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Abstract 
Motion tracking using an active camera is a very compu- 
tationally complex problem. Existing serial algorithms 
have provided frame rates that are much lower than 
those desired, mainly because of the lack of computa- 
tional resources. Parallel computers are well suited to 
image processing tasks and can provide the computa- 
tional power that is required for real-time motion track- 
ing algorithms. This paper develops a parallel impl?men- 
tation of a known serial motion tracking algorithm, with 
the goal of achieving greater than real-time frame rates, 
and to study the effects of data layout, choice of parallel 
mode of execution, and machine size on the execution 
time of this algorithm. A distinguishing feature of this 
application study is that the portion of each image frame 
that is relevant changes from one frame to the next based 
on the camera motion. This impacts the effect of the 
chosen data layout on the needed inter-processor data 
transfers and the way in which work is distributed among 
the processors. Experiments were performed to deter- 
mine for which image sizes and number of processors 
which data layout would pe$orm better. The parallel 
computers used in this study are the MasPar MP-I,  Intel 
Paragon, and PASM. Different modes are examined and 
it is determined that mixed mode is faster than SIMD or 
MIMD implementations. 
1. Introduction 

Motion tracking refers to a method of following a 
moving object and determining the exact location of the 
object relative to the observer at any given instant. There 
are several methods for performing motion trackihg. The 
simplest is to use a static camera. In this approach, the 
observer (camera) is held stationary and each frame is 
subtracted from the next frame. In this manner, informa- 
tion about the objects that are moving can be extracted. 
The simplicity of this algorithm prevents the system from 
tracking objects once they move outside the field of view 
of the camera. The advantage of such a tracking system 
is that high frame rates can be achieved without using 
special-purpose hardware. 

Another method, active motion tracking, involves 
using a camera mounted on a moving platform. Images 
from the camera are processed and the camera is then 
repositioned to keep the target in the center of the field of 
view. Tracking objects using an active camera 
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necessitates high-speed processing so that fast moving 
targets can be tracked. 

In an attempt to study the effects of data layout, 
mode of parallelism, and machine size on computation 
and communication times, parallel implementations of an 
existing serial motion tracking algorithm were executed 
on three parallel machines: the PASM prototype [ 131, 
the MasPar MP-1 [ l l ] ,  and the Intel Paragon XP/S [l]. 
A distinguishing feature of this application study is that 
the portion of each image frame that is relevant changes 
from one frame to the next based on the camera motion. 
This impacts the effect of the chosen data layout on the 
needed inter-processor data transfers and the way in 
which work is distributed among the processors. 

In Section 2, background information, definitions, 
and related work associated with motion tracking are 
presented. An overview of the serial algorithm appears in 
Section 3. Section 4 contains implementation details of 
the background compensation portion of the tracking 
algorithm. This computationally intensive section of the 
overall algorithm was the focus of this study. Edge 
detection is examined in Section 5 so that the entire algo- 
rithm can be analyzed for each machine. In Section 6, 
results are compared and summarized from the three 
machines used in this study. 
2. Motion Tracking 
2.1 Background Information 

There are two classifications into which a number of 
the present methods of motion tracking fall: 
recognition-based and motion-based [lo]. In 
recognition-based motion tracking, the object being 
tracked is first recognized and then the position of the 
object is determined. This allows tracking to be done in 
three dimensions and also allows the estimation of rota- 
tion and translation of the object. A limitation of this 
method is that it can only be used to track recognizable 
objects. Furthermore, recognition is a computationally 
complex task and, hence, the overall speed of the algo- 
rithm is reduced compared to motion-based tracking. 

Motion-based tracking is a less computationally 
complex alternative. In motion-based tracking systems, 
the object being tracked does not need to be recognized. 
Instead, motion within a frame is detected using a tem- 
poral derivative of the images to find areas of motion. If 
the sampling rate is high, the derivative can be approxi- 
mated by a simple difference operation between succes- 
sive frames followed by a thresholding operation. If it is 
assumed that motion is uniform within discrete objects, 
then only the edges of objects are important. Tracking 
only edges, rather than entire objects, decreases the com- 
putational burden, if finding the edges of objects is com- 
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putationally simple. To highlight the edges of the mov- 
ing portion of the frame, the difference image is ANDed 
with the edge image of the frame. This yields a frame 
that contains the moving edges (and other noise com- 
ponents) only. The computational complexity required 
in this approach is lower than the recognition-based 
approach, and the algorithms contain parallelizable 
features, e.g., the difference and AND operations. 
Therefore, a motion based method presented in [ IO]  was 
selected as a basis for the development of a parallel 
implementation for this application study. 
2.2 Related Work 

Parallel implementations of active-camera motion 
tracking algorithms have been studied. In [17], a system 
was introduced that incorporated a sensing element ( S E )  
into each PE. The PES were arranged as a 16-by-I6 
square mesh SIMD machine with four nearest-neighbor 
interconnections. The 256-PE mesh was then divided 
into four quadrants. Each quadrant processes one quarter 
of the image and determines the location of the object, 
which was conveyed to the control computer. The cam- 
era was then repositioned and the cycle repeats. 

The approach is novel in the fact that the PES 
receive the image directly from the SEs. In [I71 back- 
ground compensation was not performed, so the algo- 
rithm is susceptible to the effects of apparent motion. 

Because of the simplicity of the algorithm, very 
high frame rates (1492 frames per second) were attained. 
However, the authors acknowledge that the actuators 
used to move the camera are not capable of such high 
speeds. It should be noted that the focus of that work 
was not to study issues of parallel processing. 

Another parallel implementation of a motion track- 
ing algorithm was introduced in [9]. There a tracking 
system is implemented on transputers in a MIMD organi- 
zation. Three transputer sets were used in parallel. The 
Host Interface (HI) consists of two transputers that are 
used to communicate the results and progress of the sys- 
tem. The HI was connected to the two other transputer 
sets, the Edge Extraction Engine (B) and the Tracking 
Engine (TE). The EEE consisted of up to 16 transputers 
interconnected in a mesh configuration. The TE was 
arranged in a tree configuration of up to ten transputers. 
The master controllers of the three sets of transputers are 
interconnected using a system bus. All communication 
between these sets of transputers was performed using 
this bus. 

The important characteristics of the parallel compu- 
tational model considered there were that the system was 
a transputer-based MIMD machine utilizing functional 
parallelism. The issues that were considered were the 
effect of interconnection topologies, quality of edge 
detection using Canny and Sobel edge detectors, and 
load balancing. 

The frame rates attained in that research were less 
than one frame per second when real images were used 
and about 3.7 frames per second for synthetic images. 
These rates were much lower than real-time, and also 

much lower than the desired rates for the work presented 
here. 

In [ 121, another transputer-based implementation of 
a tracking algorithm was described. The system con- 
sisted of 30 transputers, 24 of which were in the tracking 
engine. The remaining transputers constitute the image 
store, the corner store, and the controller. The image 
store consisted of four transputers, each containing one 
quarter of the image. The controller was a single tran- 
sputer that coordinated the operation of the tracking 
engine. The tracking engine transputers were configured 
to work independently (e.g., MIMD mode) and it was 
possible that a single corner of an object may be tracked 
by multiple transputers. To avoid this situation, the 
corner store maintains a record of the image plane of 
each corner and only one transputer is allowed to track a 
corner within one image plane. 

One of the important features of the work was that 
the search space was reduced so as to increase the speed 
of processing. The search space was reduced by select- 
ing “regions of interest” that were calculated based on 
the movement of the object, e.g., the velocity and the 
direction of the object. The regions of interest were cal- 
culated for each corner being tracked and for each frame. 

The issues of parallel processing that were relevant 
in the approach are that the tracking engine transputers 
are arranged in a MIMD configuration with a controller 
processor. Load balancing among the transputers was 
accomplished with the help of the corner store, such that 
all corners were distributed among the transputers 
equally. An “optimized” method of distributing the 
image based on the location of the corners in the image 
was developed and the execution time of the algorithm 
was compared to that in the non-optimized method. 

The results of the above research have indicated that 
near-real-time traclung is achievable using this method. 
A frame rate of 11 frames per second was achieved using 
24 transputers in the tracking engine when 64 corners 
were tracked. 

It can be seen from the three approaches described 
above that none used a standard parallel computer and 
none performed background compensation. The work 
presented here includes implementations of the [IO] 
algorithm on commercial parallel machines. This work 
explores the impact of data allocation strategies, solving 
complex communication needs, and performing a case 
study that focuses on the background compensation com- 
ponent. It also examines the entire algorithm while vary- 
ing the number of PES, mode choice, and data layout. 
3. Overview of the Study 
3.1. Serial Algorithm for Motion Tracking 

In active vision systems, movement of the camera 
may cause apparent motion of objects in the image. 
Apparent motion is motion that is perceived by the cam- 
era due to its own movement, i.e., if the camera moves 
past a stationary object, the object’s position changes 
between frames. This will result in the stationary object 
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being present in the difference image because it will not 
be canceled out in  the subtraction of the two consecutive 
frames. For the difference operation to be applicable in 
active vision systems, a correspondence between succes- 
sive frames must be established. Because the back- 
ground is assumed to be stationary, this process is 
referred to as background compensation in [lo]. In [6], a 
formula for calculating pixel correspondence based on 
camera rotations was developed. Using this formula, 
background compensation is performed. After back- 
ground compensation, the two images can be compared 
directly using the simple difference method because the 
apparent motion of the stationary parts of the image is 
corrected. An absolute value of the difference between 
the pixel values is then taken. A block diagram of the 
complete serial algorithm is presented in Figure 1, where 
Z ( t )  represents the most recent image frame and I(t-1) 
represents the previous image frame. In the figure, a, y, 
and 0 represent the pan angle, tilt angle, and inclingion 
of the camera, respectively. 

Because the background compensation algorithm is 
based on a model that assumes that the rotation of the 
camera occurs around the center of the lens, and all rota- 
tions are not performed this way, there is a small amount 
of error in the compensated image. Morphological open- 
ing is performed to filter the difference image to reduce 
the effect of these errors. 

The next step of the algorithm, edge detection, is 
performed on the current frame by applying a Sobel 3- 
by-3 operator. The difference image and the edge image 
are then ANDed together resulting in an image that con- 
tains the edges of the moving object(s) in the current 
frame only. The relative displacement of the object is 
then calculated and the angles that the camera must 
rotate are determined. The camera is then rotated to 
keep the moving object in the center of the field of view. 

The algorithm described in [ 101 was implemented 
using a camera mounted on a pan and tilt device con- 
trolled by a workstation. A CCD camera provided the 
frames to a real-time digitizer. The amount of padtilt 
was determined by a potentiometer connected to the plat- 
form supporting the camera. The system was shown to 
be capable of real-time motion detection and could 
extract moving edges from images when the pan and tilt 
angles between successive frames were as high as 3". 

Although the serial algorithm is capable of real-time 
motion tracking, much higher frame rates (100 frames 
per second or more) and processing of larger images are 
often required, such as in the case of tracking missiles. 
Therefore, a parallel implementation of this algorithm 
was developed with the expectation of obtaining higher 
frame rates while processing larger images. 

The above description of the serial algorithm is 
summarized from [lo]. Several steps of the serial algo- 
rithm are not discussed in this paper. The subtraction of 
the compensated image from the current image, the AND 
operation, and the thresholding operation are excluded 
from this paper because they are simple. Parallelizing 

the morphological operators is discussed in [16] and is 
therefore not re-examined here. Thus, this paper focuses 
on the computationally intensive step of background 
compensation. Furthermore, it is the background com- 
pensation step that is directly affected by the camera 
motion, which moves some of the previous frame's pix- 
els outside the field of interest, and brings some new pix- 
els (not in the previous frame) into the field of interest. 
Edge detection is not examined in as much detail here, as 
many people have already parallelized edge detection 
algorithms. Edge detection is briefly discussed because 
it is included in the execution times of the entire algo- 
rithm. 
3.2. 

In the development of the parallel algorithm, several 
assumptions are made. It is assumed here that the layout 
of the images in memory is determined before execution 
and that it remains fixed during the entire process. The 
inputs to the system are two successive frames, which 
will be divided equally among the processing elements 
(PES), each of which is a processor memory pair, and the 
camera rotation information, which is known by all the 
PES. The output of the system is an image containing the 
moving edges in the latter frame. Determination of the 
center of the moving object is not done at this time 
because different schemes may be used to determine the 
center, particularly if more than one object is being 
tracked. Because external VO varies from one machine 
installation to another, it is not considered here. This 
work concentrates on the impact of camera movement on 
the execution time of parallel implementations of the 
background compensation step on a commercial SIMD, a 
commercial MIMD, and an experimental mixed-mode 
machine. 

The Intel Paragon XP/S is a distributed memory 
commercial MIMD system [ 11. The system used for this 
study has 140 compute nodes, each of which includes a 
50 MHz Intel i860 XP microprocessor. The compute 
nodes have 32 MB of DRAM each, and are arranged in a 
two-dimensional rectangular mesh with each node con- 
nected to its four nearest neighbors. Each node contains 
another i860 XP processor, called the message co- 
processor, that is dedicated to handling message-passing 
operations. The Paragon was programmed using C 
extended with parallel constructs for communication and 
synchronization. 

The MasPar MP-1 is a distributed memory commer- 
cial SIMD system [l I]. The system used for this study 
has 16,384 custom PES, each of which has a four-bit 
arithmetic and logic unit (ALU) and 16 KB of memory. 
The PES are arranged in a 128-by-128 mesh, with each 
PE connected to its eight nearest neighbors. Communi- 
cations are facilitated by a global router multistage net- 
work that allows a given PE to establish a path to any 
other PE in the system. The  PES receive instructions 
from and are controlled by the Array Control Unit (a). MPL was the language used for the programs 
executing on the MasPar MP- 1. 

Parallel Algorithm and Computers Used 
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The PASM (partitionable SIMDMIMD) system is a 
parallel computersystem designed at Purdue University 
[131. It is a distributed memory mixed-mode machine 
that can dynamically switch between SIMD and MIMD 
modes of parallelism at instruction-level granularity and 
with generally negligible overhead. PASM can be 
dynamically reconfigured to form independent or com- 
municating submachines of various sizes. A flexible 
multistage cube interconnection network allows the con- 
nection scheme between the processors to be varied. 
Therefore, PASM is reconfigurable along three dimen- 
sions: partitionability, mode of parallelism, and inter- 
processor communication. A small-scale proof-of- 
concept prototype (with 16 PES in the computational 
engine) has been built and is being used to study various 
aspects of parallel processing. Each PE consists of an 
MC68010 processor and 2 MB of dual-ported DRAM. 
An extra-stage cube network connects the PES in the pro- 
totype. It can be seen that the hardware used is not com- 
petitive in terms of performance with current high-end 
workstations, however, the studies conducted on PASM 
can be used to compare the relative performance of an 
algorithm under different modes of parallelism. PASM is 
programmed using an explicit language for parallelism 
called ELP [ 131. 
3.3. Parameters of the Study 

The focus of this research is to study the effect of 
parallel machine characteristics and algorithm mapping 
on the computation and communication times for a prac- 
tical application. The results of this study should be 
applicable to other programs that exhibit similar compu- 
tation and communication characteristics. Furthermore, 
insights into the architecture and design of parallel 
machines can be obtained. 

Many studies on the effects of data layout for dif- 
ferent application programs have been performed and it 
has been shown that layout schemes have a significant 
impact on the computation and communication times of 
parallel programs. No one data layout is best for all 
applications. 

A goal of this research is to study the effect of two 
different data layout schemes on the execution time of 
the motion tracking algorithm. The two data layout 
schemes considered here are row-striping and rectangu- 
lar distributions. In row-striping, each PE memory con- 
tains a section of an image such that all PES have the 
same number of contiguous rows of the image and all the 
columns. Consider an image of size M-by-M pixels and 
a parallel computer system having &J processors. Each 
PE then has M / N  rows and M columns of each image. 

In the rectangular distribution scheme, each PE 
memory contains a rectangular portion of an image, i.e., 
for an image with M-by-M pixels in a system of N PES 
arranged in an X-by-_Y logical mesh, each PE contains 
M / Y  rows and M x c o l u m n s  of the image. Although 
these data distribution schemes are not new, what is new 
is examining how they influence the execution time of 

the motion tracking algorithm. 
An important area of research in parallel computers 

is to analyze program behavior under different modes of 
parallelism (i.e., SIMD vs. MIMD). This is a compli- 
cated research area because there are very few machines 
that are capable of executing programs in different 
modes of parallelism. Examples of such machines are 
PASM, TRAC [SI, OPSILA [2], Triton [4], MeshSP [5],  
and EXECUBE [7 ] .  Most programs contain segments 
that are better suited to a particular parallel mode of 
operation and machines that allow mixed-mode computa- 
tion can provide the better mode for each segment. 
Analysis of the execution times can provide insights into 
how the choice of the mode of computation affects the 
execution times of parallel programs. 

For all test images, random pixel values were gen- 
erated. This is because the number and type of operations 
performed in this application, and hence the execution 
time, are independent of the values of the pixels. Each 
entry in Tables 1 through 5 is the average of ten trials. 
Each machine was in single user mode when conducting 
the experiments. The communication times for the three 
machines are somewhat unpredictable (even when using 
the machines exclusively) due to subtleties in the net- 
work operating routines (which are not readily accessible 
to normal users). Images ranged from 128-by-128 pixels 
to 1024-by-1024 pixels. A selective set of results is 
presented in the tables. 
4. Background Compensation 
4.1. Overview 

The purpose of background compensation is to 
remove the apparent motion from the images being 
analyzed. Because of the assumption that the camera 
rotates about two axes (horizontal and vertical), 
Kanatani’s formula [6] can be used. In the equations 
below, a corresponds to the pan angle, y, to the tilt 
angle, and 8, to the initial inclination of the camera. The 
focal length of the camera is denoted by f i n  the equa- 
tions. For each pixel location ( x f ,  y,) in the latest image, 
the corresponding pixel Y , - ~ )  in the previous 
image is located. The (xtPl ,Y,-~) must be calculated for 
each pixel (xf,yr) because not every pixel is displaced by 
the same distance, in Cartesian coordinates. 

x, + a sin 8 y, + f a  cos 8 
(1) 

= f - acosex ,  + Y Y , + f  

f - a c o s e x , + y y , + f  
- a s in6x ,+yf  - f y  

(2) Y r - 1  = 

The main focus of this research is to parallelize the 
background compensation algorithm so that high frame 
rates are achieved. The effects of data layout choice, 
machine size, and mode choice were studied so as to 
achieve the aforementioned goal. The serial algorithm 
from [lo] was parallelized for the three machines used. 
It should be noted that equations (1) and (2) were derived 
using the “small angle” assumption, i.e., sin p = p for 
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small p (in radians). In the implementation of the paral- 
lel algorithm, a and y were assumed to be 3” each, 8 was 
assumed to be 0”, the focal length was assumed to be 890 
and gray scale images were used as inputs (all as was 
done in [lo]). 
4.2. Parallel Implementation 

Because each pixel has to be mapped from the pre- 
vious frame to the current frame based on equations (1) 
and (2), the process of background compensation is com- 
putationally complex. For an image of size M-by-M dis- 
tributed among N PES, both equations and their inverses 
need to be evaluated M 2 l N  times per PE. Using equa- 
tions (1) and (2), all pixels in the current image can be 
mapped to those in the previous image, except those pix- 
els in the current image that correspond to sections in the 
image that have just come into the field of view. 

If ( ~ ~ - ~ , y ~ - ~ )  and (x,,y,) are in different PES, 
J - ~ )  is sent to the PE containing (x,,y,) to perform 

the difference operation. For a given PE i ,  the number of 
pixels transferred and the number of PES that receive 
data from PE i is a function of the camera rotation, the 
focal length of the camera, and the data layout. It is 
assumed that the focal length of the camera remains con- 
stant but the pan and tilt angles can change between 
frames (within the range of the formula governing the 
movement of the pixels as discussed above). Therefore, 
the number of pixels transferred, the number of PES that 
will receive data from a given PE, and the identities of 
the receiving PES cannot be known a priori. To reduce 
the cost of network operations, pixels are transferred in 
blocks. This requires only one network setting per block. 
For MIMD implementations on the Paragon and PASM, 
the source PE needs to initiate a “send” and the receiv- 
ing PE (and only receiving PES) must initiate a 
“receive” for each block. 

Given that the data layout is assumed to be fixed, 
the number of the PE that contains each ;yt-l) pixel 
location can be calculated. Using such a calculation, 
each PE can determine the destination PE numbers that 
correspond to all pixels in its own memory. Also, each 
PE can determine which PES contain the pixel values it 
needs (based on the inverses of Equations (1) and (2)). 
Thus, a list of PES that will send data to a particular PE i 
can be constructed. PE i then needs to wait for data only 
from PES in this list. Using this method reduces the 
number of transfers to the minimum possible for the 
given data layout. 

After the pixel mapping calculations (Equations (1) 
and (2)) and source/destination PE calculations are com- 
plete, each PE sends blocks of pixels to the appropriate 
PES. The pixel value for a given ,yr.-l ) and its loca- 
tion in the destination PE (i.e., corresponding to 
(~,-~,y~-~)) are sent for each pixel in the block. After a 
PE receives all the blocks it is expecting, it moves the 
received pixels and any local pixels, (xr-l , y t - , ) ,  into their 
correct position in an intermediate array so a simple sub- 
traction can be performed between (x,,y,) and the shifted 
(xt-19-1). 

4.3. Communication Time Analysis 
One means to reduce the overall communication 

time is to analyze the effects of different data layout 
schemes on the communication time of the algorithm. 
For a given image size, the number of pixels stored in 
each PE decreases with increasing numbers of PES in the 
system. This means that, in general, the total number 
(i.e., summed over all PES) of pixel transfers required 
will increase as well. It should be noted that the max- 
imum total number of pixels that need to be transferred is 
the number of pixels in the previous image minus the 
number of pixels that travel outside the scope of the 
current image. Therefore, it is expected that the total 
number of pixels that need to be transferred among the 
PES will first increase with the number of PES in a 
machine and then level out at a maximum. To confirm 
this hypothesis, a simulation study was conducted. The 
total number of pixels that need to be transferred in the 
rectangular distribution scheme is always less than or 
equal to the number of pixels transferred in the row- 
striping method. Another interesting result from the 
simulation is that in the row-striping method, the total 
number of pixels transferred is the same for systems con- 
taining 32 or more PES, while in the rectangular distribu- 
tion scheme it is the same for systems with 512 or more 
PES. 

The difference between the number of pixels 
transferred in the the two methods decreases as the 
number of PES increases in the system. However, as the 
number of PES increases, the number of inter-PE 
transfers increases. This means that there might be more 
conflicts in the network and the overall communication 
time could increase. In addition to this, each transfer 
incurs network setup costs that add to the communication 
cost. In Figure 2, a sample communication pattern is 
presented where M and N ,  a and p are such that just 
nearest neighbor communications are needed. Pixels in 
the image are moved by approximately the same amount 
under both schemes. In the row-striping case, only one 
network setting is needed and there are no conflicts. In 
the rectangular distribution scheme, three network set- 
tings are needed per PE and multiple PES send pixels to 
one PE, thereby creating conflicts. These extra settings 
will cause the rectangular distribution to be slower than 
the row-striping scheme on machines where the overhead 
to set up the network is large, as in asynchronous com- 
munication on the Paragon. Also, more overhead is 
required to compose the blocks that will be transferred. 
Thus, there are trade-offs that must be considered for a 
given M ,  N and architecture. On the average, row- 
striping requires more pixels to be transferred per PE 
until the maximum value is reached for both data layouts. 
However, the data block construction time, network set- 
tings per PE, and number of PES that send to a given PE 
(creating conflicts) is worse for rectangular subimages. 
4.4. Computation Time Analysis 

In both data layout schemes, the number of pixels 
each PE holds is the same. It is expected that the compu- 
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tation time of the background compensation algorithm 
will be similar under both layout schemes. To support 
transferring pixels in blocks, a certain amount of compu- 
tation to determine source and destination PE numbers, 
array indexing, etc., is performed by each PE. If a PE 
maps a previous frame pixel to a point outside the scope 
of the current frame, the pixel value does not need to be 
transferred and the computation of the destination PE 
number and the pixel location in the destination PE are 
skipped. Such pixels are denoted as rejected. Current 
frame pixel locations which correspond to points outside 
the scope of the previous frame are set to zero (i.e., pix- 
els that enter the current frame due to camera movement 
that are not in the previous frame). Such pixels are 
denoted as initialized. An illustration shows rejected and 
initialized pixels in Figure 3 .  

. The distribution of rejected pixels can have a 
significant impact on the execution time of the back- 
ground compensation algorithm. This is because if a cer- 
tain PE has more pixels that will be rejected, it has to 
perform less computations than other PES that have 
fewer rejected pixels. This means that PES with more 
rejected pixels will finish computations sooner than PES 
with fewer rejected pixels. 

Consider the following situation. Let the camera 
pan by an angle a and tilt by an angle -y, and the 
corresponding pixel movement in the image be at least r 
rows and c columns. If the image size has M-by-M pix- 
els and there are N PES, the maximum number of pixels 
that any PE will have after determining the rejected pix- 
els is M/N-by-(M-c) in the row-striping scheme. In the 
rectangular distribution scheme, the maximum number of 
pixels in any PE is M/$-by-M/fi (because there are 
PES with no rejected pixels). Therefore, in the row- 
striping scheme, the maximum number of pixels that any 
of the PES have is c M / N  pixels less than the maximum 
number of pixels in any PE in the rectangular distribution 
scheme. This is because the rejected pixels are shared 
among more PES in the row-striping scheme than in the 
rectangular distribution scheme, and therefore, the 
remaining pixels are more uniformly distributed in row- 
striping. Also, in the rectangular distribution scheme, the 
maximum number of pixels that any PE processes is 
more than the maximum in the row-striping case. There- 
fore, the maximum computation times of the background 
compensation algorithm under row-striping are expected 
to be lower. In addition, the more uniform distribution of 
pixels in row-striping, causes the load to be better bal- 
anced across all PES. 
4.5. Parallel Mode Analysis 

Certain characteristics of parallel programs make a 
particular mode (Le., SIMD, MIMD, or mixed) more 
suitable than the others. The advantages and disadvan- 
tages of executing different program constructs in SIMD 
and MIMD modes can be found in [14]. For example, 
interprocessor communication is more efficient in SIMD 
mode, because the single program synchronization 
simplifies the needed transfer protocol overhead. As 

another example, the execution of conditional statements 
is more efficient in MIMD mode because in SIMD mode 
the control unit must broadcast all “then” and “else” 
instructions to all PES, and then some PES are disabled 
for the “then” or “else” or both. Mixed mode allows 
each segment of an algorithm to be executed in the most 
appropriate mode. 

The kernel of the background compensation phase 
is a doubly-nested loop that goes through all rows and 
columns of the subimage contained by a PE. The best 
mode for each part of this kernel is now considered. 

The loop control is more efficient in SIMD mode 
and is expected to decrease the execution time (because 
the control unit can do it concurrently with PE opera- 
tions). Due to the multitude of conditional statements in 
the body of the loop (including deciding if a pixel is 
rejected and therefore needs no further processing), it is 
expected to perform better in MIMD mode. The compu- 
tation time of this kernel is expected to be better under 
the row-striping data layout scheme, as was discussed in 
Subsection 4.4. The communication times are expected 
to be higher in MIMD mode than in SIMD mode, how- 
ever, for the reasons mentioned above. 

Using PASM’s mixed-mode computation capability, 
the parts of the program that are expected to perform 
better in SIMD mode can be executed in SIMD mode, 
and those that are expected to perform better in MIMD 
mode can be executed in MIMD mode. From the above 
analysis of the algorithm in SIMD and MIMD modes, it 
follows that the loop control and inter-PE communica- 
tions of the algorithm should be performed in SIMD 
mode and the body of the algorithm should be executed 
in MIMD mode. These mode choices are based on typi- 
cal parallel programs and are applicable when consider- 
ing mode choices in general. In this case, these choices 
are not necessarily optimal. This is because of the nature 
of the background compensation algorithm. 

If this kernel were executed completely in MIMD 
mode, then if a PE rejects a pixel because it moves out- 
side the image, it can go on to the next pixel. This can- 
not happen if the loop control is in SIMD mode. By per- 
forming the loop control in SIMD mode, the PES are 
forced to synchronize at the end of each loop iteration. 
Thus, no PE can begin to execute the next iteration of the 
loop (i.e., the next pixel) until all PES have completed the 
current iteration. The temporal juxtaposition of loop 
iterations that occurs if the loop control is in MIMD 
mode is not possible if the loop control is in SIMD mode. 
Further details of this phenomenon can be found in [3].  
Forcing PES to synchronize to switch to SIMD mode for 
inter-PE communications within the body of the loop 
leads to the same problem. Therefore, mixed mode is not 
the ideal choice for this phase of the algorithm. 
4.6. Results 

The algorithm was first implemented on PASM. The 
algorithm was implemented on four to 16 PES in SIMD, 
MIMD, and mixed mode with image sizes of 64-by-64, 
128-by-128, and 256-by-256 pixels each. The image 
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sizes used on PASM were smaller than on the other 
machines because of memory limitations. Potential 
mixed-mode implementations are to use SIMD for loop 
control and/or for inter-processor communication. Exe- 
cuting the loop control in SIMD would yield poor perfor- 
mance as discussed in Section 4.5. Executing the inter- 
processor communications in SIMD has the potential for 
little improvement relative to computation time, and 
forcing the synchronizations would yield the same prob- 
lems as discussed for loop overhead in Section 4.5. 
Therefore, for the mixed-mode version, the background 
compensation phase is performed entirely in MIMD 
mode. (Because other portions of the program are per- 
formed in SIMD, the entire program can be thought of as 
mixed mode.) 

To analyze the behavior of the algorithm in an 
SIMD machine, the algorithm was implemented on the 
MasPar MP-I. The image sizes used were 256-by-256, 
512-by-512, 768-by-768, and 1024-by-1024. The 
number of PES used in the study was varied from 16 to 
16,384. All of these image sizes could not be used with 
the chosen numbers of PES considered because of limit- 
ing factors. The first is that in row-striping, the max- 
imum number of PES that can be used is limited by the 
dimensions of the image, e.g., a maximum of 256 PES 
can be used to process a 256-by-256 pixel image, 
because in row-striping the minimum number of rows 
that can be contained by a single PE is one. The other 
constraint is that each PE has 16 KB of memory, which 
is not enough to hold the larger subimages when dealing 
pith large images and a small number of PES. Block 
transfers were implemented using the global router. 
Using the global router simplified the calculations 
needed because determining the number of steps in the 
relevant directions is not necessary, as would have been 
required had the X-Net been used. 

The algorithm was then implemented on the MIMD 
Intel Paragon. The algorithm was implemented on four 
to 128 PES with image sizes of 256-by-256, 512-by-512, 
768-by-768, and 1024-by-1024 pixels. Communication 
on the Paragon can be overlapped with computation and 
may result in a significant reduction in the total execution 
time of the program. However, because the communica- 
tion is overlapped with computation, it is not easy to cal- 
culate the time each PE spends communicating. There- 
fore, in this study the communication times were not cal- 
culated separately. 

The communication time of the program is a small 
portion of the total execution time, so the execution times 
presented are not decomposed into communication and 
computation time. The first two columns of Tables 1 
through 5 contain a representative selection of the data 
collected for the background compensation experiments. 
The difference between the communication times for the 
two data schemes was low (less than five percent for 
PASM implementations and less than ten percent for 
MasPar implementations). This difference will have lit- 
tle influence on the differences between the two 
schemes’ total execution time, so the communication 

time alone is not presented. The execution times for all 
implementations show that the row-striping scheme is the 
better data layout scheme on all three machines, for the 
reasons outlined in Sections 4.3 through 4.5. 
5. Edge Detection 
5.1. Overview 

Edges in images are characterized by sharp changes 
in intensity. Taking a two-dimensional spatial derivative 
of the image results in high values at points in the image 
that have large and abrupt changes in intensity. An edge 
detector that is based on this derivative principle is the 
Sobel edge detector and is used in this study. 

In a parallel implementation of edge detection using 
a Sobel operator, the image is divided among the PES. 
Therefore, to process some of the pixels in a PE, pixels 
located in other PES are required. The number of pixels 
that need to be transferred to each PE is a function of the 
data layout scheme used, as is explained in the next sub- 
section. The pixels around the edge of the image are ini- 
tialized to zero, because they do not contain a full 3-by-3 
region of pixels. This initialization ensures that the edge 
detection algorithm is not influenced by pixels that do not 
get operated on by the full Sobel operator. 

Once edge detection is completed, the resulting 
image is ANDed with the image from background com- 
pensation (which was performed prior to edge detection). 
If a different data layout was used in each portion of the 
tracking algorithm, the data would have to be redistri- 
buted so that the two images could be ANDed (i.e., so 
each PE would contain corresponding subimages to 
AND). Therefore, edge detection was investigated to see 
if row-striping would perform better, and no redistribu- 
tion would be required, or if the rectangular distribution 
performed better and the data would have to be redistri- 
buted. 
5.2. Effect of Data Layout 

Consider an image of size M-by-M in a system of N 
PES. Assume that X = Y = fi, which means that square 
subimages are used. The following analysis is 
thoroughly examined in [I51 and its application here is 
summarized for completeness. In the row-striping data 
layout scheme, each PE contains MLV rows and M 
columns. Because the Sobel operation is based on a 3- 
by-3 window, with the center defined as the center pixel, 
PE i (0 < i < N - 1) requires the bottom row of pixels 
from PE i - 1 and the top row of pixels from PE i + 1. 
Therefore, a total of 2M pixels need to be transferred. It 
should be noted that PE 0 only requires a row of pixels 
from PE 1 and PE N-1  only requires a row of pixels 
from PE N - 2. 

In the square distribution scheme, with the same 
image and machine sizes as in the row-striping example, 
each PE contains M/$ rows and columns. In this case, 
a PE requires pixels from eight neighboring PES, M / &  
pixels are required from each of the four adjacent PES, 
and one pixel is required from each of the PES diagonally 
adjacent. Therefore, a total of 4M/fi  + 4 pixels need to 
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be transferred. When processing pixels located in rows 0 
and M - 1, and columns 0 and M - 1, transfers that would 
correspond to pixels outside the image do not need to be 
performed. For example, for an image of size 256-by- 
256, in a 16-PE system, row-striping would require 512 
pixels to be transferred per PE, while in the square distri- 
bution scheme, 260 pixels need to be transferred. There- 
fore, in the square distribution scheme, less pixels need 
to be transferred. 

A disadvantage of the square distribution scheme is 
the processing of pixels located on the edge of the image. 
In edge detection, pixels located in the first and last rows 
and columns of the image do not need to be processed. 
This is because a complete 3-by-3 window does not exist 
around these pixels. In row-striping, PES 0 and N- 1 
contain rows 0 and M - 1. Pixels in these rows do not 
need processing. Pixels located in the first and last 
columns are distributed among all the PES equally. 
Therefore, all PES save on the processing of 2MRV pix- 
els. Additionally, PES 0 and N- 1 save on processing 
M - 2 pixels each. The maximum number of pixels that 
any PE needs to process is M2LN - 2 M m .  

In the square distribution scheme, row 0, row M - 1, 
column 0, and column M - 1 are not distributed evenly 
among the PES. Therefore, PES that do not possess pix- 
els in any of these locations do not save on any process- 
ing of pixels. The maximum number of pixels that are 
processed by any PE in this scheme is M’RV. 

It is shown that the number of pixels transferred in 
the square distribution scheme is less than in the row- 
striping scheme ( 4 M / f i  + 4 versus 2M). However, the 
maximum number of pixels that need to be processed in 
the row-striping scheme is less (M2RV - 2MhV versus 
M2/N>. Let the time to transfer one pixel be T times the 
time to process one pixel. Therefore, if 
2MRV > v[2M - (4M/fi  -I- 4)], the row-striping 
method is better, and if 
T < 2MRV /(2M - (4M/ f i  + 4)), then row-striping is 
better, otherwise, square distribution is better. 

The above analysis is based on the assumption that 
the communication time is directly proportional to the 
number of pixels transferred. Factors such as transfer- 
ring all pixels to a particular PE in a block and the 
number of network operations required will affect the 
value of T in the expression derived above. Also, poor 
synchronization among the PES can result in higher than 
expected communication times in MIMD mode. The 
presence of these variables, can therefore impact the 
relative performance of using either data layout scheme. 
5.3. Results 

To accurately study the entire motion-tracking algo- 
rithm, image and machine sizes were the same as dis- 
cussed in the background compensation portion, Section 
4.6. The third and fourth column of Tables 1 through 5 
are a selection of the results from the experiments. 

The communication times for the following imple- 
mentations were orders of magnitude less than the com- 
putation time and are therefore not shown in a graph: 

SIMD implementation on PASM, mixed-mode imple- 
mentation on PASM, MasPar MP-1 implementation, and 
the Paragon implementation. For the MIMD implemen- 
tation on PASM the communication time is a significant 
portion of the total execution time, and as the number of 
PES increases from four to 16 the row-striping scheme 
achieves the lower communication times and the lower 
computation times. With four PES, the row-striping 
scheme and the rectangular distribution require similar 
numbers of network settings per PE, two and three 
respectively. With eight or 16 PES, the row-striping 
scheme still only needs two settings, where the rectangu- 
lar distribution now requires five or eight, respectively. 
This increase in the number of network settings required 
is why the row-striping scheme is better for more than 
four PES on PASM. 

A mixed-mode implementation of the edge detec- 
tion portion of PASM does not suffer the same limita- 
tions that the background compensation portion faced 
(Sections 4.4 and 4.6). Therefore, the mixed-mode 
implementation performed the portions of the loop body 
that required multiple conditionals in MIMD, and the rest 
of the algorithm in SIMD. All PES send to their nearest 
neighbors before any communications begin. The differ- 
ence between any two PES completing the communica- 
tion is not large, and so the synchronization of SIMD 
communications are not detrimental. Also, each PE per- 
forms similar numbers of computations with the simpler 
edge detection process, and so the synchronizations after 
each loop iteration are not increasing the execution time. 
6. Conclusions 

The execution times of the entire motion tracking 
algorithm, minus the time for the morphological opening 
which was not studied here, are shown in the fifth and 
sixth column of Tables 1 through 5. These results show 
that the row-striping data scheme is the better data 
scheme for this task. (In [16], it was shown that the row- 
striping layout scheme was better for the morphology 
tasks on the three machines studied in this paper.) The 
mixed-mode implementation on PASM showed a small 
improvement over the MIMD version, which performed 
much better than the SIMD version, for the reasons dis- 
cussed earlier. In the mixed-mode version, the edge 
detection portion of the algorithm used both SIMD and 
MIMD operations, while the other portions used only 
MIMD operations. The data show that for the larger 
machine sizes, frame rates which are greater than real- 
time, as defined in [lo], can be achieved by implement- 
ing the algorithm on a commercial parallel machine. 

In summary, active camera motion tracking algo- 
rithms are computationally complex and achieving high 
frame rates is not possible with conventional serial com- 
puter systems. Parallel computers can provide the com- 
putational resources that are necessary to allow high- 
speed implementations of these algorithms, allow an easy 
means to revise the algorithm, and support the execution 
of other useful computations. When serial algorithms are 
ported to parallel computers, some of the issues that need 
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to be addressed are the data layout schemes available and 
the parallel modes of operation. In this study, parallel 
implementations of an existing serial algorithm for per- 
forming motion tracking with an active camera were 
developed for different parallel computers. A detailed 
analysis of the different components of the algorithm was 
conducted and execution times were obtained for each 
component on each of the three parallel machines. A 
distinguishing feature of this application study is that the 
portion of each image frame that is relevant changes 
from one frame to the next based on the camera motion. 
This impacts the effect of the chosen data layout on the 
needed inter-PE data transfers and the way in which 
work is distributed among the PES. 

The implementations of the algorithm proved that 
high-speed active motion tracking is possible using com- 
mercially available parallel computers. The performance 
of the algorithm is dependent on the data layout scheme 
used and the image and machine sizes. The degree of 
effect of different data layout schemes on the execution 
time of the algorithm is governed by the parallel mode of 
operation as well. By carefully tuning the application 
implementation to a particular machine, a significant 
reduction in overall execution time is obtained, and high 
frame rates can be achieved. 
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Table 2: Execution time in seconds on the Intel 
Paragon with a 256-by-256 pixel image. 
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Figure 1: Block diagram of the serial algorithm. 
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Table 3: Execution time in seconds on PASM in 
SIMD mode with a 128-by-128 pixel image. 
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conflicts), left. Rectangular distribution communi- 
cation pattern (two conflicts), right. I I I I I I I I 

119.578 122.216 

Table 4: Execution time in seconds on PASM in 
MIMD mode with a 128-by-128 pixel image. 
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Figure 3: Location of (a) rejected pixels, and (b) 
initialized pixels. 
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Table 5: Execution time in seconds on PASM in 
mixed mode with a 128-by-128 pixel image. 
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Table 1: Execution time in seconds on the MasPar 
MP-1 with a 256-by-256 pixel image. 
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