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Abstract: Realtime processing plays an important role in the achievement of more natural and physically intuitive ways for user-machine interaction. The
main scope of this article is the development of a computer vision stereo capture unit that would fulfill more natural user-machine interaction within
contemporary mobile telecommunication solutions. One of the main problems with current mobile devices is the restricted size of the showing area and
the data input methods as a manner of device navigation. One of the most convenient ways to solve this problem is the use of gesture recognition within
virtual or augmented reality applications.

In such cases the skin color can be a very comprehensive feature and so color tracking has been used to achieve the required goal. We have developed
amethod of color and spatial filtering for the purpose of indicating skin features and constituting skin formations within the level of the binary mask stream.
A new stereo capture unit hardware structure with an accelerated digital nonlinear parametrical filter is shown. This features reak-time searching for skin
colored regions in a two-dimensional image stream where the parametrical design of the color filter also offers color detection in a comprehensive way.
This parametrical scheme for the color filter enables automatic simultaneous adaptation of parameters due to changes in scene luminance and automatic
adaptation possibilities of the color filter to the different types of skin.

Enota za zajemanje stereo slike za delovanje v realnem ¢asu
s strojno izvedenim digitalnim filtrom

Kljune besede: racunalniski vid, procesiranje slike, barvno filtriranje, prostorsko filtriranje, barvni prostor, barva koze, uporabnigki vmesnik, interakci-
ja, sledenje roke, sledenje glave, prepoznavanje kretenj, kozna formacija, bitna maska

lzvlecek: Pomembno vlogo za &im bolj intuitiven nacin interakcije med uporabnikom in strojem ima procesiranje v realnem casu. Clanek prikazuje razvoj
na racunalniskem vidu zasnovanega vmesnika za zajemanje stereoskopskega video signala, ki omogoga poglobljeno interakcijo med uporabnikom in
strojem znotraj aplikacij sodobnih telekomunikacijskih tehnologij. Glavni problem sodobnih mobilnih telekomunikacijskih tehnologij predstavija omejena
velikost prikazovalnega polja in nacina vnosa podatkov oziroma navigacije same naprave. Eden izmed najprikladnejdih na¢inov resevanja tega problema je
uporaba razpoznavanja kretenj znotraj aplikacij navidezne in razsirjene resniénosti.

Predstavijena je metoda barvnega sledenja, kjer smo razvili pristop barvnega in prostorskega filtriranja za oznacevanje koznih znaénic in tvorbe koznih
formacij na nivoju bitnih mask. Prikazana je struktura enote za zajemanje stereoskopskega video signala z uporabo strojnega pospesevanja v obliki
digitalnega nelinearnega parametricnega filtra, ki omogoca iskanje kozno obarvanih regij v dvodimenzionalnem slikovnem zaporedju v realnem ¢asu.
Parametritna zasnova predstavljenega pristopa omogoca samodejno sprotno prilagajanje na spremembe osvetlitve v sceni, kjer obstaja tudi moznost
samodejne adaptacije na razlicne tipe koZe.

It can be seen on the basis of the human machine interac-
tion that most communication is based on dynamic hap-

1. Introduction

Most common intelligent environments suffer from the lack
of natural and intuitive interactive devices. This can be es-
pecially felt within modern mobile telecommunication de-
vices such as cellular phones, digital personal assistants,
tablet computers and similar. The main problems for most
of these mobile telecommunication devices that are be-
coming more and more intelligent and feature even more
attractive services, is the lack of display size and interac-
tion methods like data input or simply navigation and con-
trol. As a result conventional interaction devices such as
the mouse and keyboeard turn out to be unsuitable, which
motivates the development of a vision-based tactile inter-
face.
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pening as the vision-based interface creates new content
for each subject movement or gesture regardless of wheth-
er the movement or gesture was an expression of desired
activity, selection, manipulation or just navigation. Dynam-
ic happening within the captured scene is closely connect-
ed with any motion within the captured image sequence.
When no subject movement is present at a given moment
then the users have no requests to express themselves at
the time.

It is reasonable to define user area for interaction within all
three spatial dimensions because humans have a highly
developed feeling of space. This enables the user more
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natural and intuitive ways of communication. The user area
for communication is defined as the area where the vision-
based system is capable of tracking the movements and
gesture of the navigational subject.

The basic idea of this work was to design an interface sys-
tem that would enable tactile interaction within virtual or
augmented reality user environments. As a control subject
oftactile communication the user hand with stretched fore-
finger has been introduced, where the finger-tip represents
the reference or navigation point of the interface.

From the beginning of the system design we had in mind
that the interface should be able to gain real-time image
processing, as this represents the basis for intuitive and
more natural interaction with the machine. At this point the
idea of interface usage was the ability to adapt the system
into contemporary mobile telecommunication technology
because the main problem lies within insufficient display
size and user interaction methods. However, this is not the
only problem concerning mobile technology because it
suffers from available processing power and energy con-
sumption. Real-time processing therefore was not the only
concern to be considered although lower available process-
ing power and data bandwidth was expected.

2. Stereo capture unit

In order to gain more natural and human-like interaction
within the interface, a computer vision has been included
that features the defining spatial position in all three di-
mensions. The use of stereoscopic vision requires two
spatially and parametrically aligned image sensors shifted
side by side, for which two analogue cameras have been
used, as they offer an effective way of achieving the de-
sired goal.

A stereo capture unit presents a special hardware design
that can be used in fusion with digital signal processors
from Texas Instruments. The testing hardware release was
build for floating-point DSP TMS320C6711 /19, 20/. This
system design enables the capturing and preprocessing
of two independent analogue video streams in real time. In
addition stereoscopic vision requires the simultaneous
capturing of two image sequences, thus the interface sys-
tem should utilize two separate capturing units. As a mat-
ter of fact this approach would require more data band-
width. Instead of utilizing two capturing units, a time-se-
quential video system is purposed where only one captur-
ing unit is required. To achieve the stereoscopic cue, left
and right images are spatiaily superimposed and tempo-
rally interleaved within one time-sequential image stream.
It is reasonable to suppose that this approach lowers the
quality of service, as the number of frames for a particular
image sensor is halved but the interaction refresh rate still
satisfies an adequate level of immersive communication.
However, the drop in refresh rate is not the only concern
of a time-sequential video system, as a time delay appears
between the pair of captured stereo images. Consequent-

ly this time delay becomes a motion parallax problem when
motion is present within the captured scene.

2.1. Skin color

Color is one of the most expressive visual features. Con-
siderable work has been done on designing efficient de-
scriptors for these features covering many applications. The
color histogram is one of the most frequently used color
descriptors that characterize the color distribution of an
image. Common color description is based on dominant
color, variable color and color structure within a color
scheme.

Skin color has been chosen as the main feature in two-
dimensional image, since this is the primary feature of the
navigational subject. We have designed a hardware accel-
erated preprocessing stage on the level of programmable
logic because of the pretension of color in spatial filtering
for real-time. In several applications we encountered pre-
vious spatial filtering (low-pass filters) as it gives better re-
sults within the color segmentation stage. This requires an
appropriate amount of free memory to store parts of the
colored image. In our case the first stage of filtering is color
feature extraction as a way of skin feature labeling, where
in the next stage (spatial filtering) these features are spa-
tially linked to skin formations, and noise singularities are
removed. This approach for spatial filtering requires less
memory requirements as the skin features exist within the
binary mask, and gives adequate uniform color segmenta-
tion results. Color filter development has been accom-
plished through an appropriate mathematical model /34/
that issues the statistically acquired skin-color description
in the HSV color space.
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The given distribution has been equipped with appropriate
parameters that feature adaptation to different luminosity
conditions within the captured scene, and adaptation to
different skin types.

2.2. Motion detection

Motion detection within the motion analysis has been in-
troduced using deterministic algorithms thus the process-
ing time does not depend on the complexity of the cap-
tured scene, respectively the number of skin formations in
the input image sequence. The motion detection core is
based on a logical operator that performs its operation on
three sequential binary masks. Continuous memory is
needed for the storage of binary masks and so the motion
detector algorithm is implemented within the digital signal
Processor.

LO ={m (T, m,(T =1),m,(T =2)]> mm (1)} (2.2)

179



Informacije MIDEM 33(2003)3, str. 178-187

[. Kramberger, Z. Kagi¢: Stereo Capture Unit for Real-time
Computer Vision, Featuring Hardware-accelerated Digital Filter Design

The logical operator LO offers a fast and effective way of
processing where its results are presented as a dynamic
binary mask. The dynamic binary mask elements mm; are
those skin features m; that are in motion. As in other similar
methods for motion extraction using color filtering without
any additional features like image edges, the given motion
detector is liable to difficulties due to the mutual occlusion
of individual skin formations that are projections of static
or dynamic skin-colored subjects, and objects within the
captured scene.

3. Hardware design for real-time
processing

Appropriate hardware design has been suggested in or-
der to achieve real-time processing of the given algorithms.
The given hardware architecture features hardware accel-
eration using programmable logic that is implemented within
the dynamically programmable FPGA circuits. The system'’s
data path is divided into several processing stages.
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Figure 1:

The first stage of the data path begins at the analog video
multiplexer which combines two analog video streams from
the employed analog cameras. Cameras are mounted in
parallel configuration where the distance between them
coincide with the average distance between human eyes.
The parallel camera setup is advantageous over the toed-
in approach since there is no vertical disparity introduced
and the governing disparity equation is straightforward.
However, the common field of view between the left and
right acquired images becomes small and the correspond-
ence problem becomes impossibie for tokens at the outer
extremes of the images. The analog video multiplexer cre-
ates a time-sequential video stream, where left and right
video streams are spatially superimposed and temporary
interieaved.

At the next processing stage the time-segmental video
stream is captured and converted into a digital video stream
which is described using a YCbCr color scheme. The an-
alog video muitiplexer and cameras are synchronized for
capture period T depending on the used video standard. If
the suggested PAL video standard is used then the cap-
ture period T is 12.5 frames per second, as the PAL video
standard for the frame rate is defined at 25 frames per
second. The processing requirements are not only defined
by the frame rate but also by the employed video stream
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spatial resolution. The image resolution is defined at 625
lines for PAL video standard where each of them consists
of 944 pixels. Of the given number of pixels, 768 are ac-
tive within each line where 576 active lines are present.
Thus the pixel frequency within the PAL video stream is
14.75 MHz.

The high-quality single-chip digital video decoder TVP5040
from Texas Instruments /17, 18/ was used as the video
capture unit. This converts base-band analog NTSC and
PAL video into digital component video. Both composite
and S-video inputs are supported. The TVP5040 includes
two 10-bit A/D converters with 2x sampling. The output
formats can be 8-bit, 10-bit, 16-bit, or 20-bit 4:2:2.

3.1. Logical preprocessor

The logical preprocessor is fully designed within the pro-
grammable logic devices and features hardware acceler-
ated color and spatial filtering algorithms. The FPSLIC and
FPGA circuits from Atmel were used as programmabile logic
devices. A logic device that interacts directly with the dig-
ital video decoder the AT94K40 FPSLIC device was used
first /13/. This integrated circuit combines an AT40K dy-
namically configurable SRAM FPGA and high-performance
8-bit AVR RISC microcontroller with standard peripheral
interfaces. The second logic device was a standard SRAM
based FPGA integrated circuit AT40K40 /15/. Both de-
vices can be efficiently used as coprocessors for high-
speed (DSP/processor-based) designs by implementing
avariety of computation intensive, arithmetic functions /9,
10/. These include adaptive finite impulse response (FIR)
filters, fast Fourier transforms (FFT), convolvers, interpola-
tors and discrete-cosine transforms (DCT) that are required
for video compression and decompression, encryption,
convolution and other multimedia applications. Both de-
vices are capable of implementing Cache Logic (dynamic
full/partial logic reconfiguration, without loss of data, on-
the-fly) for building adaptive logic and systems. As new logic
functions are required, they can be loaded into the logic
cache without losing the data already there or disrupting

YO Y1 Y2 Y3 Y4 Y5
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X Intensity Y and chromatic C sample

>< Intensity sample Y

Figure 2: YCbCr 4:2:2 digital video format.
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the operation remaining of the chip; replacing or comple-
menting the active logic. The AT40KAL can actas arecon-

figurable coprocessor /7/.

The captured digital video stream at the output of the con-
version stage is given within the 4:2:2 YCbCr format. This
means that the digital video stream includes twice the in-
tensity information Y than chromatic information Cb and
Cr. Priorto color filtering the employed sample format has
to be converted into a 4:4:4 sampling scheme /26/. In
such a way each of sampled image pixels has full color
information. The given conversion is included within the
preprocessing stage. The preprocessing stage can be
gathered as a logical preprocessor (figure 4).

YO Y1 Y2 Y3 Y4 Y5
Cco co C1 cy C2 cz

>

Intensity Y and chromatic C sample

Intensity Y and computed chromatic C sample

Figure 3: YCbhCr 4:4:4 digital video format.

The logical preprocessor input signal is the captured digit-
al video stream within the YCbCr 4:2:2 sample format. The
logical preprocessor output signal is represented as a bi-
nary mask stream. Thus it is obvious that less data band-
width is required to transmit the binary mask stream as for
YCbCr digital video format.

DIgl;?;:gbcr Binary masks
. Preprocessor
295MB 184 MB
Figure 4: Color and spatial filtering stage.

The preprocessing stage includes the already mentioned
digital video format conversion, and the color and spatial
filter.

3.2. Skin color filter

An employed nonlinear parametrical digital color filter is
based on the given mathematical model /35/ where the
suggested logical units were used. In order to lower the
logical and computing complexity of the digital filter the
given structure of common logical unit LU was optimized
for each of the given threshold constraints within the math-
ematical model in association with their computing com-
plexity /35/.

Figure 5:

Structure of common logical unit LU,

Figure 5 presents a general design of a logical unit LU that
features computing for all conditions ¢; within the mathe-
matical model of the filter /35/. Mathematically the logical
unit expression can be written as a scalar product of the
two vectors

¢, = m, m, my |V Ch cr] = p, B

The values mj; present the parameters of the digital nonlin-
ear filter and the YCbCrtriple the input pixel sample where
piis the given threshold value for the current condition ¢;.
On its input the logical unit accepts values of the individual
image points within the YCbCr color space where each
particular component of the YCbCr triple is given as an 8-
bit value. Thus the color of each input point is given as 24-
bit color depth. The Y component is given as value within
the interval [0, 255] while chrominance components Cb
and Cr are given as values within the interval [-128, 1271,

Each individual input data component is multiplied by the
appropriate parameter m;; which is given as an 8-bit value.
Used multipliers perform signed integer multiplication
where, in the next step, the adders are forming partial sums
that are compared to an adequate parameter pi. The com-
parison is carried out by a 16-bit comparator that passes
the binary output information to the output logical function
of the digital filter. The parameters my and p; are imple-
mented as registers within the digital filter and are able to
memorize current setup values. These values can dynam-
ically change during runtime.

The architecture of the given digital color filter is based on
parallel configuration where appropriate condition values
are computed in a parallel fashion. There are six condi-
tions needed for the mathematical model. Therefore for
each individual image pixel within the input digital video
stream given conditions are computed where the output
function of the color filter defines the logical state that rep-
resents the skin feature within the binary mask stream.

3.3. Automatic adjustment to scene
luminance

The described digital nonlinear color filtter has the ability to
modify its parameters dynamically. The given parameters
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are definable using the shown mathematical digital filter
model. Thus it is possible to automatically adapt the pa-
rameters regarding scene luminance within the input im-
age stream i(t). It is reasonable that the parameters of the
filter have to be corrected for larger changes in scene lu-
minance, to achieve regular skin features extraction. It was
found that within the changes in scene luminance it is nec-
essary to modify the threshold values for saturation Smax
and value vmax as the hue in such cases shows more or
less constant value except when the brightness is very high.

Within the input sequence image, represented by the in-
putimage stream i(t) the color stimulus, in general, is non-
uniform over the entire image area. Thus itis reasonable to
obtain a general estimation for the brightness and satura-
tion of the entire image area. As the input stream is repre-
sented within the YCHCr color scheme it is possible to use
the Y component for an adequate estimation of brightness,
whilst chrominance components Cb and Cr can be used
for an adequate estimation of saturation. The average val-
ues for image brightness v and saturation § can, there-
fore, be computed as

B 1 N . B 1 N ' )
V= 2 YD and s ==Y SCHILC) (3.2)

where N stands for the number of image points, / denotes
the current coordinate of a point and S(Ch, Cr) is the satu-
ration function indirect to chrominance.

The estimation for saturation 5 remains constant for global
changes of scene luminance as a reflection of changes in
the brightness of the light sources whilst the input image
stream shows changes in estimation for value V. The aver-
age estimation for saturation s mostly depends on the spec-
trum of the light stimulus within the scene. This shows that
the average saturation estimation can be used to correct
the saturation threshold of the digital filter and furthermore
the average estimation value can be used to correct the
value threshold.

The digital filter's threshold values can be modified dynam-
ically in real time regarding the capture interval 7. Thus
both estimations become time-dependent as their values
within the previous capture interval T-7 can be used to
correct the current threshold values at interval T. Conse-
quently the threshold values Vmax and Smax become time-
dependent as their values are altered at the beginning of
the capture interval T. The given implication can be written
as

VI =D,5T D12 Y (1),5,, (D)} B.3)

The functional dependence of a given implication can be
gathered using large sample set of test images under dif-
ferent lightning conditions where the appropriate values
can be estimated to assure constant filtering quality.
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3.4. Spatial filter

The introduced spatial filter features a median translation
function within the binary mask stream. Spatial filtering is
employed in order to remove singularities within the binary
mask stream, caused by image noise, and to link small
homogenous regions of skin features into larger skin for-
mations. Skin formation £ is the union of those skin fea-
tures or elements of binary mask that are combined by
spatial connectivity. Two elements of binary mask are spa-
tially connected if a path between them exists where the
characteristic function stays constant. If spatial connectiv-
ity is expressed as:

0,1 = 3 Sl +illy+ 1) 5

j=—] -

then the element m(x,y, T) is spatially connected with one
of its eight neighbors if ¢(x,y,T)>7. As noise within the bi-
nary mask not only exists as a singular skin feature but
also as small skin formations it is reasonable to remove
small skin formations or spatially link them to larger skin
formation with the use of a spatial median filter MF. The
translation function of the median filter within the level of
binary masks can be expressed as:

2 P
1, m([x+i),[y+ j1,T) = med
P ) P )
e 2
ME=y i
, (8.5)
0, i}'n([x+i],[y+j],T) < med
PG RG]
2 2

where k and / are positive odd numbers that define the
size of the treated region within the binary mask. The ade-
guate median value med can be expressed as

med:%+1, (3.6)

As an example a digital spatial filter with size of translation
matrix 3 x 3 is shown in Figure 6.

Input stream of I :
binary masks i DF 1+

DF fem

Dy

I
|
|

Qutput stream of

R binary masks

Logical function

Architecture of spatial filter with size of
translation matrix 3 x 3.

Figure 6:



I. Kramberger, Z. Kaci¢: Stereo Capture Unit for Real-time

Computer Vision, Featuring Hardware-accelerated Digital Filter Design

Informacije MIDEM 33(2003)3, str. 178-187

The logical function of a given spatial filter can be expressed
in terms of partial sums by column or rows. The FIFO mem-
ory is employed in order to memorize those particular bi-
nary mask lines needed to gain proper spatial filter opera-
tion.

4. |Initialization, synchronization and
data path

Because FPSLIC and FPGA logical devices are SRAM
based they need to be initialized with the appropriate con-
figuration bitstream after power-up or master reset signal
has been received. Therefore a serial EEPROMO configu-
ration memory AT17LYV010 with capacity of 128 kB was
used /16/. Both devices are configured from the same
configuration memory in master/slave fashion. The bit-
stream of the FPSLIC device also includes the firmware or
the program memory of the embedded AVR microcontrol-
ler.

The firmware of the embedded AVR microcontroller is start-
ed after successful configuration of the logical devices. The
first step of the AVR program is to configure the digital vid-
eo decoder. This is done by uploading the digital video
decoder firmware which is written in the second serial EEP-
ROM1 configuration memory AT17C256 with a capacity
of 32 Kb /16/. The host peripheral interface HPI /17 / con-
nected to the embedded AVR core is used for loading the
program data and appropriate digital video decoder con-
figuration. As the digital video decoder is being configured,
the AVR program configures the time-sequential analog vid-
eo multiplexer. The connection between the embedded
AVR core and the video multiplexer is done by using one of
two asynchronous serial ports. The second asynchronous
serial port is used for direct communication between the
embedded AVR core and a standard personal computer.

analog titne-sequential
video stream

This makes it possible to dynamically change capture pa-
rameters, digital color filter parameters or gather status
values in runtime during operation. This hardware feature
is useful during application development and debugging,
or similar.

The master synchronization signal is generated by a con-
trollable analog video muitiplexer where both analog cam-
eras are synchronized with each other. The analog multi-
plexer can receive control commands such as full/half
frame auto-switching where an analog time-sequential and
spatially superimposed video signal is generated. The vid-
eo signal can also be configured as a single left/right cam-
era signal. All commands to the video multiplexer synchro-
nization controller are executed within the blanking of the
video signal so that no synchronization errors can occur.
Each time the video signal is switched between left and
right camera signals, a special synchronization signal is
send to the embedded AVR core over the serial link. This
signal informs the AVR core to add framing to the data
path.

As already stated the data path begins at the analog video
multiplexer where the time-sequential video signal is gen-
erated. This signal is captured by the digital video decod-
er and passed to the digital preprocessor. The logical cir-
cuit within the FPSLIC device receives the digital video
signal and extracts skin features. Skin features in the form
of a binary mask stream are transferred to the second log-
ical circuit within the FPGA device where spatial filtering is
performed. The skin formations are created in such a way
and then transferred to the DSP system.

There are three different communication channels imple-
mented between the DSP and digital preprocessor. Two
of them use McBSP (Multi-channel Buffered Serial Port)
interfaces of the DSP /19/. These two ports need syn-

digital video stream

left camera

Analog video
input "") 5 '—"

multiplexer decoder

Digital video

right camera R ——
input : Synchronization

controller

TVP5040

L EEPROM | e

asynchronous serial port

YCbCr 4:2:2
— FPSLIC —3 FPGA
AT94K40 AT40K40
) =~ Embedded
AVR core
=) —
21 B
o0 o o=
sl 3| 2

- Personal computer

Figure 7: Block scheme of the capture unit.

asynchronous serial port
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Digital signal processing system
based on TMS320C6711
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chronous serial transmitter/receiver logic which is imple-
mented within the FPGA and FPSLIC logical circuits. The
McBSPO port is used for the transfer of the binary mask
stream. This serial port is configured to transfer 32-bit long
words where 24 framing signals are required to transfer
768 bits of the complete binary mask horizontal line. The
DMA (Direct Memory Access) of this serial communica-
tion channel is configured to receive and transfer the bina-
ry mask stream to the main memory of the DSP system
where complete framing of the binary mask is added. Mo-
tion extraction has been added within each of the DMA
cycles where implication of the logical operator LO has
been used. Each of the 32-bit long words received for the
current binary mask M(T) is used to compute the current
dynamic binary mask MM(T). This means that, the dynam-
ic binary masks are computed in-time with binary mask
stream capturing.

The second McBSP1 port of the DSP is used to send/
receive configuration data as, for example, the parame-
ters of skin feature extraction within the digital color filter.
The second serial communication channel is bound to the
embedded AVR core where the embedded firmware re-
ceives the configuration data and applies those configura-
tion changes into logical units LU registers used to store
the parameter values of the skin feature extraction proc-
ess.

Automatic adjustment to scene luminance is solved over
the second serial communication channel. The embedded
AVR core accumulates the current average values for val-
ue v and saturation § within the current captured frame
and passes them to the DSP system. The DSP program
calculates new color filter parameters and sends them back
to the AVR core where these new calculated values are
applied to the color filter logic.

The third communication channel between the logical pre-
processor and the DSP can be configured using the EMIF
/19/ (Extended Memory Interface) of the DSP. The EMIF
interface features 32-bit parallel access to the logic circuit
within the FPGA device for read/write operation. This fea-
ture of the hardware design can be used within applica-
tions where larger data bandwidth is required. Within the
DSP system the EMIF interface can also be configured for
DMA cycles and can be used for non-filtered image trans-
fers.

5. Efficiency estimation for given
hardware structure

In order to gain real-time processing within the given sys-
tem, the available time to perform all required algorithms is
80 ms when PAL video standard is employed. A time de-
lay of 40 ms is present between the left and right captured
images due to the employment of a time-sequential video
system. To achieve efficiency estimation for the given hard-
ware structure, atest bed was created that runs on a stand-
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ard personal computer within the MS Windows operating
system and has been developed with MS Visual Studio 6.

Some additional processes have been added to estimate
time performance requirements for a particular algorithm
within the given functionality. The current test bed features
definition for the spatial positions of those skin formations
stereo pairs that represent the nearest skin-colored sub-
ject within the captured scene. The algorithm that defines
the spatial position uses the energy projection approach
within the left and right dynamic binary mask. As energy
projections are computed the set of potential stereo skin
formation pairs is generated where the best match is cho-
sen by the stereo correspondence algorithm that uses the
stereoscopic and epipolar constraints of the stereo paral-
lel camera setup /3/.

In such a way the combined processing path of the com-
plete test bed functionality was divided into particular proc-
esses:

- Process of color and spatial filtering that includes skin
feature labeling and the creation of homogenous skin
formations.

- Process of dynamic binary mask creation with em-
ployment of a logical operator.

- Process of energy projections computation.

- Process of defining the spatial positions of skin for-
mations that includes motion analysis and solving ster-
€0 correspondence problem.

- Process of frame backup that is required to gain dy-
namic binary mask creation.

Table 1 shows the gathered performance requirements
measured using a personal computer where the times are
given as a proportion of the disposable processing power.

Table 1: Relative times required to perform specific

process.
Process Required time
Color and spatial filtering 0.6386
Dynamic binary masks creation 0.3456
Encrgy projection computation 0.0005
Definition of spatial position 0.0004
Backup current frames 0.0007

The time required to define spatial position depends of the
number of skin formations found or present within the cap-
tured scene. It can be seen (table 1) that most of the avail-
able processing time is required for color and spatial filter.
About 35 % of available time is required for the creation of
dynamic binary masks, where other 1.6 % is required for
other operations that include energy projection computa-
tion, spatial position definition and backup of current
frames.

Color and spatial filtering is performed using the suggested
hardware architecture within the preprocessing stage, thus
available processing time is increased by about 60 %.
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Non-filtered stereo image of input
sequence.

Figure 8:

Appurtenant binary masks without
employment of spatial filtering.

Figure 9:

Appurtenant binary masks with
employment of spatial filtering.

Figure 10:

Dynamic binary masks MMUT), MMg(T)
where the input sets of their elements are
the binary masks M(T-1), Mgr(T-1).

Figure 12:

Figure 13:  Dynamic binary masks MM(T), MMg(T)
" where the input sets of their elements are
the binary masks MU(T), Mg(T).

Figures 12, 13 show two different approaches for motion
extraction using the same logical operator. It can be seen
that the skin formations are not fully extracted due to the
slow-motion of the controlled subject regarding capture
period T. Thus the quality of motion detection mostly de-
pends on the velocity of the subjects in motion within the
scene and the capture period T. The capture period was 6
stereo frames per second for the given results as they were
captured within the test bed software.

Placing the binary masks onto the original
input stereo image.

Figure 11:

The original stereo image of the input sequence is given in
figure 8. Figure 9 shows the appurtenant binary masks
where no spatial filter has been employed. In contrast, fig-
ure 10 shows the same binary masks with the employment
of spatial filtering with size of translation matrix 5 x 5. Fig-
ure 11 presents the implication of the binary masks onto
the original input sterec image where they are spatially
superimposed.

Figure 14:

Definition of the navigation point’s spatial
position.

The definition of the navigation point's spatial position is
shown in figure 14 where the vertical lines denote the po-
sition of extreme value within the appropriate energy pro-
jections whilst the horizontal lines denote the boundary
frames By, Bg for given skin formations (figure 15).

Figure 15 shows vertical errors Ay, Ar of the adequate
boundary frames By, Br for given skin formations caused
by motion parallax due to time delay in time-sequential ster-
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eo capturing. In such cases the navigation point coordi-
nates in the vertical direction can be computed as the av-
erage value between appropriate navigation point projec-
tions to the left and right image planes.

Vertical errors within the boundary frames
B, Br caused by motion parallax.

Figure 15;

6. Conclusion

It has been shown that with the suggested time-optimized
labeling or skin feature extraction within the captured ster-
eo input image sequence performed by nonlinear para-
metrical digital color filter, it is possible to create binary
masks in real-time. It is possible to create skin formations
and remove noise singularities by spatial dependence ex-
amination between skin features within a small region of
the binary mask. It has been shown that with dynamic bi-
nary mask computation with a suggested logical operator,
it is possible to define those regions within the image se-
guence that are exposed to changes due to the motion of
skin-colored subjects and objects within the captured
scene.

The presented color and spatial filtering can also be fore-
seen within other vision-based applications that require the
extraction of human parts from real-time image sequence
such as a human face for example. In further work we sug-
gest detailed analysis of automatic color filter adaptation
to different types of skin. A more exact definition of skin-
color area that would be more specific to user's skin types
would gain more accurate extraction of skin features and
thus, more precise definition of skin formations within the
image sequence. Regions could be predicted where oc-
clusion of dynamic and static skin formations could occur
using appropriate scene complexity estimation. Therefore
the employment of a two-dimensional model of the control
subject could solve the problems of spatial positional def-
inition within those regions.
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