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Abstract

We present FreeDigiter, an interface for mobile devices
which enables rapid entry of digits using finger gestures.
FreeDigiter senses via an infrared proximity sensor and a
dual axis accelerometer and requires little signal process-
ing. Initial experiments attain accuracy rates of 99.0%, and
the system is tolerant to highly varying lighting conditions.
The FreeDigiter system requires little power and could be
implemented in a very small form factor appropriate for in–
ear hearing aids, small MP3 players, and hands–free mo-
bile phone headsets.

1 Introduction
Electronic devices are becoming smaller; however, the

same trend can not continue for the devices’ user interfaces.
For instance, due to the physical size of the human hand,
buttons cannot be made any smaller and still be reliably
pressed or seen. Age and illness exacerbate this effect.

Figure 1. MP3 players and phone headsets could shrink
to the scale of a hearing aid but would require an alter-
native to button interfaces due to their size.

Traditional button interfaces may also be inappropriate
in situations where visual attention is limited or where user
contact may be unhygienic or messy. For example, ma-
nipulating a car radio or mobile phone often requires vi-
sual attention to search for the buttons, which may be dan-
gerous while driving. A surgeon may not want to touch

medical equipment while operating but still wish to control
devices such as microscopes or medical monitors. Simi-
larly, car mechanics may not wish to touch their comput-
erized diagnostic equipment while their hands are covered
in grease. Non-contact gesture recognition can overcome
many of these limitations but has had limited application in
mobile computing to date.

FreeDigiter uses hand gesture recognition to control mo-
bile devices. In contrast to many existing gesture recogni-
tion systems, data analysis is simple, requiring the filtering
of the binary output of a proximity sensor. This simplicity
allows for small and inexpensive hardware with low power
consumption and high wearability. FreeDigiter is reliable
under varying lighting conditions and offers a very simple
interaction: a user passes fingers in front of the device, the
system counts the total number of fingers moved past the
sensor, and the system executes the command associated
with that number. In this paper, we describe the FreeDig-
iter system and present initial experiments on the system’s
usability and reliability.

2 Related Work
As seen in the annual proceedings of the International

Symposium on Wearable Computing and the International
Conference of Ubiquitous Computing, many mobile ges-
ture recognition systems employ accelerometers [1, 2]. Ac-
celerometers are an ideal sensor for mobile systems due to
their low power, low cost, and reliability. Takahashi [5] de-
scribed an early system that retrieved detailed information
about hand and finger motion using a network of accelerom-
eters mounted on a glove. More recently, Herenandez-
Rebollar demonstrated his Acceleglove, which recognizes
isolated American Sign Language signs [3]. However,
gloves reduce the user’s tactile sense, are often uncomfort-
able to wear, and are not suitable for daily wear for most
users.

With the Gesture Pendant [4], our previous work on mo-
bile gesture recognition, we use a camera ringed by infrared
(IR) light emitting diodes (LEDs) and an IR pass filter over
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Figure 2. The user moves two fingers past FreeDigiter’s
proximity sensor to indicate option two.

the lens. The LEDs illuminate the hand as it passes in front
of the camera allowing easier recognition of hand shape and
motion. Unfortunately, this system requires considerable
processing and power and can be confused by strong illu-
mination sources such as the sun or halogen lamps.

3 FreeDigiter
FreeDigiter is designed to allow simple gestural control

of mobile devices such as MP3 players and mobile phones.
Gestures are made by moving the fingers forward or back-
ward past the sensor as shown in Figure 2. FreeDigiter em-
ploys a proximity sensor which emits infrared light that is
reflected by the fingers. In order to differentiate the fingers
from one another, the user must spread his fingers so that
there are gaps between them. However, the user does not
need to spread his fingers excessively as the proximity sen-
sor has a rapid measurement time.

Numbers exceeding five have to be divided into smaller
numbers. It does not matter how a number is split as long
as the sum results in the required number for a command.
Once triggered, FreeDigiter has a relatively long active de-
tection period for counting fingers, allowing the user to go
back and forth multiple times. A user generates a zero by
holding his palm in front of the sensor for a short period of
time, triggering the proximity sensor for a relatively long
period of time compared to the moving fingers.

Example 1:Seven could be entered by moving the hand
with four fingers held up past the sensor and then holding
up three fingers on a return pass. Note that the hand’s di-
rection and order of numbers of fingers does not matter. In
fact, the user could wave one finger in front of the sensor
seven times for the same effect (though the physical pro-
cess would require more time).

Example 2:Twenty could be entered by moving the hand

past the sensor five times with four fingers held up.
This system offers high accuracy in detecting the fin-

gers and works reliably under nearly any lighting condi-
tions. Data analysis consists of counting the transitions in
the proximity sensor’s digital output. This simple analysis
allows us to create a small and inexpensive device that con-
sumes only a fraction of the power required for computer
vision approaches. The result is an easily wearable device
that does not impair wearing comfort.

4 Hardware
FreeDigiter uses an off-the-shelf Sharp proximity sen-

sor GP2Y0D340K for gesture control. This sensor emits
infrared light and detects the reflections from the fingers
within the range of 10cm to 60cm. The greatest advan-
tage of this sensor is its reliability in direct sunlight as well
as in complete darkness. The proximity sensor measures
15x9.6x8.7mm, but could be made smaller. Its 6.4ms mea-
surement cycle time allows a high temporal resolution and
enables the detection of individual fingers moving past the
sensor. As a finger passes the sensor, a peak with slightly
variable length is produced. The shape of the pulses is
shown in Figure 5.

We use a PIC16LF873 microcontroller to read the out-
put of the proximity sensor. The microcontroller prepares
data packets to be sent wirelessly using a Taiyo Yuden
EYMF2CAMM Bluetooth module. Signal processing is
performed by the receiving device, in this case a Linux com-
puter. A picture of the implementation is shown in Figure 3
and a block diagram of the hardware components is shown
in Figure 4. The entire FreeDigiter module draws a typical
current of 58mA at 3.6V resulting in a power consumption
of 210mW during transmission mode. The proximity sensor
alone draws 16.2mA at 3.6V.

Figure 3. Proximity sensor mounted on Bluetooth module

5 Recognition
The proximity sensor emits infrared light that is reflected

when a finger passes it. This reflection induces a current in
the sensor that results in one pulse per finger. The total
number of fingers, that is the sum of the number of pulses,
is mapped to a command.
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Figure 4. Block diagram of accelerometer, proximity sen-
sor, microcontroller, and Bluetooth module

FreeDigiter’s client software contains a simple state ma-
chine to recognize these pulses. The software analyzes the
absolute value of the signal received from the PIC micro-
controller and detects changes. Whenever a rising edge of
a pulse which exceeds a certain threshold is detected, the
state machine counts it as a detected finger. The state ma-
chine waits for further raising edges until, after 170 sequen-
tial non–detections, the programm executes the command
corresponding to the total number detected and resets the
state machine.

Figure 5. Above: Proximity sensor signal indicating an
alternating progression of one and two fingers being
sensed. Below: Accelerometer output (x and y axes)

6 Applications
FreeDigiter is designed to be suitable for various scenar-

ios where a contact–free control system with simple com-
mands might be needed. To inform our design, we are ex-
perimenting with two applications that can be controlled by
entering numbers.

The first application, an MP3 player, plays the track
whose number is entered by moving the appropriate num-
ber of fingers past the proximity sensor. With the trends in
consumer electronics miniaturization, MP3 players of the
near future could be reduced in size so that they consist of
nothing more than an earplug. However, before such a de-
vice becomes practical, a new way to control the player is
needed because they would no longer allow space to place

buttons.
The second application simulates the functions of a mo-

bile phone and offers a more sophisticated scheme where
commands are linked to numbers. Our prototype applica-
tion allows the user to accept a call, speed–dial, or prompt
complete phone numbers without touching the phone or
headset. The phone is simulated on a desktop PC. Since
it is easier to enter small numbers, we chose to split com-
mands into layered menus. The system starts in its default
mode and offers the following options:

1. answer call (one finger)

2. speed-dial (two fingers)

3. dial phone number (three fingers)

After selection, the simulation proceeds to an appropi-
rate submenu. For instance, after having chosenanswer
call the user either takes the call (one finger) or has the
computer play a pre-recorded message (two fingers)
that says that the user is currently driving in heavy traffic
but intends to return the call in five minutes.

6.1 Initial Evaluation
We designed two experiments to collect data about the

accuracy with which an experienced user can enter specific
numbers. For the purposes of these initial studies, FreeDig-
iter was held in front of the user as if it was incorporated
into a current portable consumer electronics device. Note
that this test allows the user to see the position of his hand
in relation to the proximity sensor. This feedback would not
be available for an in-ear system.

Motivated by the MP3 player application, we created a
task where the user would gesture numbers ranging from 1
to 20 (4+4+4+4+4 fingers) corresponding to possible tracks
to select. The first two authors ran a total of 100 trials where
they entered “tracks” as specified by a random number gen-
erator. 95% of the numbers were recognized correctly.

In the mobile phone application domain, only digits from
0 to 9 are required for dialing and for accessing the types
of menu systems as described above. In 150 test gestures,
the correct digit was recognized 99.0% of the time. This
result is probably due to the fact that smaller numbers do not
require the hand to go back and forth as many times. Thus,
a entry system that specifies numbers larger than nine in a
digit-by-digit fashion instead of explicit counting of fingers
may prove more accurate.

Anecdotally, we found that often when the thumb is in-
cluded in entering numbers, the palm covers the sensor. If
the user tries to enter a number beginning with the thumb,
he usually brings the hand further up with respect to the
proximity sensor to compensate for the shortness of the
thumb. However, this movement causes the hand to be too
high relative to the sensor for distinguishing the fingers.
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We suggest a strategy that restricts the use of the fingers
to index, middle, ring, and little finger. While this strategy
requires that the hand go back and forth more often, it pre-
vents the palm from improperly covering the sensor.

7 Reliability
After proving that the system works under laboratory

conditions, we evaluated the error rate for the use in “real
world” mobile situations. Our goal for this experiment was
to determine the number of false positives — errors where
the sensor is active but no gestures are being made. One
researcher wore the device as incorporated into a pair of
headphones for four hours during an ordinary day in our
laboratory. During that period, 136 false positives were de-
tected. In order to discover what causes these errors, one
researcher monitored the false detections, while the first re-
searcher walked around. Note that since the system is wire-
less, this monitoring did not adversely effect the subject’s
movements.

Using this procedure, we found that the false positives
were due to doorways, walls, corners, and people that were
passed. We ascribe this problem to the long detection range
of the proximity sensor (60cm). Therefore, the error rate
depends considerably on what the user is doing and on his
environment. Perhaps the proximity sensor can be tuned
to have a smaller detection distance while still providing
invariance to lighting conditions.

7.1 Accelerometer Switch
In order to prevent the system from detecting invalid in-

puts while turned on but not in use, we decided to inte-
grated a modal switch into the existing system. Since no
real switch is applicable for a contact–free device, a “soft”
switch is needed.

FreeDigiter was extended with a low power, high res-
olution 2–axis Analog Devices ADXL202JE accelerome-
ter. The PIC’s A/D converter reads the analog signal from
the accelerometer with 10 bit resolution. To begin gesture
recognition, the user briskly nods his head to the right while
facing forward. Another nod turns off gesture recognition.

To determine the effectiveness of this strategy, one re-
searcher wore the headset system for 20 minutes to deter-
mine if normal activity would incorrectly trigger the ac-
celerometer. No such false detections occurred, providing
preliminary evidence that the head nod system may be an
effective way to avoid unintentional digit entry.

8 Future Work
While the current system counts fingers by detecting

rising edges of pulses from the proximity sensor, a more
sophisticated detection system would exploit the varying
pulse lengths caused by fingers versus doorways, walls, and
corners. An analog proximity sensor which senses distance

could also help distinguish between fingers and objects in
the background, though experimentation is necessary to de-
termine such a system’s tolerance to variable lighting. More
sophisticated algorithms together with fine-tuning of the
proximity sensor may remove the need for the accelerome-
ter trigger. However, the accelerometer and proximity sen-
sor combination may prove useful in detecting a larger vari-
ation of interesting gestures. For example, “yes” and “no”
head nods may be incorporated into the system for confir-
mation of finger gesture commands.

In order to determine FreeDigiters applicability in
portable consumer electronics, a controlled HCI study on
novice users should be performed. This study would deter-
mine gesture recognition accuracy as well as intuitiveness
and user satisfaction with respect to example tasks.

9 Conclusion
We have described FreeDigiter, a gesture recognition

system that allows entry of numbers by counting fingers
swept past its proximity sensor. The system is high accu-
racy, lighting tolerant, requires little power, and is inexpen-
sive. While our focus has been on creating mobile interfaces
where buttons are inappropriate, FreeDigiter could be incor-
porated into stationary devices as well, allowing contact–
free interactions in dirty or hazardous areas.
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