Performance evaluation of a single-chip digital
signal processor based multimedia sysiem
using the Abingdon Cross benchmark

Abstract. Texas Instruments’ new single-chip multiprocessor,
TMS320C80, is a powerful programmable digital signal processor with
many unique features optimized for multimedia, image processing and
computer graphics applications. The performance of a TMS5320C80-
based multimedia system for image processing and computer vision
tasks is evaluated using the Abingdon Cross benchmark. The result
shows that the TMS320C80-based system outperforms most of 1980s
specialized parallel image computers at.a fraction of the system cost.
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1. introduction

Many tasks in image processing and computer vision appli-
cations require a large number of computing cycles. For
example, in order to convolve a 512X512 image with a
5%5 kernel, over 13 million multiplications and additions
are necessary. In addition, as applications require more
real-time tasks (e.g., real-time road traffic monitoring'), an
even higher level of computing power is necessary. To
meet the heavy computing requirements for these applica-
tions, parallel processing techniques have been widely used
in various systems from the single-chip level to the system
architectural level.? Coupled with the inherent parallelism
available in image processing and computer vision tasks,
parallel image computers have been effective in meeting
the intense computing requirements of many demanding
applications.

While large-scale paralle] image computers are still nec-
essary for highly computing-intensive tas ey<are not
appropriate for many emerging resl-time embeddé appli-
cations such as an autonomous vehicle operation end tele-
medicine. Large system size, heavy weight, and large
power consumption as well as high system costs make
them impractical solutions for such applications, For ex-
ample, a large $500,000 paraliel image computer would not
be suitable as an embedded computing engine for a mobile
robot. For these types of applications, highly integrated sys-
tems based on standard off-the-shelf CMOS/VLSI semi-

conductor devices such as microprocessor and digital signal -

processors (DSPs) would be more appropriate if they could
meet the specific application requirements.
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In this paper, we report on our evaluation of the suitabil-
ity of one such processor, the Texas Instruments multime-

. dia video processor (MVP) or TMS320C80,} for image

processing and computer vision tasks using the Abingdon
Cross benchmark.! The TMS320C80 is a single-chip mul-
tiprocessor with many unique features optimized for multi-
media, video compression, image and signal processing,
and computer graphics. A TMS320C80-based multimedia
system, the MediaStation 5000 (MS5000), was used to
evaluate the TMS320C80.> The Abingdon Cross bench-
mark was selected from among several image understand-
ing (IU) benchmarks for parallel image computers {(e-g.,
Defense Advanced Research Projects Agency (DARPA) 1U
benchmarks 1 and 11%) because it has been widely imple-
mented in various systems due to its simplicity, thus pro-
viding more data for the comparative study. The results
from more than 50 systems are available for the Abingdon
Cross. benchmark: while results from fewer than 10 systems
are svailghle for.the DARPA U benchmark.

The rest of the article is organized as follows. The Ab-
ingdon_Crogs benchmark is described in Sec. 2, and the
TMS320C80 and MS5000 system are explained
in Sec. 3. The detailed algorithm and its implementation are
described in Sec. 4 while the benchmark results are dis-
cussed in Sec. 5.

“'2 Ablngdon Cross Benchmark

The Abingdon Cross benchmark consists of finding the me-

‘dial axis of a cross in a noisy background.*’ It was de-

signed to test many common components of image process-
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Fig. 1 The Abingdon Cross benchmark: (a) the description of the
noise-free cross image and (b) an Abingdon Cross image with ran-
dom noise.

ing systems such as input-output, matrix and vector
operations, Boolean operations, filtering, and cellular logic.
Each pixel in the test image has an 8-bit depth while the
spatial resotution of the test image may be adapted 1o the
architecture being benchmarked. The cross is centered in
the middle of the image and consists of a horizontal arm
and a vertical arm. All background pixels have a gray value
of 128. The pixels of two arms of the cross have a gray
value of 160, and the pixels of the intersection of the two
arms have a gray value of 192, If the image has an NXN
resolution, the armis of the cross are 3N/4 pixels long and
N/8 pixcls wide, White Gaussian noise with a meun of zero
and a standard deviation of 32 is added to all points. Figure
I{2) shows the noise-free test image while one example
image with random noise is shown in Fig. 1(h). ‘

In the Abingdon Cross beachmark, two factors are de-
fined to compare the performance of image computers. The
quality factor QF ¢ of a system § is defined by

QF = NgITy. (n

where T'g is the total execution time for finding the medial

axis of the cross and Ny is the width (or height) of the test-

image used. The quality factor QF is used to assess the
computing power of the system S benchmarked. The sec-
ond factor, the price-performance factor PPF . takes into
account the system cost Cy {in U.S. doflars) and is defined
by

PPF:NUTC. 7 2)

The PPF factor can be interpreted as the amount of pro-
cessing power achievable per dollar with the system S.

3 TMS320C80 Processor and MS5000 System

In this section, we briefly describe the TMS320C80 (MVP)
processor and MSS000 system. (For a detailed description,
see Refs. 3 and 5. respectively.)

3.1  Overview of TMS320C80

The TMS320C80 cun be described as a single-chip, hetero-
gencous, multiple instruction-stream, multiple data-stream
(MIMD) multiprocessor connected via a crossbar to mul-
tiplc on-chip shared memory modules. It combines a re-
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Fig. 2 High-level block diagram of the TMS320C80.

duced instruction set computer (RISC) processor and four
advanced DSPs as well as an intelligent direct memory ac-
cess (DMA) controller and two video controllers in a
single-chip device. It is capable of processing more than 2
billion operations per second (BOPS) with the 2.4 Gbytes/s
on-chip data transfer ratc. In order to reduce the data trans-
fer overhead with the external memory and devices, a large
on-chip memory (25 2-kbyte modules) is provided as well.

Figure 2 shows a high-level block diagram of the major
functional blocks of the TMS320C80. The master processor
(MPY} is a general-purpose RISC processor with an integral
IEEE 754 compatible floating-point unit. In a typical opera-
tion mode, the MP serves as the main supervisor and dis-
tributor of tasks within the TMS320C80. Also, the MP is
the preferred processor for performing  high-precision
floating-point operations. Four advanced DSPs (ADSPs 1
to 4) have a highly paralle! architecture optimized for mul-
timedia, video and jmage compression, image and signal
processing, and computer graphics. Each ADSP is capable
of performing up to 15 RISC-equivalent operations in a
single clock cycle via a long instruction word (64 bits)
mechanism and has many powerful features not found in
conventional DSPs. They include:

e single-cycle accesses to on-chip memory, allowing
two 32-bit data transfers per processor in every cycle
concurrently with data operations

* a three-operand 32-bit arithmetic and logical unit
(ALU) that can be optionally split into two 16-bit or
four 8-hit units

¢ multiple flags (mf) register. which captures the mul-
tiple status results (flags) from split ALU operations,
and an expander that takes 1. 2, or 4 bits in the mf
register and replicates them 32, 16, or 8 times

a barrel rotator that can precotate an input to the ALU
by 0 to 31 bits

e three zero-overhead hardware loop controllers that al- .
low three levels of nested loops to be controlled with
no associated overhead

dedicated adders for address generation that can also
be used for arithmictic operations

¢ conditional ALU and data transfer operations that sub-
stitute for many compare-and-branch operations.
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Fig. 3 Overview of the MS5000 system.

The transfer controller (TC) is a dedicated memory con-
troller with sophisticated data transfer logic. The TC is re-
sponsible for servicing the data transfer requests and cache
misses of the five internal processors. The 50-kbyte on-chip
memory consists of instruction caches, data caches, data
RAMs, and parameter RAMs. An instruction cache is as-
signed to the MP and each ADSP, but the data cache is
available only to the MP. For the ADSPs, the data RAMs
serve as the on-chip local storage area. While the cache
memory is automatically serviced by the TC to read from

and write to the external memory, the data RAMs need -

explicit management and transfer requests by the program-
mer in software. The processors and on-chip shared-
memory modules are fully interconnected through the high-
performance crossbar switch network which operates at the
instruction clock rate. The video controllers (VC) provide
supports for programmable video timing to control both
capture and display.

3.2 Overview of MS5000

The MS5000 system based on the TMS320C80 is a highly
integrated desktop multimedia system implemented on a
single personal computer (PC) plug-in board. It transforms
a PC into a programmable high-performance multimedia
and image workstation, off-loading the host computer from
compute-intensive tasks using a TMS320C80, custom pro-
grammable logic devices and other supporting chips. It sup-
poris real-time Motion Picture Experts Group (MPEG)
compression and decompression® and still-picture process-
ing fc.g.. Joint Photographic Experts Group (JPEG)’] as
well as image processing (e.g., convolution, Fourier trans-
form, contrast enhancement and geometric transformation)
and 2-D/3-D computer graphics. The MSS000 has several
built-in special VO features such as a video digitizer and a
stereo audio coder and decoder for multimedia applications
as well. In implementing the Abingdon Cross benchmark,
these special /O peripherals were not utilized.

Figure 3 shows the block diagram of the MS5000 sys-
tem. Based on the single bus architecture, the TMS320C80
is the core computing engine of the system while the
memory and peripheral controller (MPC) works as both an

arbitrator of data transfer requests among different system
components and a controller for various peripheral devices.
The incoming video signals are digitized by the video de-
coder, stored into the video buffer, processed in the
TMS320C80, and sent to the random access memory
digital-to-analog converter (RAMDAC) for display. The
dual-port static random access memory (SRAM) and host
interface logic provide a bidirectional communication path
between the host PC and MS5000.

4 Algorithm and Implementation

In order to find the medial axis of the cross from the Ab-
ingdon Cross test image, three tasks are typically per-
formed: thresholding, noise removal, and skeletonization.
However, various implementations reported in the Abing-
don Cross benchmark 511rwzys"'7 were quite different in de-
tailed organization of these tasks. One of the main differ-
ences was in how to remove white Gaussian noise from the
test image. Many different techniques have been used for
noise removal, such as an iterative morphological filtering,
median filtering, and convolution. Additional variations in-
clude the specific skeletonization algorithm selected, the
order of thresholding and noise removal tasks, and the use
of erosion before the skeletonization step.

In our algorithm, the image was first thresholded, and
noise was removed by two separate 1-D binary median fil-
terings with a large window. Then, erosion operations
shrank the arms of the cross quickly before the skeletoniza-
tion algorithm was applied to the image. The step-by-step
sequence of our algorithm is as follows:

Step 1: thresholding of the image at gray value 140

Step 2: noise removal in the binary image by X2} bi-
nary median filtering followed by 19X1 binary
median filtering

Step 3: packing of 8 bits/pixel image to 1 bit/pixel bit-
map image for optimized implementation of
skeletonization steps

Step 4: 4 iterations of binary dilation with a 3X3 square
structuring element

Step 5: 35 iterations of binary erosion with a 3%X3
square structuring element

Step 6: 6 iterations of thinning

Step 7 unpacking of 1 bit/pixel bitmap image to 8 bits/
pixel image.

Step 3 (packing to the bitmap image) and 7 (unpacking to
8-bit image) are not necessary to find the skeleton itself, but
they make the implementation of the skeletonization step
more efficient than it would be without taking these steps,
as discussed later.

Figure 4 shows the intermediate results and final output
of our algorithm implemented on the MS5000 system. A
§12%512 Abingdon Cross test image was used for bench-
marking. As shown in Fig. 4(a), there is still some noise feft
after the thréshioldéd image is filtered using 1X21 vertical
and 19X 1 horizontal binary median filters. This noise could
be easily removed by another phase of median filtering, if
necessary. In our algorithm, we skipped this step because

- the remaining noise in the background could be completely

eliminated by subsequent iterations of binary erosion op-
erations. Figure 4(b) shows the intermediate result after 35
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Fig. 4 The Abingdon Cross implementation on the MS5000 system: (a) the output image after thresh-
olding and separate 2 1-D median filtering, (b) the output Image after partial dilation and erosion, (c)
the final output image after thinning, and (d). the final result superimposed on the original cross image.

iterations of binary erosion with a 3X3 square structuring
element were performed. The image shows an almost com-
plete skeleton. The final skeleton image was computed us-
ing a thinning algorithm,'® and Fig. 4(c) shows the skeleton
computed. Figure 4(d) shows the final output superimposed
on the original test image.

In our implementation of steps 1 to 7, the MP functions
as a task distributor and arbitrator among four ADSPs,
passing tasks for each step with appropriate parameters to
each ADSP and synchronizing their executions for the next
step. Since the ADSPs are responsible for all the compute-
intensive processing, attaining the maximum performance
of the ADSPs is important. Because of the substantial per-
formance difference (by at least an order of magnitude'')
between the programs coded in high-level language and
hand-optimized programs in the ADSPs. the time-critical
portion (e.g.. tight-loop bodies) of steps I 10 7 was pro-
grammed in ADSP assembly language, directly utilizing
various performance-enhancing features of the ADSPs to
speed up execution. For example, consider the thresholding
operation that produces a binary output image from an 8-bit
gray-scale input image. If an input pixel is greater than or
equal to the threshold value, the corresponding output pixel
is set to the user-selected nonzero output pixel value. Oth-
erwise. it is set to zero. In the first instruction, the 32-bit
ALU is split into four 8-bit units, and the differences of 4
input pixels and a threshold value are calculated simulta-
neously in each ADSP. The carry bits from this operation
are saved in the mf register. The carry bit is set if the input
pixel is larger than or equal to the threshold value. In the
next instruction, the saved four least significant bits of the
mf register are replicated eight times using the expander,
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and four bitwise logical AND operations with the user-
specified output pixel value are performed. If the carry bit
was |, the bitwise logical AND operation is performed be-
tween the user-specified output value and OxFF. If the carry
bit was 0, the bitwise logical AND operation is performed
between the user-specified output value and 0x00. There-
fore, thresholding can be performed in two cycles for 4
pixels (0.5 cycles per pixel) on each ADSP. With four AD-
SPs running concurrently, 8 pixels can be thresholded in
every cycle. Similar techniques are used as well to optimize
the implementation of median filtering, packing, and un-
packing.

The packing operation compresses the noise-removed
image into the bitmap for the fast implementation of steps 4
to 6. By using the bitmap, steps 4 to 6 can process multiple
pixels simultaneously. In addition, the data transfer time
between external memory and on-chip memory is reduced
to one-eighth of the time necessary for transferring 8-bit
data. Because steps 4 (o 6 are the most compute-intensive
parts of the Abingdon Cross benchmark, the benefits of
using the packed image far outweigh the extra processing
time necessary for packing and unpacking operations.

Binary dilation, binary erosion, and thinning operations
used in steps 4 to 6 are all neighborhood operations based
on a 3X3 window and their implementations are optimized
similarly using the three-input ALU and barrel rotator fea-

. tures of the ADSP. For example, in binary erosion of an

image K with a 3X3 structuring element S, if the origin of
the structuring element is in the middle of the square, say,
at coordinate (1. 1), the output pixel E[i,f] could be com-
puted as
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Table 1 Summary of the execution time of the Abingdon Cross
implementation on the MS5000.

Execution Total Execution
Operation Time (ms) Frequency  Time (ms)
Thresholding 3.34 1 3.34
1x21 median filtering 5.38 1 538
19x1 median filtering 367 1 367
packing to bit image 1.96 1 1.96
3% 3 binary dilation 1.14 4 4.56
3x3 binary erosion 1.14 35 39.80
thinning 12.78 6 76.68
unpacking to byte image 2.16 1 2.16
Total execution me= Tyg5000~137.65 ms.
Elijl= Vv K[i+k—1j+i-1]eskl] (3)

0%k I=<2

where @, \/ and ¥ represent EXCLUSIVE-OR, OR and
NOT logical operations. In our implementation, each word
(or register) contains 32 pixels or bits. Since the leftmost
and rightmost pixels do not contain their corresponding
neighbors, 30 pixels are processed simultaneously. In order
to form a 30-pixel processing unit, it is necessary to merge
two 32-bit words and extract appropriate 30 pixels from the
merged words. With the three-input ALU and barre! rota-
tor, the EXCLUSIVE-OR and OR operations can be per-
formed in one instruction, resulting in 9 cycles per 30 pix-
els for a complete 3X3 binary erosion operation on each

ADSP. Owing to the processing overhead in merging and .

extracting input and output pixels into 30-pixel units, the
overall implementation took 21 cycles to erode 30 pixels on
each ADSP. I
Because of the TC's autonomous data transfer capabil-
ity, the ADSPs can focus on performing the operations nec-
essary for each step without wasting computing cycles on
bringing the raw image data on-chip and storing the pro-

cessed results off-chip. The ADSP submits a transfer re-

quest for the next image block in advance while processing
the current on-chip image block. In this way, our imple-
mentation overlaps the 1/O and processing time s much as
possible, effectively avoiding the data movement overhead
for the ADSP.

5 Results

Table 1 shows the execution time of steps .1 to 7 imple-
mented on the MS5000 with the TMS320C80 running at 50
MHz. The total execution time was 137.65 ms, of which
skeletonization (steps 4 to 6) took sbout 88%. Packing and
unpacking operations introduced about 3% of px g
overhead, but they reduced the executioir tifie BEStepsd-fo
6 significantly. The quality factor QFysso00 af the MSS000
is computed to be 3720, and the price-performance factor
PPFyssom is 381, with the end-user’s system cost of
$5.,000.% If the higher clock frequency versions of the

*As explained in Sec. 3, our implementation did not utilize the built-in-

special VO features available on the MS5000 for multimedia applica-
tions. The system cost of the MS5000 can be fusther lowered if these
peripherals are not included in the MS5000.

W~

Price-Performance Factor

Fig. § The results of the Abingdon Cross benchmark with various
commaercial systems. Solid circles are results measured using actual
systems and open circles are results estimated using actual sys-
tems.

TMS320C80 become available in the near future, the total
execution time would be reduced further, because skeleton-
ization steps are all compute-bound operations and their
performance would be directly proportional to the clock
speed.

In Fig. 5. the quality factor and price-performance factor
of the MS5000 are compared with the results of other sys-

tems reported in Ref. 4. [It should be noted that there is a

gap of roughly two technological generations between the
MS5000 system and the systems described in Ref. 4. If the
benchmark results were available for more recent versions
of these systems, they would provide more interesting com-
parisons with the MS5000 system. However, data are not
available (to the best'of our knowledge) for them. Further-
more, considering that our main purpose in this study was
not to claim that the MSS000 outperforms the newer gen-
eration of these systems, but to understand the relative per-
formance of the MS5000 compared with the various sys-
tems that existed in the past, these old data are still useful.]
For the objective comparison, we did not include hypotheti-
cally estimated results for systems that were not actually
built, Whisi interpreting the graph in Fig. 5, it should be
noted that the OF and PPF coordinates for a system are
not fixed and change with time. As commonly found in the
sevised versions of the same system, if the performance and
price of the system improve of & more efficient algorithm is
implemented, the coordinate would move upward and/or to
the right. In addition, since the Abingdon Cross benchmark
did not specify the exact method for finding the medial axis
of the cross and did not clearly constrain a priori informa-
tion that could be used to solve the problem, it would be
more appropriate to interpret the QF and PPF coordinates
as representing a region instead of a point. These shortcom-
ings of the Abingdon Cross benchmark make the objective
performance comparisons more difficult as well.!

*The original intent of defining an image processing problem as a bench-
mark instead of a set of specific operations was 10 give programmers
envugh fiexibility so that the performance-enhancing features of an image
computer could be folly utilized in computing the medial axis.
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Preston” defined four groups of systems as shown in Fig.
5. Systems in group 1, so-called video-rate processors, have
the lowest quality factors and worst price-performance fac-
tors. The group 2 systems consist of specialized (multimo-
dule} image computers with architectures optimized for im-
aging applications. Board-level systems intended as plug-in
peripherals to PCs belong to group 3, and massively paral-
lel image computers form group 4. .

The MS5000 belongs to the group 3 category. However,
the MSS000 is at least an order of magnitude faster (in
terms of the quality factor) than systems in group 3. in spite
of the fact that it was mainly designed to meet the real-time
requirements of multimedia applications and did not in-
clude any dedicated special-function hardware circuitries
for image processing or computer vision tasks. Further, it is
faster than the group 2 systems while its integration level is
much higher than that of those systems. The MS5000 can-
not match the quality factors of systems in group 4, but this
was expected because of the significant difference in the
degree of parallelism between the MSS5000 and group 4
systems. For example, the AIS5000'2 used a lincar array of
512 processors while the MSS000 has onc chip
(TMS320C80). From the price-performance perspective,
the MSS000 is one of the best systems and is behind only
the AIS4000 in group 4. Unlike the group 4 systems, how-
ever, the MS5000 provides practical solutions for many
demanding imaging applications because of its low system
cost and one PC board implementation.

6 Conclusions

The performance of the MS5000 multimedia system based
on the Texas Instruments TMS320C80 DSP chip was
evaluated for image processing and computer vision tasks
using-the Abingdon Cross benchmark. Unlike many. spe-
cialized parallel image computers tested by this benchmark,
the MS5000 is based on a programmable single-chip mul-
tiprocessor (TMS320C80) and provides a highly integrated,

low-cost solution for compute-intensive imaging applica-

tions. With the heavy use of many unique powerful features
of the TMS320C80, we were able to achieve efficient
implementation, although more optimizations on the algo-
rithm and its implementation would further improve the
performance. The measured result of the MSS5000 system
shows that the MS5000 outperforms most of 1980s special-
ized parallel image computers at a fraction of system cost,
making the TMS320C80 a practical solution for many
emerging real-time embedded imaging applications.
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