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Abstract—This paper proposes a method to detect small-
waving hand from image sequences. The method is based on
frequency analysis of intensity value change for each pixel of
low-resolution images converted from input images. Handwaving
makes periodical change of intensity value of image pixels located
in the moving region. The periodical change is detected by
thresholding of a value accumulating frequency features obtained
through FFT calculation. The proposed method can stably detect
small-waving hand with 3-5 Hz in a range of 2-6 m. We
demonstrate an application of spatial memory through measuring
3D position of small-waving hand detected by a distributed
camera system.

I. INTRODUCTION

Gesture recognition from image sequences is one of the
most promising technologies in human computer/robot inter-
action. The first step of gesture recognition is to extract or
detect motion of body part such as a hand from input image
sequences. Then gestures are recognized based on shape and
motion trajectory of the extracted body part [1].

There are two main approaches to extract body part for
gesture recognition; (i) color-based extraction, (ii) motion-
based extraction. In color-based extraction, color information
about skin [2][3] or image background [4][5] is used for
distinguishing between body part and background. This ap-
proach is not robust to change in illumination because the
color information is usually preliminarily given. In motion-
based extraction, motion part in image sequences is detected
by optical flow [6] and periodicity detection [7][8][9]. This
approach is more robust to illumination change than color-
based extraction while restricting gesture types.

In a distributed camera system, cameras are different in
position, orientation, and illumination condition. This differ-
ence makes an image object different in color, appearance,
and size, between images captured from the cameras. Motion-
based extraction is more appropriate to this case than color-
based extraction. Detection of waving hands from images [9] is
applied to Intelligent Room that consists of distributed cameras

and provides gesture recognition to users for operating home
appliances by hand gestures [10][11].

The Intelligent Room can detect waving hands robustly to
illumination and appearance changes in input images captured
by distributed cameras. However, it requires that width of
waving hand is more than 30 cm for the robust detection. This
is not easy for the elderly to use because of large movement.
Spatial memory applications [12] also need to minimize the
width of waving hand for improving resolution performance.

This paper proposes a method to detect small-waving hand
from image sequences. In this method, degree of periodic
motion is defined based on case-based knowledge. The integral
of the degree of periodic motion over time is used for detection
of small-waving hand.

This paper is organized as follows: Section II defines the
degree of periodic motion based on case-based knowledge
and proposes algorithm to detect small-waving hands from
image sequences. Section III details experimental results for
evaluating detection of waving hand with various conditions
of motion speed, distance from a camera and illumination.
Section IV shows a demonstration of spatial memory applica-
tions by using a distributed camera system with detection of
small-waving hand. Section V presents conclusions.

II. DETECTION OF SMALL-WAVING HAND BY DEGREE OF
PERIODIC MOTION

In this section, we proposes a method to detect small-waving
hands from image sequences. This method is based on pixel-
wise frequency analysis (II-A). Through case-based knowledge
of periodic motion (II-B), degree of periodic motion is defined
(IT-C). Small-waving hands are detected by thresholding of the
degree of periodic motion (II-D).

A. Frequency Analysis of Image Pixels

Amplitude spectrum of frequency analysis is calculated for
intensity changes of input images as frequency features.
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(a) Intensity change I, (3, j,t).
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(b) Spectrum amplitude A(%, j,¢, f).

Comparisons of intensity change and spectrum amplitude among ‘steady’, ‘passing’, and ‘waving hand’ conditions. (a) Intensity change of a pixel

on a low-resolution image converted from an input image (30 fps). (b) Spectrum amplitude corresponding to the intensity change shown in Fig.1(a).

Input image I(t) captured from a distributed camera at
current time ¢ is converted to low-resolution image I ().
This conversion is for smoothing change of intensity value
I1.(i,7,t) at a point with image coordinates (¢, j) including
gesture motion and is for reducing computational cost of
frequency analysis and noise included in an input image I(¢).

At each pixel on low-resolution image I (i,5,t) (i =
1,2,...,Wg,3=1,2,..., Hy), amplitude spectrum is analyzed
by FFT (Fast Fourier Transform) with recent N intensity
values Iy (4,j,t — N+ 1) ... I(i,5,t). Wi and Hy, are the
pixel numbers of width and height of the low-resolution image
I(t), N is the number of intensity samples for frequency
analysis. Amplitude spectrum A(%, j, ¢, f) is calculated by

N-1
Al g t, ) = | D Inlis gt + k)WL )
k=0

where f is frequency, Wy is the twiddle factor of DFT
(Discrete Fourier Transform).

B. Frequency Characteristics of Periodic Motion

Small-waving hand of periodic motion (labeled as ‘waving
hand’) is compared with other two typical conditions (labeled
as ‘steady’ and ‘passing’). The details of these conditions are
as follows: ‘waving hand’ is that waving hand periodically
passes through a low-resolution image pixel (i, 7). ‘steady’ is
that variation of Iy, (4, j,t) is quite small such as background.
‘passing’ is that a moving object once passes through a low-
resolution image pixel (7, j) only once.

Examples of time series variation of intensity values are
shown in Fig.1(a), comparing among ‘steady’, ‘passing’,
and ‘waving hand’ conditions. Handwaving makes periodical
change of intensity value of image pixels located in the moving
region while keeping intensity values almost flat in ‘steady’
and ‘passing’ conditions.

Fig.1(b) shows spectrum amplitude of frequency analysis
corresponding to the intensity change shown in Fig.1(a).
In ‘steady’ condition, low-frequency spectrums below 1 Hz
are mainly observed. In ‘passing’ condition, with increasing
frequency, spectrum amplitude decreases monotonically ac-
cording to the hamming window for frequency analysis of
finite samples. In ‘waving hand’ condition, in contrast to
‘passing’ condition, the spectrum amplitude at 2 Hz is quite
small, and there is a peak spectrum amplitude at 4Hz in the
frequency range more than 1 Hz. The frequency of this peak
corresponds to actual frequency of waving hand.

C. Degree of Periodic Motion

In this paper, we define the degree of periodic motion
P(i,j,t) at a point with image coordinate (i,j) at current
time ¢ as

t
P(w,t)=/0 [BIgfagﬁA(m,s,f)—A(w,sﬂ) ds. (2)

The degree of periodic motion P(i,j,t) integrates the fre-
quency characteristics of periodic motion described in II-B
over time and is used for detection of small-waving hands
from image sequences.

D. Detection of Small-Waving Hand

Small-waving hands are detected in low-resolution image
sequences I (i, j,t) by thresholding of the degree of periodic
motion P(i,j,t) at each image pixel (7, ;). For each image
pixel (i, 7), the detection algorithm is as follows:

1) Initialization of P(i,j,t = 0) to be 0.

2) Update of P(i,j,t) with the current A(i, 7, t, f) as

P(Z7]7t> = P(’L,Lt—l)
+3??§6A(Zajyta ) —A(@,7,t2). 3)

3) Judgment of small-waving hand by thresholding of
P(i, j, t).
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Fig. 2. Average and standard deviation of detection time when changing

conditions of waving hand and distance from a camera.

III. EVALUATION OF DETECTING SMALL-WAVING HAND

The proposed method of detecting small-waving hand is
evaluated on various conditions of waving speed, illumina-
tion, and distance from a camera. The relationship between
detection rate and detection time is investigated in the section
II-A. The robustness to illumination change is examined in
the section III-B.

A camera of Axis 233D is used in these experiments. The
horizontal angle of view is 55.8 deg, and the vertical angle of
view is 43.3 deg. The size of input image is 640 x 480. The
frame rate is 30 fps.

A computer with Intel Core 17 975 processer, 6 GB memory,
and GeForce GTX 285 of GPU (Graphics Processing Unit).
The input image is converted to low-resolution image of
80 x 60. The detection of small-waving hand is processed at
each pixel on low-resolution image, which is implemented in
parallel using the GPU. The calculation time to process one
image is about 5 ms.

A. Detection Rate and Detection Time

Detecting small-waving hand is evaluated on the relation-
ship between detection rate and detection time. A subject
makes small-waving hand which width is about 5 cm. The
speed of waving hand is controlled with a metronome to be
3,4, and 5 Hz. The distance of subject’s hand from a camera
is changed as 2, 4, and 6 m. For each condition, the number
of trials is 10.

The average and standard deviation of detection time is
shown in Fig.2. In this figure, the vertical axis represents
detection time for the average and standard deviation of error
bar, the horizontal axis is frequency of waving hand, and the
color of each bar means different condition of distance from a
camera to the hand. This figure shows that the detection time
increases with increasing the distance while it is independent
of the speed of waving hand.

The transition of detection rate of small-waving hand is
shown in Fig.3. In this figure, each line means different
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Fig. 3. Relationship between detection rate and detection time.

distance from a camera to a waving hand. The detection rates
of all distance conditions rises to 100 % over time, which
is from the degree of periodic motion P(i, j,t) accumulating
frequency characteristics of periodic motion as defined in (2).
Even a small movement of 5 cm width can be detected at 6
m far from a camera.

False detection occurred when a person in striped or
checked clothes was walking in a captured scene. Movement
of structured color pattern makes periodical change in intensity
value of a image pixel of input image.

B. Robustness to Illumination Change

Detecting small-waving hand is evaluated on robustness to
illumination change. Luminance at waving hand is changed
as 450, 315, 160, 70, and 43 Ix. A subject makes a small
movement of a hand at 5 m far from a camera. Examples
of input images are shown in Fig.4. At each illumination
condition, the number of trials is 20.

All the waving hands is detected correctly, and the average
of detection time with the standard deviation is shown in Fig.5.
In environments with more than 160 1x, the average detection
time keeps about 1.2 s. Even in an environment of 43 Ix,
small-waving hand can be detected in about 3 s.

IV. SPATIAL MEMORY APPLICATION OF DETECTING
SMALL-WAVING HAND

In this section, detecting small-waving hand is applied to
a spatial memory system. This system has several commands
to operate a TV such as switch-on, switch-off, and changing
channels. These commands are assigned to 3D spatial regions
and are activated by giving a trigger of waving a hand to an
assigned region.

The system consists of four networked cameras of Axis
233D and a computer same as used in the previous section.
These cameras are installed at the corners of a square with 6
m width on the ceiling of a room and are calibrated about the
intrinsic and extrinsic parameters to measure 3D positions of
detected waving hand.



(b) 315 Ix

st i ;

(c) 160 Ix

(d) 43 Ix

Fig. 4. Input images with illumination change: 450, 315, 160, and 43 Ix at
the point of a waving hand.

There are 6 commands in this system: (1) Ch. 1, (2) Ch. 2,
(3) Ch. 3, (4) Ch. 4, (5) Ch. 5, (6) TV on/off. Each command
is assigned to a cube with 30 cm width, and 6 cubes are
arranged in 2 rows and 3 columns on a table. Examples of
input images from distributed cameras are shown in Fig.6. In
the figure, 6 white papers on a table are areas of the assigned
commands. The surrounding people makes small-waving hand,
including finger tapping shown in Fig.7, in the command-
assigned regions to operate a TV.

The system detects small-waving hand in image sequences
from distributed cameras and measures the 3D position by
stereo vision to select a command assigned to the handwaving
location. If the measured 3D position is in a cube defined
before, the system outputs the assigned command.

The spatial memory system is evaluated on relationship
between input commands by handwaving and detected com-
mands by this system. Each command was tested 4 times by a
subject. The number of subjects is 5. Each command assigned
to a certain 3D region has 20 trials in total.

The confusion matrix of actual and detected locations is
visualized in Fig.8. In this figure, black cells mean high co-
occurrence frequency of actual location in the column and
detected location in the row. The rate of correct detections
was 94.2 %. The reason of false detection is the shift of
measured 3D position by detection of waving arms involved
with handwaving.

V. CONCLUSION

In this paper, we proposes a method to detect small-waving
hand in image sequences captured from a distributed camera
system. The degree of periodic motion is defined as accumula-
tion of frequency features over time and is effective to detect
small-waving hand even in far and dark environments. The
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Fig. 5. Average and standard deviation of detection time when changing

illumination conditions as shown in Fig.4.

proposed method can also detect a finger tapping with 5 cm
gap, which is 6 times smaller than conventional way. Detection
of small-waving hand is applied to a spatial memory system
through measuring the 3D position by distributed cameras.
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(a) Captured image from camera 1 (b) Captured image from camera 2

(c) Captured image from camera 3 (d) Captured image from camera 4

Fig. 6. Input images captured from distributed cameras.

(a) Initial phase (b) Opposite phase

Fig. 7. Zoomed images of a finger tapping as small-waving hand.
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Fig. 8. Visualized confusion matrix of actual and detected locations of waving
hand.



