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ABSTRACT
This paper describes a simple, inexpensive, and scalable 
technique for enabling high-resolution multi-touch sensing 
on rear-projected interactive surfaces based on frustrated 
total internal refl ection. We review previous applications of 
this phenomenon to sensing, provide implementation details, 
discuss results from our initial prototype, and outline future 
directions.
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INTRODUCTION
While touch sensing is commonplace for single points of 
contact, it is still diffi cult and/or expensive to construct a 
touch sensor that can register multiple simultaneous points of 
contact. Multi-touch sensing enables a user to interact with a 
system with more than one fi nger at a time, as in chording and 
bi-manual operations. Such sensing devices are inherently 
also able to accommodate multiple users simultaneously, 
which is especially useful for larger shared-display systems 
such as interactive walls and tabletops. Initial investigations, 
though sparse due to the prohibitive availability of these 
devices, nonetheless reveal exciting potential for novel 
interaction techniques [1][2][11][12][19][23][26][27].

We present a simple technique for robust multi-touch sensing 
at a minimum of engineering effort and expense. It is based 
on frustrated total internal refl ection (FTIR), a phenomenon 
familiar to both the biometric and robot sensing communities. 
It acquires true touch image information at high spatial and 
temporal resolutions, is scalable to large installations, and is 
well suited for use with rear-projection. It is not the aim of 
this paper to explore the multi-touch interaction techniques 
that this system enables, but rather to make the technology 
readily available to those who wish to do so.

RELATED WORK
A straightforward approach to multi-touch sensing is to simply 
utilize a plurality of discrete sensors, making an individual 
connection to each sensor as in the Tactex MTC Express [20]. 
They can also be arranged in a matrix confi guration with 
some active element (e.g. diode, transistor) at each node, 
as in the device featured in Lee et al.’s seminal work [11], 
and also in Westerman and Elias’s commercial FingerWorks 
iGesturePad [3][22].

Through careful driving techniques, it is possible to gather 
multi-touch information from a purely passive matrix of 
force-sensitive-resistors (FSRs) as developed by Hillis 
[6], or capacitive electrodes, such as in [18] and the recent 
SmartSkin [19], and thus achieve a great reduction in 
complexity. However, these devices still require very many 
connections, which keeps their resolution limited in practice 
(under 100!100). Furthermore, these systems are visually 
opaque, forcing systems to resort to top-projection for 
integration with a graphic display.

Alternatively, video cameras present a very convenient way 
to acquire high-resolution datasets at rapid rates, and thus 
have naturally been explored for touch sensing. Recent 
approaches include estimating depth from intensity as in 
HoloWall [15], estimating depth from stereo as in TouchLight 
[26] and the Visual Touchpad [12], and tracking markers 
embedded within a deformable substrate as in GelForce [8].

Figure 1: Simple examples of multi-touch interaction using our FTIR technique
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• Multi-touch

• Difficult
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Why should we care about this problem?

• Multiple users

• Novel interaction techniques

• References:  Lots of other people care about it



Motivation

• Establish the problem you will solve.

• People Problem

• Technical Problem

• Show that it really is a problem, and we 
should care about it.
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INTRODUCTION
While touch sensing is commonplace for single points of 
contact, it is still diffi cult and/or expensive to construct a 
touch sensor that can register multiple simultaneous points of 
contact. Multi-touch sensing enables a user to interact with a 
system with more than one fi nger at a time, as in chording and 
bi-manual operations. Such sensing devices are inherently 
also able to accommodate multiple users simultaneously, 
which is especially useful for larger shared-display systems 
such as interactive walls and tabletops. Initial investigations, 
though sparse due to the prohibitive availability of these 
devices, nonetheless reveal exciting potential for novel 
interaction techniques [1][2][11][12][19][23][26][27].

We present a simple technique for robust multi-touch sensing 
at a minimum of engineering effort and expense. It is based 
on frustrated total internal refl ection (FTIR), a phenomenon 
familiar to both the biometric and robot sensing communities. 
It acquires true touch image information at high spatial and 
temporal resolutions, is scalable to large installations, and is 
well suited for use with rear-projection. It is not the aim of 
this paper to explore the multi-touch interaction techniques 
that this system enables, but rather to make the technology 
readily available to those who wish to do so.

RELATED WORK
A straightforward approach to multi-touch sensing is to simply 
utilize a plurality of discrete sensors, making an individual 
connection to each sensor as in the Tactex MTC Express [20]. 
They can also be arranged in a matrix confi guration with 
some active element (e.g. diode, transistor) at each node, 
as in the device featured in Lee et al.’s seminal work [11], 
and also in Westerman and Elias’s commercial FingerWorks 
iGesturePad [3][22].

Through careful driving techniques, it is possible to gather 
multi-touch information from a purely passive matrix of 
force-sensitive-resistors (FSRs) as developed by Hillis 
[6], or capacitive electrodes, such as in [18] and the recent 
SmartSkin [19], and thus achieve a great reduction in 
complexity. However, these devices still require very many 
connections, which keeps their resolution limited in practice 
(under 100!100). Furthermore, these systems are visually 
opaque, forcing systems to resort to top-projection for 
integration with a graphic display.

Alternatively, video cameras present a very convenient way 
to acquire high-resolution datasets at rapid rates, and thus 
have naturally been explored for touch sensing. Recent 
approaches include estimating depth from intensity as in 
HoloWall [15], estimating depth from stereo as in TouchLight 
[26] and the Visual Touchpad [12], and tracking markers 
embedded within a deformable substrate as in GelForce [8].
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This is what we didn’t do.



Claim

• Did you solve the problem?

• Did you solve a subset of the problem?

• Did you come up with a new definition of 
the problem or learn more about the 
problem?

• How did you solve it?

• Why is this a good way to solve it?



Related Work

• What have other people done that is similar to 
your work?

• How is your work different?

• What have other people done that you are 
building off of?

FTIR SENSING TECHNIQUES
An interesting group of techniques are those that make use 
of frustrated total internal refl ection (FTIR). When light 
encounters an interface to a medium with a lower index of 
refraction (e.g. glass to air), the light becomes refracted to an 
extent which depends on its angle of incidence, and beyond 
a certain critical angle, it undergoes total internal refl ection 
(TIR). Fiber optics, light pipes, and other optical waveguides 
rely on this phenomenon to transport light effi ciently with 
very little loss. However, another material at the interface 
can frustrate this total internal refl ection, causing light to 
escape the waveguide there instead.

This phenomenon is well known and has been used in the 
biometrics community to image fi ngerprint ridges since at 
least the 1960s [25]. The fi rst application to touch input 
appears to have been disclosed in 1970 in a binary device that 
detects the attenuation of light through a platen waveguide 
caused by a fi nger in contact [7].

Mueller exploited the phenomenon in 1973 for an imaging 
touch sensor that allowed users to “paint” onto a display 
using free-form objects, such as brushes, styli and fi ngers 
[17]. In that device, light from the fl ying spot of a CRT is 
totally internally refl ected off the face of a large prism and 
focused onto a single photodetector, thereby generating an 
updating bitmap of areas that are being contacted. Greene 
rediscovered this method in 1985 in his Drawing Prism 
[5], but updated in optically inverted confi guration, with a 
video camera and a broad light source replacing the CRT and 
photodetector.

Mallos disclosed a CRT-based touch sensor in 1981 which 
replaces the bulky prism with a thin platen waveguide 
[13], and operates by detecting the light scattered away by 
an object in optical contact. Some more recent fi ngerprint 
sensors take this approach as well [4].

The robotics community has also used this approach since 
1984 in the construction of tactile sensors for robot grippers, 
but with a compliant surface overlay [27][16][23]. This 
is a structured fl exible membrane which is normally kept 
separate by an air-gap, but when depressed, makes optical 
contact with the waveguide. This effectively makes the sensor 
responsive to force rather than contact. Kasday proposes a 
similar modifi cation [9] to the Mallos sensor.

IMPLEMENTATION
Though these FTIR techniques have fallen out of usage, 
modern-day accessibility to machine vision hardware and 
processing makes a compelling case to revisit them. For 
multi-touch sensing, we adapt the Mallos/Kasday design, 
but in its dual confi guration, with the optical paths reversed. 
Alternatively, it can be thought of as a FTIR fi ngerprint 
sensor, or a FTIR robot tactile sensor, only greatly scaled 
up.

In our prototype, we use a 16”x12” (406mm x 305mm), 
!” (6.4mm) thick sheet of acrylic, whose edges have been 
polished clear, as an optical waveguide. Common glass 
is unsuitable here due to its poor optical transmittance; 
however we have also used clearer glass formulations (e.g. 
“water white”) successfully. Though more expensive, such 
glass is structurally stiffer, and is far less easily scratched 
than acrylic.

This sheet is edge-lit by high-power infrared LEDs, which 
are placed directly against the polished edges so as maximize 
coupling into total internal refl ection (total optical power: 
460mW @ 880nm), while a digital video camera equipped 
with a matching band-pass fi lter is mounted orthogonally. 
TIR keeps the light trapped within the sheet, except at points 
where it is frustrated by some object (e.g. fi nger) in optical 
contact, causing light to scatter out through the sheet towards 
the camera (see Figure 3).

Only simple image processing operations (rectifi cation, 
background subtraction, noise removal, and connected 
components analysis) are required for each frame, while 
routine machine vision tracking techniques are used to 
interpret the sequences into discrete touch events and 
strokes. Video is captured at 8-bit monochrome at 30fps at a 
resolution of 640x480 (corresponding to 1mm2 precision on 
the surface); all processing is easily performed in real-time 
by a modest 2GHz Pentium 4 workstation.

Our technique provides full imaging touch information 
without occlusion or ambiguity issues. The touch sense is 
zero-force and true: it accurately discriminates touch from a 
very slight hover. It samples at both high temporal and spatial 
resolutions. Pressure is not sensed, though this is largely 
mitigated by the precision with which it can determine 
the contact area of a depressed fi nger. It is inexpensive to 
construct, and trivially scalable to much larger surfaces- the 

Figure 2: Some previous applications of FTIR to sensing:
disclosures by (a) White; (b) Johnson and Fryberger; (c) Mueller; (d) Mallos; (e) Kasday
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image. The system provides no proximity (i.e. “hover”) 
information, nor any ability to label or classify each point 
of contact. It is unable to determine, for example, whether 
two contacts were produced by fi ngers from the same hand, 
or from two distinct hands, or from two distinct users. Our 
intention is to attempt several approaches to “see through 
the screen” while utilizing the FTIR technique, leading to an 
elegantly unifi ed touch/gesture system.

One approach will be to work with exotic screen materials 
such as the holographic fi lm employed by TouchLight 
[26]. We have been experimenting with the less expensive, 
directionally scattering fi lm used recently in the Lumisight 
Table [14]. It is also conceivable that a Rayleigh-scattering 
material can be found that diffuses visible wavelengths, but 
is substantially transparent to a convenient infrared band. We 
may also try an electroswitchable screen, which can rapidly 
alternate between a transparent and a translucent state under 
electronic control, as used in the blue-c system [10].

Alternatively, we have discovered that typical LCD display 
panels do not signifi cantly affect infrared light, and so we 
have been experimenting with relocating the backlight, and 
placing an IR camera directly behind such a panel. This 
approach also carries with it the benefi ts of reduced volume 
and increased portability.
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FTIR SENSING TECHNIQUES
An interesting group of techniques are those that make use 
of frustrated total internal refl ection (FTIR). When light 
encounters an interface to a medium with a lower index of 
refraction (e.g. glass to air), the light becomes refracted to an 
extent which depends on its angle of incidence, and beyond 
a certain critical angle, it undergoes total internal refl ection 
(TIR). Fiber optics, light pipes, and other optical waveguides 
rely on this phenomenon to transport light effi ciently with 
very little loss. However, another material at the interface 
can frustrate this total internal refl ection, causing light to 
escape the waveguide there instead.

This phenomenon is well known and has been used in the 
biometrics community to image fi ngerprint ridges since at 
least the 1960s [25]. The fi rst application to touch input 
appears to have been disclosed in 1970 in a binary device that 
detects the attenuation of light through a platen waveguide 
caused by a fi nger in contact [7].

Mueller exploited the phenomenon in 1973 for an imaging 
touch sensor that allowed users to “paint” onto a display 
using free-form objects, such as brushes, styli and fi ngers 
[17]. In that device, light from the fl ying spot of a CRT is 
totally internally refl ected off the face of a large prism and 
focused onto a single photodetector, thereby generating an 
updating bitmap of areas that are being contacted. Greene 
rediscovered this method in 1985 in his Drawing Prism 
[5], but updated in optically inverted confi guration, with a 
video camera and a broad light source replacing the CRT and 
photodetector.

Mallos disclosed a CRT-based touch sensor in 1981 which 
replaces the bulky prism with a thin platen waveguide 
[13], and operates by detecting the light scattered away by 
an object in optical contact. Some more recent fi ngerprint 
sensors take this approach as well [4].

The robotics community has also used this approach since 
1984 in the construction of tactile sensors for robot grippers, 
but with a compliant surface overlay [27][16][23]. This 
is a structured fl exible membrane which is normally kept 
separate by an air-gap, but when depressed, makes optical 
contact with the waveguide. This effectively makes the sensor 
responsive to force rather than contact. Kasday proposes a 
similar modifi cation [9] to the Mallos sensor.

IMPLEMENTATION
Though these FTIR techniques have fallen out of usage, 
modern-day accessibility to machine vision hardware and 
processing makes a compelling case to revisit them. For 
multi-touch sensing, we adapt the Mallos/Kasday design, 
but in its dual confi guration, with the optical paths reversed. 
Alternatively, it can be thought of as a FTIR fi ngerprint 
sensor, or a FTIR robot tactile sensor, only greatly scaled 
up.

In our prototype, we use a 16”x12” (406mm x 305mm), 
!” (6.4mm) thick sheet of acrylic, whose edges have been 
polished clear, as an optical waveguide. Common glass 
is unsuitable here due to its poor optical transmittance; 
however we have also used clearer glass formulations (e.g. 
“water white”) successfully. Though more expensive, such 
glass is structurally stiffer, and is far less easily scratched 
than acrylic.

This sheet is edge-lit by high-power infrared LEDs, which 
are placed directly against the polished edges so as maximize 
coupling into total internal refl ection (total optical power: 
460mW @ 880nm), while a digital video camera equipped 
with a matching band-pass fi lter is mounted orthogonally. 
TIR keeps the light trapped within the sheet, except at points 
where it is frustrated by some object (e.g. fi nger) in optical 
contact, causing light to scatter out through the sheet towards 
the camera (see Figure 3).

Only simple image processing operations (rectifi cation, 
background subtraction, noise removal, and connected 
components analysis) are required for each frame, while 
routine machine vision tracking techniques are used to 
interpret the sequences into discrete touch events and 
strokes. Video is captured at 8-bit monochrome at 30fps at a 
resolution of 640x480 (corresponding to 1mm2 precision on 
the surface); all processing is easily performed in real-time 
by a modest 2GHz Pentium 4 workstation.

Our technique provides full imaging touch information 
without occlusion or ambiguity issues. The touch sense is 
zero-force and true: it accurately discriminates touch from a 
very slight hover. It samples at both high temporal and spatial 
resolutions. Pressure is not sensed, though this is largely 
mitigated by the precision with which it can determine 
the contact area of a depressed fi nger. It is inexpensive to 
construct, and trivially scalable to much larger surfaces- the 

Figure 2: Some previous applications of FTIR to sensing:
disclosures by (a) White; (b) Johnson and Fryberger; (c) Mueller; (d) Mallos; (e) Kasday
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image. The system provides no proximity (i.e. “hover”) 
information, nor any ability to label or classify each point 
of contact. It is unable to determine, for example, whether 
two contacts were produced by fi ngers from the same hand, 
or from two distinct hands, or from two distinct users. Our 
intention is to attempt several approaches to “see through 
the screen” while utilizing the FTIR technique, leading to an 
elegantly unifi ed touch/gesture system.

One approach will be to work with exotic screen materials 
such as the holographic fi lm employed by TouchLight 
[26]. We have been experimenting with the less expensive, 
directionally scattering fi lm used recently in the Lumisight 
Table [14]. It is also conceivable that a Rayleigh-scattering 
material can be found that diffuses visible wavelengths, but 
is substantially transparent to a convenient infrared band. We 
may also try an electroswitchable screen, which can rapidly 
alternate between a transparent and a translucent state under 
electronic control, as used in the blue-c system [10].

Alternatively, we have discovered that typical LCD display 
panels do not signifi cantly affect infrared light, and so we 
have been experimenting with relocating the backlight, and 
placing an IR camera directly behind such a panel. This 
approach also carries with it the benefi ts of reduced volume 
and increased portability.
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[26]. We have been experimenting with the less expensive, 
directionally scattering fi lm used recently in the Lumisight 
Table [14]. It is also conceivable that a Rayleigh-scattering 
material can be found that diffuses visible wavelengths, but 
is substantially transparent to a convenient infrared band. We 
may also try an electroswitchable screen, which can rapidly 
alternate between a transparent and a translucent state under 
electronic control, as used in the blue-c system [10].

Alternatively, we have discovered that typical LCD display 
panels do not signifi cantly affect infrared light, and so we 
have been experimenting with relocating the backlight, and 
placing an IR camera directly behind such a panel. This 
approach also carries with it the benefi ts of reduced volume 
and increased portability.
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6, Conclusions 

Until now, the only way to incorporate a real brushstroke in a computer 
graphic was to digitize a brushstroke that had been painted on some material 
with pigments or dyes. This device allows ordinary artists" brushes to be used 
immediately and interactively with a computer paint system, without spilling 
any physical paint. 

The drawing prism allows not only for the reproduction of some traditional 
effects on the computer, but also for the creation of new visual effects which 
result from the combination of traditional tools and techniques with non- 
traditional digital processing. The fact that virtually any object can serve as a 
drawing tool means that new effects will continually be discovered. It would 
also be desirable to have the hardware provide input to software which 
modeled parts of the painting process not addressed here, such as that 
described by Lewis I for simulating drawing surface textures. 

Although the device only digitizes two-dimensional images, the use of three- 
dimensional objects as drawing tools provides extreme sensitivity to small 
hand movements in a multitude of dimensions. This is particularly true when 
the only drawing "tools" used are the fingers and hands themselves. Thus the 
drawing prism allows for the efficient production of expressive images which 
would be difficult or impossible to duplicate with conventional input devices. 
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and a rotating drawing color. 
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Fig. 14. This painting was all done using one bit A/D and rotation of the 
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Abstract 
Artists using conventional computer graphic input devices cannot produce the 
same visual effects whicl~ they can with traditional tools and media. The 
drawing prism is a new device which allows people to draw or paint directly 
into a frame buffer, using brushes, their hands, or a variety of other objects. 
These objects can be manipulated to achieve continuously adjustable line 
qualities and textures, in the same ways that artists have traditionally used 
their hands and tools. 

The device uses one face of a large transparent prism as a drawing surface. A 
video camera views that surface from an angle such that it can only image the 
points of optical contact between drawing tools and the surface. These images 
are digitized and processed in real time so as to build up a drawing as the tools 
are moved along the surface. A layer of transparent liquid helps tools make 
optical contact with the drawing surface. Any light colored object can thus be 
used as a drawing tool. 

Details of the current implementation are provided along with suggestions for 
improving its resolution. Combinations of visual effects previously restricted 
to either traditional media or computer graphics are described and illustrated. 
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1. Introduction 

Currently available computer paint systems do not provide the same kinds of 
user control that many traditional artists' tools and media do. Thus, artists 
have been prevented from realizing in interactive computer graphics many of 
the effects which they can easily achieve with those older tools. With a 
pointed Japanese sumi brush, for example, one can draw a line whose width 
and texture varies continuously, depending on how one holds and moves the 
brush at any moment. By contrast, most paint programs provide a variety of 
' 'brush" shapes which cannot change during the drawing process the way that 
actual brushes do. 

Lewis I has pointed out that pictures of great textural complexity can be 
painted much more simply with traditional media, which act as gesture 
amplifiers, than with standard digital paint programs, which ignore most 
gestures. His paint program provides a digital medium whose texture generat- 
ing capabilities rival those of traditional media. However, that does not solve 
the problem of how to control such a texture synthesizer in a manner as 
powerful as the gesture sensitivity of traditional tools. 

Schmandt 2 has demonstrated the feasibility of tracking all six degrees of 
freedom of a hand-held stylus, for use in a paint program. Minsky 3 described a 
multi-dimensional input device which ~vas built specifically to be sensitive to 
some single finger gestures and which implemented a fingerpaint program. 
However, these devices do not yet provide the same kinds of artistic control as 
traditional tools. In order to mimic a paintbrush, they would still require the 
software to simulate, in real time, the behavior of a wet bundle of flexible 
fibers, bound at only one end to a stylus. Even in such a primal medium as 
fingerpainting, all ten fingers may come into play, and the ridges and creases 
of the skin may add an expressive textural element. 

Clearly there is a long way to go before conventional input devices will be 
endowed with the "feel" of many traditional artists' tools. The underlying 
physical systems to be modeled are not simple, nor have they been subject to 
extensive scientific scrutiny. Even the number of dimensions within which 
significant aesthetic control may be exercised is often not well defined nor 
easily disentangled. As has been said of a sumi brush, "Vehicle of the subtle 
sentiment to be expressed in form, the brush must be so fashioned as to receive 
and transmit the vibrations of the artist's inner self"4 

This paper describes the results of an alternative approach 13 to the problem. 
Rather than attempting to simulate a brush with software, a new hardware 
device has been developed which allows for the use of real brushes to provide 
immediate computer graphic input. This device, called a drawing prism, also 
allows a variety of other objects to be used as drawing tools. It can even be 
used directly with the fingers and hands for extremely expressive digital 
fingerpainting. 

2. Principles of operation 

The drawing prism is a system for imaging just those portions of objects (such 
as brushes or fingers) which come into optical contact with a drawing surface. 
These images are digitized at a high frame rate and combined in real time in a 
frame buffer. This combination process is such that as the object is drawn 
along the surface, it leaves behind a trail which can be displayed on a monitor 
to show all the prior points of contact. This trail within the frame store then 
constitutes a drawing. 
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