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Abstract

Developing a Real-Time Person Tracking System Using the TMS320C40 DSP

Developing a Real-Time Person

Tracking System Using the
TMS320C40 DSP

This application report describes the development of a real time
system for tracking a walking person using a high-speed image
processor and an active camera head. The image processor is
composed of five digital signal processing (DSP) boards. Each DSP
board includes two Texas Instruments (TIJ) TMS320C40 DSPs that
communicate with each other through the communication ports and
perform various image-processing in parallel.

The first three DSP boards calculate flows (the velocity field of an
image) based on the gradient method. Next, the region of a person
on the image is extracted from the optical flows using knowledge
about the shape of a person. Finally, the camera head is controlled
to keep the person in the field of view of the camera. The result is
shown for tracking a person in a cluttered background.

This document was an entry in the 1995 DSP Solutions Challenge,
an annual contest organized by TI to encourage students from
around the world to find innovative ways to use DSPs. For more
information on the TI DSP Solutions Challenge, see TI's World Wide
Web site at www.ti.com.
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World Wide Web

Our World Wide Web site at www.ti.com contains the most up to
date product information, revisions, and additions. Users registering
with TI&QME can build custom information pages and receive new
product updates automatically via email.
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Introduction

Developing a Real-Time Person Tracking System Using the TMS320C40 DSP

Collision avoidance is a key consideration for people working with
autonomous robots. Computer vision is an effective tool in collision
avoidance because it tracks a person without requiring physical
contact.

Tracking generally takes excessive time to process images because
of the enormous amounts of data contained in the images. A camera
must be able to turn to keep a person in its field of view while the
person moves in the environment. Our objective is to track a walking
person in real time using an active vision system with a camera
head and high-speed image processor." We use optical flows, the
velocity field of an image, to detect a person in an image.

Various methods are available to calculate the optical flows.? ® This
application report uses the gradient method.” ® Two different spatial
filters are convolved to an input image to solve the constraint
equation of the gradient method. Though the cost of the convolution
operation can be prohibitive, dividing the two-dimensional spatial
filters into two one-dimensional recursive filters can reduce the
processing.® The region of the person is segmented based on the
difference in velocity between the person and the background.
However this method cannot detect the correct region of the person
if the velocity of the person is similar to the background velocity or a
part of the person’s body is occluded.

We use the knowledge of the shape of the person to cope with these
situations. The shape of the person is the ratio of the height to the
width of the person in the image. Since the ratio of the walking
person does not change much, the region of the person is
determined to keep the ratio by modifying the region detected from
the optical flows. The active camera head is controlled to keep the
person in the field of view of the camera.

The image processor has a video board and five DSP boards. Each
DSP board contains two TI TMS320C40 DSPs that communicate
with each other through the communication ports. The video board
is the interface between the active camera and the host computer.
The DSP boards perform image processing. Our tracking is
implemented to the image processor. The first three DSP boards
calculate the optical flows. The fourth DSP-board detects the person
and controls the active camera head . And the fifth DSP-board
makes an image of the result for display.

Section 1 describes the extraction of optical flows. The result of
extraction of optical flows is shown.

Section 2 shows the tracking algorithm.
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Section 3 describes the implementation of the tracking algorithm to
the image processor. The architecture of the image processor is
shown. The result of tracking is shown.

Developing a Real-Time Person Tracking System Using the TMS320C40 DSP
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Extraction of the Optical Flows

The velocity field is derived from optical flows calculated using the
gradient method. The gradient method is based on spatio-temporal
filtering.! 23

Constraint Equation of Gradient Method

Filtering

Let (x, y, f) denote a brightness at a point (x, ¥) in an image at time
t. If this point moves to a point (x + dx, y + dy) at time t + dt, the
following equation holds:

f(x,y,t) = f(x+dxy+dy,t+dt) (1)
Taylor expansion of the right side of the equation (1) is
fxy.t) = f(xy,t) + f(xy dx+H(xy,t)dy + ft(x,y,t)dt + e, (2)
where

fy 23—;, fy = g—; f, = %,and e is high order terms of dx,dy,dt.

Assuming that e is negligible, we obtain the next equation:

fe=(Xy,tu + fy, (Xy,t)v + f(x,y,i) =0 3)

where U= %,v = % and u and v are the x and y component of the

velocity.

This is the constraint equation of the gradient method. However,
equation (3) has two unknowns (u and v) and cannot be solved. The
unknowns u and v are calculated as shown in the Filtering section.

Two different spatial filters g,h are convolved to the input image
f(x,y,), and the temporal smoothing filter p is applied using these
two filtered images. The following two constraint equations are
derived according to equation (3).

p*g*Hu+(p*g*Hhyv+(p*g*NH=0 (4)
(p*h*Hu+p*h*Hhv+(pP*h*hH=0 (5)
where

* represents convolution.

u and v are calculated from equations (4) and (5) as follows:

Developing a Real-Time Person Tracking System Using the TMS320C40 DSP 11
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_ (prg* f)(p*h* 1), -(p*h* 1) (p* 9" T),
(p*g* f)x(p*h* 1), =(p*g* f), —(p*h* f),
_ (p*h* ), (p*g* f), —(p*g* f)(p*h* ),
(p*g* f)x(p*h* f), —(p*g* f),(p*h* ),
If the absolute value of denominator of equations (6) and (7) is

small, the velocity at such point is not calculated. This is because
the independence of equations (4) and (5) is insufficient.

(6)

(7)

These filters must have the following three characteristics.

Q To assure differentiability

Q To suppress the high-order terms of dx,dy,dt

QO To make two independent constraint equations (4) and (5)

We use the horizontally differentiated gaussian filter for g. The
horizontal variance of this gaussian is larger than the vertical
variance, as shown in equation (8). Similarly, for the filter h, the
vertically differentiated gaussian filter. The vertical variance is
larger than the horizontal variance, as shown in equation (9).

o(x, y)——%— % c(—) e m%
PSS expa v b
Vono, O 20, NZ02 1 207

h(xy)-a %— % c(—) ll) %
10y
\/_7-[02 pﬁzaz Er\/gwl E E

(9)

where

01, 0, are variances and o0; > O».

Equation (10) is used for the temporal filter p

y(i) = Box(t) +Bax(t - 1) +Bx(t-2) + ... HPX(t-n) + ... ( 10)
where

W(P) is the output.

Developing a Real-Time Person Tracking System Using the TMS320C40 DSP
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X(9) is the input image at time t. The coefficients hold the following
conditions:

SB . limB,=0

n- o

Recursive Filtering

Spatial Filter

The convolution operation of a two-dimensional spatial filter is
computationally expensive unless the filter is small. A spatial filter
with size M x N is convolved, the number of calculations is M x N at
a pixel. Equations (8) and (9) show it is possible that the filter g,h
can be separated to x-directional one-dimensional filter and y-
directional one-dimensional filter, and they can be convolved
separately. This can reduce the calculation to M+ N at a pixel.
However, this convolution operation is still computationally
expensive. This section describes how the recursive filtering method
can reduce the calculation more.®

Let y(/) denote the output of a filter h()) and x(i) denote the input to
the filter.

N-1
y(i) =S h(k)x(i k) (11)
k=0

Equation (12) is the transfer function, or Z transformation, of
equation (11).

N-1 —k
H(z) = h(k 12
(2) kZO (K)z (12)

The next equation is an approximation of this transfer function (12).

m-1 -(k-1)

bz
Ha(2) = Zk-on
1+ Zkzlakz

The next equation is the inverse Z transformation of (13). This
equation shows that filtering can be performed recursively.

- (13)

m-1 n
y(i) = Y bex(i —k) -y &y —k) (14)
k=0 k=1

Developing a Real-Time Person Tracking System Using the TMS320C40 DSP 13
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Gaussian Filter

The combination of equations (16) and (18) construct the two-
dimensional filter g and h. In the case of filter g, x-directional filter is
differential gaussian filter (18) and y-directional filter is gaussian filter
(16).

The next equation is an approximation of the Gaussian filter.

sm) =k@@[n|+De (15)

where

-a 2
(1-e )

k =
-a =20
1+2ae -e€

and a decides the variance o® of Gaussian. This approximate filter
can be represented in a recursive form based on equations (11)
through (14) as follows:

y(n) =yi(n) +y(n) n=1,...M (16)

ya(n) =Kx(n) +€%(a - Hx(n - )]+ 26°y1(n - 1) - €*'ya(n - 2) n=1,. M

vo(n) = K[eC(a - 1)x(n+ 1)- Xx(n + 2)] + 2%) yy(n + 1) -e®yy(n+ 2) n=M,..,1

Differential Gaussian Filter

Equation (17) is an approximation of the differential Gaussian filter.
D(n) = kne®/" (17)
where,

-a 2
(=d=e )

a

e

o is constant, which decides filter size. Equation (17) is represented
in recursive form based on equations (11) through (14) as follows:

y(n) =ke [y;(n) = y,(M] n=1:-,M (18)

y+(n) =ke [x(n-1)+2e y+n(n-1-e y+n-2)
:ke_ayl(n) n=1%---,M

y—(n) = —ke_a[x(n +1)+2e_ay—(n +1) —e_zay—(n+2)]
= —ke_ayz(n) n=M,---1

14 Developing a Real-Time Person Tracking System Using the TMS320C40 DSP
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Temporal Filter

The temporal filter shown in equation (10) is also represented in
recursive form. Equation (19) is a recursive temporal filter.

y(t) = Bx(t) + (1- B)y(t 1) (19)
where

X(9) is an input image.

(i) is the output of the filter.

B determines the filter size.

Result of Extracting Optical Flows

Figure 2 shows the extracted optical flows from the input images
shown in Figure 1. The constant a in equations (16) and (18) and 3
in equation (19) are fixed, as shown in this experiment:

a8=-03 a%=07

X y

a D =07, «a E 0.3
X y

B =05

where

subscripts x and y mean the directions of the filters.
superscripts g and h mean the spatial filters g and h, respectively.

If the absolute value of the denominator in equations (6) and (7) is
less than a threshold, the optical flow is not extracted in such pixels
because the extracted optical flow is not reliable. In this experiment,
the threshold is 1.0.

Developing a Real-Time Person Tracking System Using the TMS320C40 DSP 15
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Figure 1. Input Images

time t

Figure 2. Optical Flows
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Person Tracking Algorithm

Detection of a person is accomplished by circumscribing the person
with a rectangle, or person window, in the image. The tracking
determines the size and location of the person window over a
sequence of images. It is important to control the active camera
head to keep the person in the field of view of the camera.

Person detection is performed based on the optical flows. The
region of the person is segmented based on the differences of the
velocities between the person and the background.

When the velocity of the person is similar to the background velocity,
it is difficult to segment the region of the person. When part of the
body is occluded, the whole body can not be segmented. In this
case, the knowledge of the shape of the person is used to enable to
track the person. When a person is walking, his shape in the image
does not change greatly; that is, the ratio of the height to the width of
the person window does not change much. The person window is
determined to keep this ratio. This method can overcome the
difficulties stated below.

Figure 3 shows the tracking algorithm.

Figure 3. Tracking Algorithm

Optical Flows

Prediction of Person Window

oty

one frame delay

Extraction of Velocity and Object Window

Determination of Person Window Shape of Person

[}

Camera Control

Developing a Real-Time Person Tracking System Using the TMS320C40 DSP 17
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Person-Window Prediction

Let (u.s1, Vi) denote the velocity of the person, and W, ; denote the
person window at previous frame (time t— 1). W,; has two
parameters: location and size. The location is represented by the
center point of the window (x.s, y:1), and the size is represented by
the height and the width of the person window (height, ;, width.;).

The interval between frames is short enough that we can assume
the person maintains velocity (u:.;, Vi;) as he moves. The predicted

predict
person window W, at current frame (time i) is obtained by

predict
shifting W,.; by the velocity (u.s, Vi.;). The location of W, is

(Xe1 + U, Vi1 + Vig) and the size is (height,.;, width, ;).

Extraction of Velocity and Object Window

The mean velocity (U4, V¢.4) is calculated in the predicted person
predict
window W, and is the velocity of the person at time t. The

region that has the velocity similar to the mean velocity (Ug.s, V1) iS

. . predict .
extracted near the predicted person window W, . Velocities u
and v, satisfying the following conditions (20) and (21), are the
similar velocities to the mean velocity (u, vi). The window
circumscribing this region is called object window.

umin< u< Umax (20)
Vmin <v< Vmax (21)
where

Umin— Ut + C1| U] - Co Umax = Us + Ci|U +C>
Viin— Vi + C1| Vi| - Co Vipax = Vi + C1|VY| +C>

c; and ¢, are predetermined constants.

Determination of Person Window

The size of the person window is equal to the object window if the
ratio of the height to the width of the object window is similar to the
previously remembered ratio.

If the ratio of the object window is different from the remembered
ratio, the person window is determined by modifying the object
window based on the remembered ratio. The size of the person
window is determined by the following equations:

width, = width,

18 Developing a Real-Time Person Tracking System Using the TMS320C40 DSP
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Camera Control

height, = height,
height, = height,
width, = height,/ratio
where

subscript p is the person window and o is the object window.

Equation (22) is used when the difference of the width between the
object window and the predicted person window is less than the
difference of the height. Otherwise, equation (23) is used.

The location of the person window is equal to the object window.
This case means that a part of the body of the person is occluded,
or that the velocity of the part of the body is different from the
velocity of the other parts of the body.

b b
If the velocity (u, v;) is similar to the background velocity (u; ,V; ), the

person window is not changed and is determined by the predicted
person window. In this case, the object window cannot be extracted
because there is only a small difference between the background
and the person on the velocity field; thus, the person stops against
the camera motion.

The active camera head is controlled to keep the person in the field
of view of the camera. Let (X, ¥) and (u, v) denote the center point
and the velocity of the person window, respectively. For example, if
the person is in the left half of the image L and moves to the left by
the velocity u, the camera is turned to the left by |u| pixels. The
active camera head is controlled as follows:

Q If(x, y) U Land u> 0, turn left by |u| pixels.

Q If(x,y) U Rand u<O0, turn right by |u| pixels.

Q If(x,y) U Uand v> 0, turn upward by |V pixels.

Q If(x,y) U Dand v<0, turn downward by |v| pixels.
where

L is the left half of the image.

R is the right half of the image.

U is the upper half of the image.

D is the lower half of the image.

Developing a Real-Time Person Tracking System Using the TMS320C40 DSP 19
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Implementation

Hardware Architecture

Figure 4 shows the overview of the real-time person tracking
system. The image processor has a video board and five DSP
boards connected in tandem. The image processor is pipeline
architecture.

The video board is the interface with the active camera head, the
host computer, and the TV monitor. The DSP board can process the
input image in parallel because it has two independent DSPs. We
call these DSP A and DSP B. DSP A in the fourth DSP board sends
the control signal to the active camera head controller. The
controller turns the active camera head based on the signal from the
DSP. The image processor includes the following special features.

O As the pipeline architecture is used, a burden is dispersed by
increasing the DSP boards accordingly.

O Various image processings are available by changing the
programs downloaded to the DSPs.

Q Parallel image processing is possible because each DSP board
has two independent processing sections (each section has a
DSP).

Q Two DSPs on the same DSP board communicate with each
other through the communication ports.

20 Developing a Real-Time Person Tracking System Using the TMS320C40 DSP
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Figure 4. System Overview
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The video board performs three functions:

Q AID transformation of the image from the active camera head

Q Interface to the host computer

Q Digital-to-analog (D/A) transformation of the image processed by

DSP boards

Developing a Real-Time Person Tracking System Using the TMS320C40 DSP 21
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The input signal is separated to synchronous signals and image
data. The image signals are digitized to 8 bit image data. The
synchronous signals and the digitized image data are sent to the
DSP boards through the video bus. The video board sends the
interrupt signal from the host computer to the DSP boards. The
video board downloads the programs from the host computer to the
each DSP through the control bus.

Figure 5 shows the block diagram of the DSP board. The input data
and output data of the DSP board are 8 bit or 32 bit. The 8 bit data
are used for the input and output for the video board. The 8bit input
data video board is written to both the image memory of DSP A and
DSP B. Either DSP A or DSP B can output 8 bit data.

The 32 bit data are used for the input or the output for the DSP
board. The input data is written to the image memory. Each DSP
processes a image stored in the image memory according to the
program downloaded by the host computer. The program memory
stores the program and various data.

The result of the processing is output to the next board. This image
memory has a double buffer, and the DSP can not read data from
the buffer receiving the data from the previous board. The DSP
board can receive data from the previous board even if the DSP is
performing the image processing.

Figure 5. TMS320C40 DSP Board Block Diagram
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32bit Input 10248 256
32bit Input b [ Global Bus ]
(Video Bus) |
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Implementation of the Algorithm

The processing described in the Filtering section is assigned to the

DSPs.
DSP board 1

DSP board 2

DSP board 3

DSP board 4

DSP board 5

The recursive spatial filter is convolved to the input
image. DSP A convolves filter g. Filter his
convolved by DSP B.

DSP A and B perform the same processing. First,
the recursive temporal filter is applied to the output
from DSP board 1 using the result of the previous
frame. And next, the differentiations with respect to
the X, y, tare calculated. The output of the
temporal filter is stored to use the next frame in the
program memory.

DSP B transmits the data from previous the DSP
board to DSP A. DSP A calculates the optical
flows based on equations (6) and (7).

DSP B determines the person window based on
the optical flows and the knowledge of the shape
of the person. DSP A is not used.

DSP B overwrites the person window on input
image fand send it to the video board. DSP A is
not used.
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Figure 6. Implementation
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Result of Tracking

Figure 7 shows the result of the real-time person tracking. A person
is walking from left to right. The box on the floor occludes his feet.
Unless knowledge of the shape of the person is used, the feet of the
person can not be tracked. This method allows the system to track
his whole body even though a box occludes the feet. The active
camera head is controlled to keep the person in its field of view.

Figure 7. Tracking Result
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Summary
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