3D

5.1 Recognizing the Gesture
In the past, recognizing a gesture from a regular camera required heavy computer processing to

424

manipulations in an immersive environment.

figure 4

filter out unnecessary pixels. Some projects also required instrumented or colored gloves. In our

5.3 The Horizontal and Vertical Surfaces

Dual-display visual feedback creates an
immersive environment.

prototype, we use the depth frames from the depth camera to help filter out those unnecessary

The horizontal and vertical surfaces show the plan and perspective model view, respectively. They

pixels to focus on analyzing where the fingers are. This enables bare hand interaction to aid usability.

both support multitouch interaction; however, the horizontal surface specializes in drawing and

figure 5
a) The depth image; b) the contour
(green) and convex hull (red) lines; c) the
red/blue dots are the intersection points
of the contour and convex hull lines, and
the yellow dots are the depth points; d)
the connected vectors of the yellow dots
and the red/blue dots.
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with a short learning curve. During the demo, we also found an interesting emergent interaction
when grabbing virtual 3D objects. When one of the projectors is projecting from the ceiling to the
desktop surface vertically, some users utilized the shadow of their hand on the desktop surface to
interact with the virtual objects. This actually generates effective associations between the virtual
objects and the physical locations with the projected images on the user’s hand.

7

FUTURE WORKS
Our work so far presents an exploratory view of a 3D gesture-based workspace to augment design
cognition. Clearly, in order to move the system toward a real-world implementation, we still need
to add more modeling features and explore ways to create comprehensive geometries by using
gestures. For instance, when a user tries to subtract one geometrical shape from another to make a

figure 6

hole, what gestures may he or she use to execute the command? We are currently implementing the
straight-line extrusion for the user to make a volumetric model such as a building. In the future, we

figure 8

imagine that a user can draw a 3D curve line in the space freely. With a profile shape and the curve,
figure 7

the user could sweep a freeform shape, which some current CAAD systems cannot easily create.
We are also interested in investigating the interactions between virtual and physical objects such as
projecting simulation images on physical models (Hsiao, Do, and Johnson 2011). The combination of

manipulating 2D shapes. We adopt Wilson’s method (Wilson 2010) to detect the user’s touch points

gestures and physical models would form a flexible, powerful, and uniquely immersive experience

on the regular surfaces using only a depth camera. Figure 7 illustrates the threshold areas on top of

to help designers understand and reason about spatial relationships. As shown in Figure 8, we have

each surface for the area where the user can perform gestures. Similar to 6D Hands, which supports

implemented a way of pointing to physical or virtual models, and then displaying the information

user interactions with a mouse and keyboard besides hand movement in the air (Wang et al. 2011),

associated with the object.

this configuration also enables users to freely interact with objects right on a multitouch surface.
Below we briefly describe interaction examples supported by the current configuration.

CONCLUSIONS

Extruding a polygon from horizontal surface:

This paper explored the benefits of using projected images in gestural interactions. Our system, DoD,

If a user is trying to build a 3D model, he or she can draw a 2D profile path on the horizontal surface

We analyzed how this immersive gestural interaction space can be used to help users develop an

and easily pull it up for extrusion. This action begins on the horizontal plane and is continued into the

embodied understanding of the spatial properties of virtual objects.

gestural interaction space. When a user touches a polygon with two fingers, the system looks for the
pulling gesture in the gestural interaction area. If the system detects the pulling gesture, it creates
an extruded model with the height of the hand location from the surface of the desktop. If the user

6

8

creates a gestural interaction space with two orthogonal multitouch surfaces and a depth camera.

Using the theory of distributed cognition, we demonstrated how certain feedback could aid design
cognition. DoD provides two types of feedback. The first is gestural feedback (categorical, spatial,

performs a release gesture, the system will stop extruding the shape in the model.

and task dependent) projected on the user’s hands. This type of feedback helps users remember

Grabbing virtual object in the air:

gestural interaction space. The second source of feedback is the plan and perspective view that are

While trying to move a 3D object, such as a component of a model, the user can perform a “grabbing”

simultaneously projected in real time. These displays reflect gestural manipulations of the model and

gesture in the air, and then release the object to the desired location. The system highlights the

help the user creatively explore and evaluate ideas in real time.

virtual object when the location of the user’s hands matches the location of the virtual object.

Although CAD systems are extremely useful in late stages of the design process, architects still rely

DISCUSSIONS AND EVALUATION
We installed DoD in a regular office environment, which demonstrates the flexibility of the system.

the proper gestures and understand where their hands are relative to the virtual objects in the

heavily on hand-drawn sketches and low-fidelity prototypes in the early stages of design. Dancing
on the Desktop is an attempt to fuse digital modeling with the flexible and embodied nature of early
design sketching and prototyping.

The prototype is built based on an Intel Core i7 computer with a Microsoft Kinect depth camera.
Our system runs at a sufficient rate (>20 HZ) for interactions. However, due to the inaccuracy for

figure 6
Basic gestures: a) pointing; b) grabbing;
c) releasing; and d) pulling.
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We demonstrated the prototype and invited users to interact with it during an open house event

The horizontal and vertical interaction
thresholds. The area between the
thresholds is for gestural interactions.

for an audience of about 50 people. Through observations during the event, we obtained valuable
suggestions and insights about how people interact with DoD. Most people found the multimodal
feedback helpful. The projected images helped them locate the 3D models and manipulate them
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ABSTRACT
The intent of this project is to create a catalog of gestures for remotely controlling dynamic
architectural space. This research takes an essential first step toward facilitating the field of
architecture in playing a role in developing an agenda for control. The process of the project
includes a sequence carried out in four stages: 1) research of gestural control; 2) creating an
initial catalog of spatial architectural gestures; 3) real-world testing and evaluation; and 4) refining
the spatial architectural gestures. In creating a vocabulary for controlling dynamic architectural
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environments, the research builds upon the current state-of-the-art of gestural control, which
exists in integrated touch- and gesture-based languages of mobile and media interfaces. The next
step was to outline architecturally specific dynamic situational activities as a means to explicitly
understand the potential to build gestural control into systems that make up architectural space.
A proposed vocabulary was then built upon the cross-referenced validity of existing intuitive
gestural languages as applied to architectural situations. The proposed gestural vocabulary was
then tested against user-generated gestures in the following areas: frequency of “invention,”
learnability, memorability, performability, efficiency, and opportunity for error. The means of
testing was carried out through a test-cell environment with numerous kinetic architectural
elements and a Microsoft Kinect sensor to track gestures of the test subjects. We conclude that
the manipulation of physical building components and physical space itself is more suited to
gestural physical manipulation by its users than to control via device, speech, cognition, or other.
In the future it will be possible, if not commonplace, to embed architecture with interfaces to
allow users to interact with their environments, and we believe that gestural language is the most
powerful means of control because it enables real physical interactions.
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