




























































































































































































































































































































































































Coefficient matrix quantization is performed in parallel using the n x n configuration, and in serial

2

using the 1 x n” configuration. The ratio in execution times is exactly 1:8. All the PEs are 100%

utilized during matrix quantization.

It appears that the 1 x n? configuration has some advantages compared to the n x n configuration.
Depending on a particular application, it should be possible to decide if one configuration is more
suitable than the other. If DCT and the subsequent matrix quantization are the only operations, as

specified in JPEG algorithm, the 1 x n?

configuration is chosen. If other operations, such as
prefiltering and ME, are involved, the data arrangement problem needs to be analyzed for the

entire application.

As a rule of thumb, when the number of available PEs is less than or equal to the number of 8 x 8
pixel blocks, the 1 x n? configuration is more appealing. When the number of PEs is significantly
large, the n x n configuration is more suitable. Data arrangements of the preceding and subsequent

operations are also important in deciding whether a particular configuration is more suitable.

5.3.3 Implementation of Cho’s algorithm [Cho91]

Cho’s algorithm is based on the simplification of the expanded 2-D algorithm. This algorithm
reduces the number of multiplications and additions to 96 and 466, respectively. 1-D DCT
operation is still applied at the beginning. The 1-D DCT Lee’s algorithm is chosen for this step.

Subsequent operations are optimized, and therefore, tend to be irregular.

The number of multiplications is greatly reduced in this implementation which results in faster
operation. However, drawbacks are anticipated: the number of working memory-map registers
increases by a factor of 2, and the address control becomes very complex and error prone. Similar
to Lee’s implementation, the coefficients are constant to all the PEs, and thus need not be stored

in PEs memory. DCT and quantization times are listed in Table 5.5:
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Table 5.5 Block DCT and quantization times using Cho’s algorithm

1xn?
3.443 ms + 1.226 ms

nxn
1.219 ms + 0.153 ms

5.3.4 Implementations on the Enhanced C*RAM

When implemented on the enhanced C*RAM, additional savings are obtained by taking
advantages of the added features, especially for the n x n configuration. No speed-up is obtained
for the 1 x n® configuration.

Table 5.6 Block DCT and quantization times using n x n configuration

Algorithm Baseline (ms) Enhanced (ms) % Reduction
Lee’s 1.495 + 0.153 1.336 + 0.153 10.6 + 0.0
Cho’s 1.219 +0.153 1.108 + 0.153 91400

A decrease in 10.6% and 9.1% have been obtained using Lee’s and Cho’s algorithms,

respectively. These improvements can be attributed to:
» Parallel addition/subtraction circuits;
* Mask loadings can be minimized since the 8 x 8 groups are partitioned once at the beginning;

* Parallel transfers using the PSB;

5.3.5 Memory Requirements

Memory requirements vary over algorithms used as well as data arrangement configurations.
Computation in Lee’s algorithm is very contained within a row (column) and therefore, requires
minimum amount of working memory - 0.5Kb for data and 1.5Kb for working space. In Cho’s
algorithm, on the other hand, computations spread out to many rows in an irregular manner. As a

result, working memory is twice as many as that requires by Lee’s.

In terms of storage for multiplicative constants, all PEs in the 1 x n? configuration operate on the

same constant at a particular time. The set of multiplicative constants can be interpreted at the

107



controller as strings of 1’s and 0’s, and thus, there is no need to be stored in memory. On the other
hand, PEs in the n x n configuration are partitioned into groups of 8. Constants used by one PE are
different from constants used by another PE in the same group. Rows of memory must be

allocated for these constants.

5.3.6 Summary of DCT Implementations
The block DCT (ihcluding quantization) times of different configurations and algorithms are

summarized in Table 5.7 below:

Table 5.7 Block DCT (ms) using different algorithms on various configurations

Algorithm Baselinenxn Baseline 1 x n? Enhancedn xn
Lee 1.648 6.712 1.489
Cho 1.372 4.667 1.261

Table 5.7 shows that the enhanced n x n implementations are 10% better than their baseline n x n

counterparts, and implementations using Cho’s algorithm are 15 to 30% better than Lee’s.

In order to compare with the performance of a RISC processor, I/O timings have been included.
Knowing that the controller can be matched to provide data and instructions over the 8-b bus at
the rate of 25MHz, the block DCT I/O time is: (8*8*8b) / (8b bus*25MHz) = 2,560 ns. Similar
DCT operation has been run on the SuperSPARC for 10.712 ms. With adjustments to the I/O

time, the speed-ups in block DCT times compared with the SuperSPARC are listed in Table 5.8:

Table 5.8 C*RAM speed-ups in block DCT over a RISC processor using different
algorithms on various configurations

Algorithm Baselinenxn Baseline 1 x n? Enhanced n x n
Lee 6.5 1.6 7.2
Cho 7.8 23 8.5

Tables 5.7 and 5.8 provide some performance merits to different DCT algorithms implementing

on various C*RAM designs and configurations. The speed-ups in block DCT ranges from 2 to 8.
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No limitations are placed on any schemes and the criteria for selecting which schemes are made
based the regularity of implementation, and overall timings and arrangement required. These

speed-ups should be higher when the entire image is considered.

It is worth mentioning that it takes 4.95 ms to perform DCT on a 512 x 512 image using the 40
MHz IMAP system with 8-b PEs [Yamashita94]. After frequency scaling (by 40/25), operation
scaling (by 1/4), and datapath scaling (by 8), the equivalent block DCT execution times is 15.84
ms. On the other hand, block DCT (including quantization) requires 6.71 ms on the 25MHz 1-b
C*RAM. Therefore, it can be concluded that C*RAM performs better in FFT-based operations

such as DCT.

In Chapter 7, block DCT implementation will be studied with regard to the image and video
compression standard as a whole. The n x n configuration will be selected for the overall
implementation for reasons discussed in Section 6.2.1. Worst-case block DCT is the Lee’s
algorithm implemented on the baseline C*RAM, while best-case block DCT is the Cho’s

algorithm implemented on the enhanced C*RAM.

5.4 Entropy Coding

In the entropy coder, the quantized DC and AC coefficients, and motion vectors are losslessly
compressed. There are two stages: the run-length coder replaces consecutive zeros by their run
length thus reducing the number of samples, while the VLC assigns shorter codewords to more
probable source symbols so that the average number of bits per source symbol is minimized.

Implementation of the entropy coder can be described by the following 3 operations:

5.4.1 Differential Coding of Quantized DC Coefficients
DC coefficients of adjacent blocks are differentially coded. This is performed by subtracting DC;

from DC,,. The differences in DC values are sent off-chip and variable-length coded.
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5.4.2 Run-Length Coding of Zig-Zag Scanned, Quantized AC Coefficients

The next step is to determine the runs of zeros from the zig-zag scanned AC coefficients. Among
the PEs, the number and order of zeros and non-zeros are not necessarily the same. However, in
an SIMD architecture, at every instance, all the PEs must execute the same instruction. The
following algorithm describes the run-length coding process on a SIMD architecture:

* Step 1: Check for zeros. This zero-checking operation results in group A with zero-value PEs,

and group B with non-zero PEs.

*» Step 2: The W registers of group A are masked out, and all the RUN counters and non-zero
values of group B are stored. Then, all the RUN counters are reset. The masking operation

ensures that only those of group B are affected by the subsequent operations.

* Step 3: The W registers of group B are masked out, and all the RUN counters in group A are

incremented. Similar to the masking operation in step 2, only the RUN counters of group A

are incremented, while those of group B are not affected.

Table 5.9 Block execution times (ms) for DC differential and AC
run-length codings

1 x n2 nxn

Baseline 0.102 0.090

The baseline C*RAM has been used for implementation. The enhanced C*RAM offers no speed-

up since operations of run-length coding does not make use of the enhanced features.

It is noted that the RUN counters can be represented using 6-bit numbers since there are 63 AC

coefficients in each block, whereas the sizes of the AC coefficients can be represented using

numbers of maximum 11 bits.
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5.4.3 Variable-Length Coding for Run-Length Coded Coefficients

The RUN counters and non-zero coefficients can be represented by 6 and 11 bits, respectively.
The 2 MSB’s of the RUN counter represent the number of 16-runs of zeros. Therefore, these 2 bits
are checked and coded first. The remaining 4 bits of the RUN counter and 11 bits of non-zero
coefficient are grouped together and are subjected to a search operation. Many of the {RUN, non-
zero AC coefficient} pairs are statistically improbable, and only 128 possible pairs are

subsequently proposed for MPEG-2 implementation [ISO/IEC 13818-2].

Due to the irregular nature of the variable length codes, the {RUN, nonzero AC coefficient} pairs
may be sent off-chip for variable-length coding. The on-chip alternative can be realized by storing
a codebook of 128 representative {RUN, nonzero AC coefficient} pairs in C*RAM and table
look-up operation may be performed to provide the index as the address to the best match pair.

The indices are to be looked up in a ROM where actual variable-length codewords are stored.

There is no speed-up in the entropy coder because of data irregularity. The DPCM of DC
coefficients and run-length coding of AC coefficients are, however, required to minimize I/O time

for outputting similar DC coefficients and numerous zero-valued AC coefficients.

5.5 Sub-Codebook VQ for Image Compression

Vector Quantization is a low bit-rate compression technique where compression is achieved by
representing a vector by its index (or address) to a codebook. The codebook, a set of
representative vectors, had been generated from a set of standard images using a codebook
generation algorithm. Even though VQ is not included as a component in any image and video
compression standard, it remains attractive to applications where little processing power is

anticipated at the low complexity receivers, and mobile communication devices [Kobayashi97,

98].
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In this section, a Sub-Codebook VQ (SCVQ) implementation, where there are more codewords
than the available PEs in a 1-D SIMD array processor, will be proposed. Different search
strategies will be studied in details to achieve the most efficient implementation, while

maintaining moderate reconstruction quality.

5.5.1 Implementation Procedure

VQ is popular for its low bit-rate operation and simple decoding at the receiver. Image quality,
however, is greatly affected if the image does not have its repre:sentative1 involved in the training
process or the number of codewords is small. Therefore, a large codebook is preferred. VQ look-
up operation can be tedious if the search is performed in serial. Due to data independency in the
search algorithm itself, this look-up operation can be implemented on SIMD arrays [Le94, 95,

96], systolic arrays [Kung88, Yan90], and pipeline processors [Kolagotla93].

The following discussions are directly applied to any SIMD array processor including C¥*RAM.
When the number of codewords is less than the number of PEs in a 1-D array processor, each PE
can accommodate and represent one codeword. Therefore, the search for the best match codeword

can be performed in parallel among the PEs.

When the number of codewords is greater than the number of PEs. They have to be arranged in
such a way that allows for fast search while minimizing degradation in image reconstruction
quality. This implementation provides mechanism for allocating large number of codewords into
SIMD array processor with limited number of PEs, while achieving high reconstruction quality.

The SCVQ implementation is described as follows.

Unlike TSVQ where zero-valued codewords exist in many leaves, the codewords of SBVQ are

first re-arranged in order of increasing mean and variance to eliminate empty words. They are

1. The coding of a face image should use a codebook generated from a set of images which included one or more
face images.
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then grouped into a number of sub-codebooks. The codewords in each sub-codebook are stored in
one level of hierarchy so that one sub-codebook may be searched at a time. At the top level of the

hierarchy, the centroids (or representatives) of the sub-codebooks are stored.

Level O

Level 1

Level 2
Level 3

Level n Sq

centroids of sub CB’s D regular codewords

Figure 5.7 SCVQ for large codebook allocation

For instance, assuming there are 256 codewords in the original codebook (Fig 5.7), and the SIMD
array processor has only 64 processors, the original codebook is first divided into 4 sub-
codebooks S1, Sy, S3, and S4. The corresponding centroids ¢y, c,, ¢3, and ¢4 of the sub-codebooks
are calculated (at the host) and stored in level 0, while the sub-codebooks are stored in the

subsequent levels 1, 2, 3, and 4.

Searches for the best match codeword are performed in at most 2 passes. During the first pass, the
16-D centroids of the sub-codebooks are compared with the 16-D input vector in parallel. The
sub-codebook whose centroid best matches the input vector will be selected. The second pass will

be performed on the entire selected sub-codebook for the final match.

5.5.2 Coding Performances
Simulations have been performed on 256 x 256 pixel images: Airplane - scenery image, Baboon -

animal image, and Lena - face image, using their respective codebooks of 256 words. Table 5.10
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search and SCVQ in order of decreasing NMSE.

~ Table 5.10 Performance of FSVQ vs. SCVQ

lists the performance comparisons between FSVQ where all the codewords are available for

FSVQ FSVQ SCVQ SCVQ
NMSE PSNR NMSE PSNR
(%) (dB) (%) (dB)
Baboon 1.14 25.00 1.23 24.66
Lena 0.95 27.32 1.28 26.03
Airplane 0.25 28.88 0.34 27.58

In Table 5.10, Baboon image has the lowest reconstruction quality due to its complex features -
animal’s facial hairs require distinct codewords for good reconstruction (Fig. 5.8a), while Lena
image has higher reconstruction quality - details in her hair and high contrast between her hat and
the mirror frame (Fig. 5.8b). The Airplane image (Fig. 5.4) have the highest reconstruction quality
because there are not a lot of details in the original images. The SCVQ is at most 1.3 dB lower in

PSNR compared to ESVQ (0.33% in NMSE higher than the FSVQ)

Figure 5.8 Original a) Baboon and b) Lena images of size 256 x 256 pixels
A closer look at the sub-codebooks reveals that codewords at the boundaries are very similar. In

fact, if the best match codeword is not in the sub-codebook whose centroid is selected during the
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first pass, then a similar codeword is selected and a wrong index is, in turn, chosen in the second

pass. This causes degradation in image reconstruction.

A better arrangement is to store the codewords at the sub-codebook boundary into another level of
hierarchy where they can be used to make fine adjustment. Assuming that the original codebook is

divided into 4 sub-codebooks. Possible arrangement is shown in Fig 5.9.

c1°2c3c4
Level O A
Level 1 A S,
Level 2 B S,
Level 3 D S3
Level 4 F - Sy
Level 5 /////A A B c D E F
centroids of sub-CBs D regular codewords Z unused

Figure 5.9 SCVQ with boundary consideration

Groups of x codewords at the sub-codebook boundaries: A, B, C, D, E, and F, are duplicated and
stored in level 5. When there is a unique centroid match, say c;, sub-codebook S; is search. When
there are double matches in consecutive centroids, say ¢; and ¢,, groups A and B will be searched.
In case of triple matches, which is very unlikely, say c2, c¢3, and c4, the middle sub-codebook, in

this case, S3 will be searched. Simulation results are listed in Table 5.11.

Table 5.11 Performance comparison: SCVQ without versus with border

consideration.
SCVQ SCVQ SCVQb SCVQb
NMSE PSNR NMSE PSNR
(%) (dB) (%) (dB)
Baboon 1.23 24.66 1.24 24.62
Lena 1.28 26.03 1.23 26.22
Airplane 0.34 27.58 0.34 27.57
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The reconstruction qualities are unchanged for Airplane and Baboon images. For Lena image,

reconstructions are improved by nearly 0.2 dB (or 0.05% in NMSE).

Finally, the SCVQb implementation has been extended to the encode images using universal
codebook. Ten 256 x 256 standard images of different characteristics have been chosen as input
vector pool to generate a 512-word universal codebook: Airplane and Sailboat - scenery images,
Airport and Ptower - low contrast images, Baboon - high texture animal image, Ball and
Visualmtf - graphics images, Chest - x-ray image, Lena - face image, and Moon - space image.

Table 5.12 Performance comparisons: FSVQ vs. TSVQ vs. SCVQb

FSVQ FSVQ TSVQ TSVQ SCVQb SCVQb
NMSE PSNR NMSE PSNR NMSE PSNR
(%) (dB) (%) (dB) (%) (dB)

Airport 6.67 2442 7.56 23.91 7.28 24.03
Ptower 5.00 22.35 6.28 21.58 6.72 21.24
Baboon 1.43 24.00 1.72 23.23 1.50 23.74
Lena 1.25 26.14 1.54 25.27 1.65 24.83
Sailboat 0.82 26.05 1.01 25.18 0.97 25.19
Moon 0.42 29.60 0.51 28.78 041 29.39
Airplane 0.36 27.30 0.47 26.18 043 25.95
Ball 0.21 37.73 0.28 36.59 0.22 37.07
Visualmtf 0.19 33.02 0.57 28.50 0.65 27.77
Chest 0.05 36.37 0.09 33.81 0.14 31.79

FSVQ and Tree-Search VQ (TSVQ)! are also added to compare with SCVQb. For the
implementations, the centroids of the sub-codebooks and the boundary codewords (level O and
level 5 - Fig. 5.9) are merged into one level to reduce search time. There will be 8 levels of sub-

codebooks and 1 level of centroids and boundary codewords. The distance x is chosen to be 4.

In Table 5.12, due to low contrast, Airport and Ptower images (Fig. 5.10a and b) - taken at night -

have the highest NMSEs, regardless of coding techniques. Baboon and Lena images (Fig. 5.8a

1. Source code of TSVQ was obtained from [WStree96]
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and b) have moderate reconstruction errors, while other images such as Sailboat and Moon
images (Fig. 5a.11a and b) have low reconstruction errors. All reconstructions, except Visualmtf

and Chest images, are within 1.5 dB of the FSVQ technique.

Figure 5.11 Original a) Sailboat and b) Moon images of size 256 x 256 pixels
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The worst case reconstructions of Chest image will be visually examined. The reconstruction of
the original Chest image (Fig. 5.12a) using 512-word FSVQ (Fig. 5.12b) will be displayed for

ease of comparison with SCVQb (Fig. 5.13a) and TSVQ (Fig. 5.13b).

Figure 5.13 Reconstructed Chest image using 512-word a) SCVQb and b) TSVQ.

118



It can be seen that recontruction using TSVQ is blockier compared to SCVQb. This is because
TSVQ may end up with local minima, while SCVQb ends its search in sub-optimum global

minima. Optimal minima may be found by increasing the number of boundary codewords.

In general, the coding performances of SCVQb are comparable to those of TSVQ in objective
quality, while superior to TSVQ in subjective quality. The following section will be provided to

study the speed-up achieved by SCVQb with respect to FSVQ.

5.5.3 Theoretical Speed-up Analysis
Let K, L, N be the number of input vectors, the codeword dimension, and the number of

codewords in the universal codebook. Let s be codewords in the sub-codebooks.

It takes FSVQ K*L*N search operations to encode an image. On the other hand, it takes K*L*(N/
s) operations to search for the best centroid, and another K*L*s to search for the best codeword in
the selected sub-codebook. The resulting speed-up is (K*L*N) / [K*L*(N/s) + K*L*s] = N/ [N/s

+ s]. Typically, N=512 and s = 64, the speed-up is thus 7.1.

On the generic 1-D SIMD machine with s PEs. It will take one search operation to determine the
best match centroid, and another search operation to determine the best match codeword in the

selected sub-codebook. The speed-up, due to parallel processing is, (K¥L*N)/(K*L*2) = N/2.

Therefore, it can be said that SCVQb can achieve a speed-up of 7 and as high as N/2, compared to

FSVQ.

5.5.4 Experimental Speed-ups
In order to compare with the performance of the Sun SuperSPARC processor, I/O timings have
been included. Knowing that the controller can be matched to provide data and instructions over

the 8-b bus at the rate of 25MHz, the block VQ I/O time is: (4*4*8b) / (8b bus*25MHz) = 640 ns.
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With adjustment to I/O time, the speed-ups in block VQ times compared with the corresponding

Sun SuperSPARC’s values are listed in Table 5.13:

Table 5.13 Block VQ times and the corresponding speed-ups

64 words 512 words
Sun SuperSPARC 7.229 ms 57.833 ms
64-PE Baseline C*RAM 57,400 ns (126) 114,160 ns (507)
64-PE Enhanced C*RAM 39,360 ns (184) 78,080 ns (741)

The speed-ups in the second column (126 and 184) can be attributed to on-chip parallel C* RAM
implementations, while those in the third column (507 and 741) are the combined speed-ups of
both on-chip implementations and special SCVQb arrangements. In fact, 507/126 = 741/184 =
4.0. This value of 4.0 is not near 7.1 as theoretically computed due to other factors such as I/O and

C*RAM register settings.

Therefore, C*RAM implementation of VQ results in speed-up of 126 for baseline model, 184 for

enhanced model. An additional speed-up of 4 is obtained by SCVQb arrangement.

5.6 Conclusions

In this chapter many image processing algorithms have been implemented. The smallest speed-
up, of a few tens, has been obtained when contrast stretching is performed. When executing
multiplication, the gain achieved by the massively parallel single-bit PEs cannot outperform the
multiple-bit integer and floating point units of a RISC processor. Greater speed-ups (over RISC)
of a few hundreds have been obtained when performing pixel and local operations such as image
subtraction, row-wide min/max searches, etc., where the algorithms are readily vectorized.
Greatest speed-up has been achieved with sub-pixel operations, where only a fraction of the bits

are manipulated. Compared with other logic-in-memory SIMD systems, it has also been shown
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that C¥*RAM is more efficient than IMAP and HDPP in terms of binary shiftings and left-right

data transfers.

When mapping DCT and related quantization operations on C*RAM, the speed-ups over RISC in
block DCT (including the subsequent matrix quantization) ranges from 2 to 8. They are larger
when the entire image is considered. The criteria for selecting a particular scheme are made based
the regularity of implementation (Lee’s versus Cho’s algorithms), and the overall timings and

2

arrangements (1 x n“ versus n x n configurations) required. It has also been concluded that

C*RAM performs better than IMAP in FFT-based operations such as DCT.

Finally, C*RAM implementations of VQ results in speed-up (over RISC) of 126 for baseline
model, and an additional speed-up of 4 is obtained by SCVQb arrangement. The speed-ups of
different algorithms, especially VQ, have been further augmented by the C¥RAM’s enhanced

features.

In Chapter 7, overall implementations of image/video processing components such as filterings,
DCT, VLC, and ME will be put together for the realizations of image/video compression

standards using C*RAM.
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awrms A New Low-Complexity
Motion Estimation
Algorithm and Its
C*RAM Implementation

In this chapter, a low bit-rate morphological-based ME algorithm (FEXOR) will be proposed. The
motivation behind low-complexity ME is to achieve real-time video coding for applications which
moderate quality is required. The algorithms will be presented in the following order: the
algorithm, its performance, and algorithmic and architectural speed-ups. The second part of this
chapter devotes to the implementations of various ME algorithms including: FBMA, PD,

FEXOR, and BP_BPM.

6.1 Motion Estimation using Feature Extraction and XOR Operation

Motion estimation is a temporal image compression technique, where an n x n block of pixels in
the current frame of a video sequence is represented by a motion vector with respect to the best
matched block in a search area of the previous frame, and the DCT coefficients of the displaced

block differences. A ME algorithm should have the following steps:
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* Prefiltering: Noise is filtered out. In low-complexity algorithms, this step is to extract features
from the image in terms of edges (step and ramp edges) and texture (non-ramp edges), neces-

sary for motion detection;

* Distortion computation: every reference block is slid over a SA and the corresponding distor-
tion is computed; and
* Motion vector determination: based on the distortions computed, the displacement vector cor-

responding to the minimum distortion is identified.

In FBMA, distortion computation and motion vector determination are the only steps. Pixels of
block data are commonly 8 bits, and the entire search area is assumed. The MAE distortion
measure gradually phases out MSE distortion measure due to its similar performance with simpler

hardware realization. This FBMA algorithm is rather simple to implement on any uniprocessor.

It is generally accepted that ME using FBMA is computationally intense and its off-chip data
transfer is overwhelming. These difficulties prevent ME-based applications from being operated
in real-time. Therefore, algorithm developers have, over the years, attempted to reduce its

complexity to a manageable level.

To reduce the number of search locations, TSS uses similar distortion computation method except
that the search is performed on a coarse-to-fine basis. This algorithm works based on the
assumption that the distortion is monotonically increasing as the search is moved away from the
best match location. Since there are many local minima in a frame, algorithms based on this
assumption do not necessarily yield the best results. When implemented on a uniprocessor, a
speed-up of a factor of 8 to 9 is expected. When implemented on SIMD array processors, the
control overhead and irregular data structure greatly offset the speed-up achieved by massively

parallel feature of the SIMD architecture. As will be shown later, the TSS algorithm is only
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feasible when the number of PEs is small. Therefore, TSS is considered inefficient when mapped

onto the SIMD array processors.

PD uses similar distortion computation method except that only a fraction of the n x n pixels is
used for computation. PD algorithm is also simple to implement on any uniprocessor. However,
the mapping of PD to SIMD processors is neither efficient because no processing power is saved
on the decimated data, nor accurate because proper alternating patterns required for accurate
estimation may not be implemented. Similar arguments are applied to ME algorithm using

Motion Field. The overall theoretical speed-up is from 8 to 16 times compared to FBMA.

Knowing that pixel operations such as filtering, and local operations such as block matching are
suitable for SIMD array processors, low-complexity algorithms have been introduced. In this
section, a new low-complexity technique for motion estimation is proposed. Unlike its
predecessors, this algorithm is based on morphological image processing which is commonly
used in machine vision and pattern recognition. A defective item on a conveyor belt can be
detected by comparing its size and shape with the template characteristics of the standard item. In

this concept, the color and shade of an item are not of importance.

The proposed technique attempts to fully vectorize the prefiltering step as much as possible, so
that operations in subsequent steps can be avoided or reduced. First, it reduces the b-bit grayscale
frames into 1-bit binary frames using morphological filters, and to determine the displacement of
the edges and texture of the adjacent frames. While reduction in bit-depth requires a small
percentage of computation at full pixel resolution, the search procedure is executed using simple
XOR logic operations and 1-b distortion accumulations on the entire search area. Compared to
other low complexity techniques, the proposed technique yields better frame reconstructions,
operates using simpler arithmetic/logic operations, and possesses a higher degree of parallelism

when implemented on a SIMD architecture [Le99].
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6.1.1 Description of the Algorithm

According to BMA’s assumptions, the edges of the object/region in consecutive frames should be
similar in shape if conditions 1, 2, and 3 are met. There are three steps in FEXOR: 1-b transform,
distortion computation, and motion vector determination. In the 1-b transform stage, a common
morphological-based edge detection filter proposed by [Lee87] (briefly presented in Section A.4),
and the proposed technique are simulated. In FEXOR, the grayscale images first undergo an
opening-by-reconstruction operation using a 3 x 3 window to filter out any noise. The resulting
image then undergoes EG, using a 5 x 5 window. Finally, the difference image, obtained by
subtracting the original image from its processed version, is thresholded by a constant grayscale

of 5 to generate a binary edge map. Dynamic thresholding can also be implemented.

In the subsequent distortion computation and motion vector determination stages, the FBMA
technique is next applied on the entire SA of the 1-b edge maps. Since the edge maps are binary
images, the single-cycle XOR operations are performed at each search location. At each pixel in
the search block, the result of an XOR operation is a 0 if two pixels match, and 1, otherwise. The
location resulting in the least number of 1’s is the best match. Motion estimation using FEXOR
generally results in a speed-up of nearly 8 (for 256 grayscale image) since the XOR operations

and 1-b accumulations are simpler than the 8-b MAE operations.

6.1.2 Simulation Results

Simulations have been performed on the first 30 frames of 8 sequences: Football, Garden, and
Table Tennis of sizes 720 x 480 pixels; Miss America and Salesman of sizes 352 x 288; Pingpong
and Susie of sizes 352 x 240; Caltrain of size 512 x 400; and Trevor of size 256 x 256. In these
simulations, the frames are divided into blocks of size 16 x 16 pixels, and the search range of (-

16,+15) pixels in each direction has been chosen.
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All simulation results are compared against the FBMA and the typical low-complexity BP_BPM
algorithms. In Table 6.1, the sequences are listed in the order of decreasing NMSE in terms of
reconstruction. The sport sequences such as Football, Table Tennis, and Pingpong have resulted
in the largest NMSEs. The scenery sequences, such as Garden and Caltrain, have resulted in
moderate NMSEs, while the head-over-background sequences, such as Salesman, Trevor, Miss

America, and Susie, have lowest NMSEs.

Table 6.1 Average NMSE (%) of the tested sequences

Sequence FBMA | BP_BPM Lee87 FEXOR
Football 1.82 3.23 4.87 3.82
Table Tennis 0.99 1.15 1.48 1.26
Pingpong 0.82 0.95 1.25 1.06
Garden 0.62 0.74 1.03 0.79
Caltrain 0.32 0.41 043 0.44
Salesman 0.32 0.67 0.46 042
Trevor 0.28 0.33 0.47 0.33
Missa 0.26 045 0.49 0.40
Susie 0.12 0.17 0.20 0.16
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Figure 6.2 Binary frame 12 generated using BP_BPM
Fig. 6.1 shows frame 12 of the original Pingpong sequence. In Fig. 6.2, BP_BPM algorithm tends
to keep all features. Edges are non-uniform in width, and objects tend to have shadows. In Fig.
6.3, ME algorithm using Lee’s edge detection filter [Lee87] over-simplifies the details in the

image. Therefore, the objects, large or small, necessary for ME have been removed.

Figure 6.3 Binary frame 12 generated using Lee’s filter
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Figure 6.4 Binary frame 12 generated using FEXOR

square window. All changes in illumination have been eliminated.

In Fig. 6.4, the remaining details using FEXOR are blocky since the structuring element isa 3 x 3

Table 6.2 Average entropies (bpp) of the error frames

Sequence FBMA | BP_BPM Lee87 FEXOR
Football 4.49 4.81 5.02 4.34
Table Tennis 4.54 4.60 4.70 4.64
Pingpong 3.55 3.62 4.03 3.74
Garden 4.06 4.18 4.29 4.16
Caltrain 342 3.53 3.56 3.54
Salesman 3.12 3.23 3.30 3.23
Trevor 3.10 3.18 348 3.18
Missa 2.78 2.96 3.18 3.03

Susie 2.87 3.06 3.19 3.08
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Table 6.2 lists the average entropies, in bits per pixel, of the error frames. The entropies of
BP_BPM and FEXOR are within 0.3 bpp from FBMA. If the errors are compressed once more in
the subsequent stage, the average entropies can be further reduced. This lends support to establish

the benefit of low-complexity ME. In terms of entropy on the prediction error, BP_BPM and




FEXOR are comparable, while ME using Lee’s filter results in large entropies. Therefore, low-

complexity ME using Lee87’s filter will not be discussed further.

6.1.3 Implementation of Dynamic Thresholding

In the above FEXOR algorithm, a fixed grayscale of 5 was selected for thresholding. This
selection is rather rigid, and thus, does not adapt well with sequences with varying statistics. In
order to address this problem, the dynamic range of the edge-enhanced images could be tracked
using minimum and maximum (range) searches on local statistics of image data. The term ‘local’
can be block, row, or column of data. In particular, each row will be adaptively thresholded using
a pixel dynamic range which can be determined at run-time. One possible implementation is
described as follows: In each image row, conduct a paralle]l MIN search followed by a parallel
MAX search. The difference in the MAX and MIN values is the dynamic range of the row pixels.

This range is divided by 32 - for binary shift - and the zero vs. non-zero quotients determine the

binary image.
Table 6.3 Average NMSE (%) over 30 frames using dynamic FEXOR
static dynamic
Sequence FBMA FEXOR | FEXOR
Football 1.82 3.82 3.77
Table Tennis 0.99 1.26 1.37
Pingpong 0.82 1.06 1.09
Garden 0.62 0.79 0.81
Caltrain 0.32 0.44 047
Salesman 0.32 0.42 0.48
Trevor 0.28 0.33 0.37
Missa 0.26 0.40 0.48
Susie 0.12 0.16 0.19

From Table 6.3, the performance in terms of NMSEs are within 0.05%, yet no advanced
knowledge in the threshold level is required. One exception is that dynamic FEXOR seems to

perform better with fast changing sequences like Football.
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Figure 6.5 Binary frame 12 generated using dynamic thresholding FEXOR
In general, dynamic FEXOR is superior when the sequence’s statistics are unknown and change

quickly with time.

6.1.4 Speed-up Analysis
Let N be the word length of a pixel. Also, let the following notations SUB, DIV, ABS, ACC,
MIN, XOR, CMP, THR denote subtraction, division, absolute operation, accumulation, minimum

search, XOR operation, comparison, and thresholding operation, respectively.

For FBMA, there is no prefiltering step. The distortion computation and motion vector

determination steps are expressed below:

256*[256*(N-b SUB + N-b ABS + 2N-b ACC) + 2N-b MIN]

For a maximum displacement of 8, the corresponding number of search locations is 256. At each
location, there are 256 MAE operations and one minimum search. The sequential approach

requires:
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256*[256*(3N + 3N + 3*2N) + 3*2N] = 811,008 N cycles

If a block is stored as 16 rows of 16 pixels, then the total number of cycles, due to parallel

processing, is reduced to:
16*[16*(3N + 3N + 3*2N) + 3*2N] = 3,168 N cycles

For BP-BPM, the prefiltering step requires: 25 13-b ACC’s and one 13b-by-8b DIV for each of
the 256 pixels. The 13b-by-8b DIV can be considered as 13 8-b SUB’s with signed extension. If

13-b is made equal to 1.5N, the pre-filtering step requires:
(256)*{25*1.5N-b ACC + 13*1.5N-b SUB + 2*1.5N-b (for signed extension)} =
(256)*{25*3*1.5N + 13*3*1.5N + 2*1.5N} = 44,544N cycles
Due to parallel processing, the pre-filtering step of BP_BPM now only requires:
(256/16)*(5/16)*{25*1.5N-b ACC + 13*1.5N-b SUB + 2*1.5N-b (for signed extension)} =
5*%{25*3*(1.5N) + 13*3*(1.5N) + 2*1.5N} = 870N cycles

While the distortion computation and motion vector determination steps, without and with

parallel processing, of the low-complexity algorithms require:
256*[256*(1/8N -b XOR + N-b ACC) + N-b MIN] = 256*[256*(1/8N +3N) + 3N] = 205,568N
and 16*[16*(1/8N +3N) + 3N] = 864 N cycles, respectively.

The total time complexities for BP_BPM without and with parallel processing are 250,112N and

1,734N cycles, respectively.

For FEXOR, the prefiltering stage without and with parallel processing requires:
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(256)*{4*4*N-b CMP + N-b SUB + N-b THR} = 256*{4*4*2N + 3N + 3N} = 9728N
and 9728N/16 = 608N cycles, respectively.

The total time complexities for FEXOR without and with parallel processing are 226,816 N and

1,456N cycles, respectively.

Based on the above analysis, the relative execution times of FBMA and BP_BPM with respect to
FEROX, without and with parallel processing, are 3.6: 1.1: 1.0 and 2.2: 1.2: 1.0, respectively.
FEXOR is generally 10% to 20% less complex than BP_BPM in both cases. Since FBMA is more

efficiently mapped onto the parallel architecture, its complexity is reduced significantly.

The low-complexity FEXOR results in a speed-up of 300% compared to FBMA using SIMD
architecture. It should be noted that the proposed algorithms can be implemented on any
comparable architecture and would result in similar orders of speed-up. The above (algorithmic)
speed-ups increase moderately if implemented on the baseline C*RAM and significantly if

implemented on the enhanced C¥*RAM.

6.2 C*RAM Implementation of ME Algorithms

ME has been chosen as part of the MPEG’s and H.26x video compression standards. In each
second, the ME module of an MPEG encoder has to perform 53.5 billion operations based on
three {N=9, M=3} GOPs, typically of frame size 720 x 576 pixels, with a maximum displacement
of (-16,+15). For this reason, ME is known to be the most time-consuming task in video

compression.

The difficulty increases when data is brought off memory chips to the CPU for computation and
later stored back in memory. Data bandwidth can be reduced by 3 to 4 orders of magnitude due to

load capacity at the I/O paths, and bus speed and structure [Elliott97].
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This problem can be alleviated by performing computation right inside the buffer where the frame
data is stored. Moreover, due to the data parallel nature of the ME algorithm, parallel operations

can be performed on the non-overlapping macro-blocks.

Recall from Section 2.6 that fast ME algorithms can be classified into 3 main streams:
+ Reduction in the number of search locations;
* Reduction in the number of pixels involved; and

* Reduction in the bit-depth.

In this sections, 3 typical algorithms, namely FBMA, TSS, PD, and the proposed FEXOR
algorithm will be considered for implementation, using two architectures: the baseline and the
enhanced C*RAM’s. Unless otherwise stated, the macroblock is referred to as block. The data

arrangement and memory requirement will be discussed first.

6.2.1 Data Arrangement
6.2.1.1 Maximum Transfer Distance

Assuming that search range of d=16 or (-16, +15) is employed on a 256 x 256 frame operating on

a 256-PE C*RAM (Fig. 6.6).

In the n x n configuration (Fig. 6.6a), each image column is assigned to a PE. Therefore, groups of
16 PEs accommodate blocks of 16 x 16 pixels. In the 1 x n? configuration (Fig. 6.6b), each PE
accommodates one block, and each block must be stored in a 1-D format. Therefore, 256 PEs can
be used to store all 256 blocks. In Fig 6.6a, block (1,1) is motion-estimated by matching it with
blocks (0,0), (0,1), (0,2), (1,0, itself (1,1), (1,2), (2,0), (2,1), and (2,2). The maximum transfer

distance of each datum is d=16 PEs.
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Figure 6.6 Image data arrangements
On the other hand, in Fig. 6.6b, block! (17) is motion-estimated by matching with blocks (0), (1),

(2), (16), itself (17), (18), (32), (33), and (34). By visual inspection, the maximum transfer

distance of each datum is d=17 PEs.

When the image is larger than 256 x 256, for instance 1920 x 1080, and the maximum search
range is larger2 than 16, i.e d = 48 or (-48,+47), the maximum distance that each datum is

transferred is 16 and 204 PEs using configurations a and b, respectively.

In general, the maximum distance that each datum is transferred remains constant at 16 for the n x

n configuration, and for the 1 x n? configuration, it is expressed as follows:

Xpare = 1471671 x {[ (columnsize)/167+ 1} 6.1

1. Block (17) in Fig.6.6b is topologically similar to block (1,1) in Fig. 6.6a.
2. MPEG-2’s High-level, High-profile
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where column size is the horizontal dimension of an image, and [ ¢ ] is the ceiling operation
which rounds up the quotien q to the nearest integer. Eq. 6.1 shows that x,,, varies directly with
both displacement d and the image column size. As either displacement d or image column size
increase, X, increases accordingly. Therefore, data transfer time (for distortion computation and
motion vector determination) which is a function of xp,,, and the bit-depth of the pixels (and

distortions) will become a parameter of concern.

6.2.1.2 Control Complexity

Control in the 1 x n? configuration is highly irregular, and thus, error prone.

6.2.1.3 PE Utilization

In the n x n configuration, the ME procedure, working on 16 rows of data, is repeated 16 times
(over the 16 horizontal blocks). In the 1 x n? configuration, the ME procedure is, even though
repeated once over one horizontal block, to operate on 16 times as many rows of data compared to

the n x n configuration. The PE utilizations are thus the same and 100% in both configurations.

In summary, both configurations allow high PE utilization. The n x n configuration is, however,
more regular and requires much smaller and constant data transfer distance among the PEs.

Therefore, the n x n configuration is preferred.

6.2.2 Memory Requirement

For bi-directional ME, at least 3 frames of image data are required at a particular time instance:
the current frame, and the future and past reference frames. Depending on the size of the
displacement d, extra memory will have to be set aside for temporary results. A detailed

description of memory required for data and padding will be presented in Section 7.2.1.

Recall from Section 6.1 that there are 3 steps to motion estimation: Prefiltering, distortion

computation, and motion vector determinations. The low-complexity algorithms focus on the
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prefiltering step, while others emphasize the distortion computation step. The motion vector

determination step is common to all algorithms.

6.2.3 C*RAM’s Implementation of a Single MAE Computation

Conventionally, an MAE computation involves 3 operations: subtraction, absolute operation, and
summation. Due to the bit-serial nature of C*RAM along with its enhanced features, three
implementations have been performed and summarized as follows:

* Approach 1: involves the normal distortion computation where each search includes: one sub-
traction, one absolute operation, and one accumulation per pixel, and one minimum search
per vector;

 Approach 2: the accumulation is performed using a variable bit-length as opposed to a fixed

12-b distortion; and

* Approach 3: takes into consideration the proposed parallel addition/subtraction feature.

Simulations have been performed on a 256-D input stimuli. The results are shown in Table 6.4:

Table 6.4 Block MAE time per 256-D vector.

Time (ms) % Reduction | % Speed-up
Approach 1 1.341 0 0
Approach 2 0.908 32 48
Approach 3 0.620 (32) 54 116

Approach 1, a straight forward translation of the MAE operation, requires the longest computing
time, and is chosen as a reference for other approaches. Approach 2 takes for granted the bit-serial
nature and uses variable-length operations for distortion accumulation. As a result, the coding
time is reduced by 32% (or a speed-up of 48%). Approach 3 achieves a reduction of 32%
compared to approach 2 due to the parallel addition/subtraction enhancements. With the

combination of variable-length operations and the enhancements, a reduction of 54% (or a speed-
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up of 116%) per MAE operation, can be achieved. It is noted that similar MAE computation can

be applied to a 16-D vector quantizer.

6.2.4 Implementation of FBMA
In FBMA, the search algorithm is performed exhaustedly for every location, using all the pixels in
the block at their full resolution. The motion estimation algorithm is performed in 2 steps:

distortion computation and motion vector determination.

Distortion computation involves aligning the reference block with the candidate block,
subtracting the respective pixel values, performing an absolute operation on the differences (when

the baseline C¥*RAM is used), and accumulating all distortions.

For identification purpose, the block is addressed by its upper-left coordinates. As simplified in
Fig. 6.7, the MAE distortion at co-ordinate (k,!) can be computed as follows:
3

D(kD) = Y MAER,V; . )  kl=-4..,3 (6.2)
i=0

In Eq. 6.2, R; and Vj,y are themselves vectors of n elements, where n is the block size. For
FBMA, each element is an 8-b pixel; for low-complexity ME algorithms, each element is an 1-b
pixel. The same distortion computation step can be applied for both algorithms. Due to parallel
nature of FBMA, the same operations will be applied to all other blocks across the PE array. Fig.
6.7 shows full operations on the even reference block, the same set of operations can also be

applied to odd reference blocks in parallel.
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Figure 6.7 C*RAM implementation of FBMA
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Parallelism can be exploited by computing all the MAE(R;V;,x)) distortions, say
MAE(R(, Vo4 ) at once to save data transfer time (by left- and right-shiftings), and, later,
accumulate the MAE(R(, Vo, s MAER(, V14 1), .., and MAE(R3,V3,y )) for a particular search
point (k,!), say (-4,-4). The drawback of this parallelism is that extra memory is needed to store
the individual MAE(R; Vi) for each D(k,)). The accumulation of MAE(Rg, V.,
MAER, Vi) - and MAE(R3,V3,y 1) is performed horizontally across the column, and the
final distortion is stored in one location D(-4,-4), using a pre-stored mask. Similar distortion
computation of the neighbouring reference block can also be performed at the same time. The

respective distortions of the even and odd reference blocks are shown by differently shaded boxes.

It can be seen that due to data parallel nature, the distortion computation can be performed in
parallel across the PE array. Improvement can be achieved by implementing the parallel addition/
subtraction capability at the PE, which results in a 32% reduction in distortion computation

(Section 6.2.3). With the enhanced features, the absolute operations are avoided.

In the motion vector determination stage, the distortions are first row-wide (row by row)
minimum searched within each PE. The resulting minimum in each column will “bubble down”
to the bottom row where the minima of all the columns are stored. These minima will then be
either column-wide (column-by-column) minimum searched using a mask with the bus-tie
function, or nearest neighbour searched. The former requires simpler control, loading of masks -
one per reference block - and thus, varies linearly with the number of reference blocks. The later
requires elaborated control including data-shiftings and comparisons, but is independent of the

number of reference blocks. Two execution times using different algorithms are recorded in Table

6.5 below:
Table 6.5 Minimum search time (ns)
Operations column-wide using masks nearest neighbour search
MYV Determination 112,480 + k* 2,000 301,760
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where k is the number of reference blocks that can be arranged across the PE array. By equating
the two expressions, it can be derived that when the number of reference blocks is greater than 94,
nearest neighbour search is preferable over column-wide search using masks. Therefore, when the
frame size is small, such as QCIF and sub-QCIF, column-wide minimum search is used.

Otherwise, nearest neighbour minimum search is employed.

Execution time for motion vector determination can be further reduced by applying the column-
wide minimum search using the PSB. This additional feature of the enhanced C*RAM acts like a
divider, separating groups of minima searches. First, the distortions of each even (or odd) blocks
are rearranged onto the same rows, and column-wide minimum searches among blocks are

conducted in parallel (Fig. 6.8).

D(-4.-2) D40y | Dr4.2)

D(-4,-3) |DE-4,-1 D(-4,1 D(-4;3

D(-s,»zj

D(-3,-2 : _
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The resulting minima Y- - ~—] .
are then ordered . D.(-,!,-4) D(-2,-2) D(0,-1) D@ ™
and the last column-wide D(-3,-2) D(-1,-2) D(1,0) D(3;1)
minimum search is performed ' : ' ' ‘

Figure 6.8 Column-wide minimum search using PSB
At any row, a ‘1’ at a particular PE indicates that this PE has the minimum distortion among those
who shared the same segmented bus. In cases where there are two or more minima (usually of the

same value), any PE position, and thus, coordinate can be used. The minimum distortion of each
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row will then be transferred to a column-ordered position of a new row, and parallel column-wide

minimum search is performed one last time.

Table 6.6 shows an example of motion vector map after minimum search using a search range of
(-4,43). Minimum distortions, shown by the table, are found at search points: (-4,-4), (-3,-2), (-2,-

2), (-1,-2), (0,-1), (1,0), (2,1), and (3,1).

The final result of the minimum search is shown in the last row. This row indicates that distortion
is minimum at the 4% column, which corresponds to row k=-1 (due to the previous row-column
distortion transfer). From row k=-1, it can be found that the minimum is located at the 3™ column

which is column I=-2. Therefore, the motion vector is MV(-I,-2)1.

Table 6.6 Motion vector map: an example

Dk, =4 | 3 | 2 | 41 0 | +1 | +2 | 43
k=-4 1 0 0 0 0 0 0 0

3 0 0 1 0 0 0 0 0

2 0 0 1 0 0 0 0 0

1 0 0 1 0 0 0 0 0

0 0 0 0 1 0 0 0 0

1 0 0 0 0 1 0 0 0

2 0 0 0 0 0 1 0 0

3 0 0 0 0 0 1 0 0
D(-1,2)min | 0 0 0 1 0 0 0 0

With regard to the motion vector map, the determination of the DFP errors - without loss of
generality, is a sequential process. Adjacent blocks may have the same motion vectors, whereas

distant blocks may not. Parallel subtractions may be performed after the best candidate blocks and

their corresponding reference blocks have been aligned.

1. The interpretation of motion vector has to be performed sequentially at the C*RAM controller.
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Simulations have been performed on the 16 x 16 pixel blocks with search ranges of (-8,+7).
Execution times are recorded per search of blocks which are arranged on the same row. Searches
on different rows will be integer multiple of the recorded times. The results, using the baseline

and the enhanced C¥*RAM’s, are listed in Table 6.7:
Table 6.7 Block ME times using FBMA (ms)

Operations Baseline Enhanced % Reduction
Distortion computation 19.446 16.896 13.1
MYV determination 0.302 0.115 61.9

Due to the parallel addition/subtraction and PSB circuits, the distortion computation time has
been reduced by 13.1%, while the motion vector determination time reduced by 61.9%. The
reduction in computation time is not as high as 54% (Section 6.2.3, Table 6.4) because there
involves data transfer and alignment in addition to MAE computation. These block ME times will
later be used as a parameter for determining frame execution times based on frame sizes, mode of

predictions, maximum displacement, and the number of available PEs.

6.2.5 The TSS Algorithm

Assuming that the search range is now (-7,+7) for the sake of presentation. According to
[Koga81], the SA is first divided into nine smaller non-overlapping seafch areas. Thus, there are
nine searches in the 1% steps. Subsequently, there are only eight searches in the 2™ and 3™ steps

since one search has already been performed in the previous step.
Let the search complexity of FBMA on a 16 x 16 pixel block be expressed as:
256 MAE computations + MV! determination + control complexity
Since the same set of operations can be applied across the reference blocks on the PE array, this

complexity measure is a constant. On the other hand, the search complexity of TSS is:
1. MYV stands for motion vector.
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* Stepl: 9 MAE computations are applied in parallel across the reference blocks;

* Step2: Since not all reference blocks have the same motion vector, MAE computations are

performed sequentially;

* Step3: similar to step 2.
If the number of reference blocks is k, then the search complexity of TSS becomes:
9 MAE computations + k*16 MAE computations + MV determination + control complexity

The MV determination of the two approaches should be the same. If the control complexity of the
sequential TSS is made comparable to that of the computational intensive, yet fully parallel

FBMA, the TSS is more advantageous over FBMA only if:
9+k*¥16 <=256 ork <= 15

In practice, the number of PEs is very large and so is k. Therefore, TSS is not advantageous over

FBMA when implemented on the SIMD architecture like C*RAM.

6.2.6 Implementation of Pixel Decimation

On a RISC processor, the PD algorithm is expected to result in a speed up factor of 4. However,
due to the SIMD nature of the C¥*RAM, the decimation by 2 in the horizontal direction cannot be
saved because all the PEs are working whether on useful data or not. Alternating patterns,

suggested by Liu [Liu93], is implemented by alternating the rows involved in the decimation

process.

Time saving is achieved due to the reduction, by a factor of 2, in the distortion computation in the

vertical (row-wide) direction, and the shorter word-length distortions which result in faster

minimum search.

143



Simulations have been performed on the 16 x 16 pixel blocks with search ranges of (-8,+7).
Execution times are recorded per search of blocks which are arranged on the same row. Searches
on different rows will be integer multiples of the recorded times. The results, using the baseline

and the enhanced C*RAM’s are listed in Table 6.8:
Table 6.8 Block ME times using PD (ms)

Operations Baseline Enhanced % Reduction
Distortion computation 10.086 9.267 8.1
MYV determination 0.280 0.108 614

Using the enhanced C*RAM, the distortion computation time has been reduced by 8.1%, while
the motion vector determination time reduced by 61.4%. Compared to FBMA, the reduction in

distortion computation time is not the same since the number of rows in a block reduces.

In the following sections, implementations of the low complexity ME algorithms will be
investigated. The FEXOR and BP-BPM differ only by the way frames are prefiltered, or the 8-bit
to 1-bit transformation. The distortion computations, and motion vector determination, are similar
to FBMA and PD, except that the working data have shorter word length. Therefore, only the

prefiltering stage of each algorithm is discussed.

6.2.7 Implementation of FEXOR
As mentioned in Section 5.3, there are many morphological filters which can effectively detect the
edges and textures of an image. Simulations have shown that the algorithm proposed by [Le98a)

is the most efficient low-complexity ME algorithm while yielding highest quality among its class.

The 1mage, stored in C¥RAM, is first noise-reduced using opening-by-reconstruction with a filter

of size 3 x 3. The resulting frame is next dilated using a 5 x 5 window! to generate a 2-pixel wide

1. Dilation using a 5 x 5 SE can be implemented as dilations using a 3 x 3 SE twice.
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edge. The edge frame is finally obtained by subtracting the processed frame from its original and

thresholding at grayscale level of 5.

The distortion computation is performed by sliding the binary reference block over the SA of the
previous binary frame. Instead of performing MAE computation, the search operation is a simple
XOR operation, where a result of 1 represents a mismatch, and O represents a match. The
coordinates of the candidate block whose displacement results in a smallest distortion sum will be

recorded as the motion vector of the reference block.

Simulations have been performed on the 16 x 16 pixel blocks with search ranges (-8,+7). The

results, using the baseline and the enhanced C*RAM’s, are listed in Table 6.9:

Table 6.9 Block ME times using FEXOR (ms)

Operations Baseline Enhanced % Reduction
Prefiltering 0.490 0.490 0.0
Distortion computation 3.233 3.233 0.0
MYV determination 0.215 0.090 58.1

There is no time savings in the prefiltering and distortion computation stages since there is no
need for parallel addition and subtraction. Saving in MV determination time is achieved by the

PSB on the enhanced C*RAM.

6.2.8 Implementation of BP-BPM
Common to all low-complexity ME algorithms, the pre-filtering stage is the one that differentiates

one algorithm from another. The 1-b transform of BP-BPM is implemented on the C*RAM as

follows:
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/* for each row in the

frame */

for (pixel=0;pixel<MAX ROW;pixel++) {

I(pixel)];

/* row wide */

R; = ADDulI(pixel-4),

R, = ADDu[I(pixel+8), R4];
R; = ADDu(I(pixel-8), R,];
/* column wide */

Ry (pixel, 3j) =

Ry (pixel, 3j)

[

Ry (pixel, 3)
/* division: Mul PE
O(pixel) =

}

Simulations have been performed on the 16 x 16 pixel blocks with search ranges (-8,+7). The

(3) with ¢ =

MULu [Ry (pixel), c];

ADDu [R3(pixel, j+4), Ry(pixel, 3j)1:
ADDu{R;(pixel, j+8), R;j{pixel, 3j)1;
ADDu [R3(pixel, j-4), Ry(pixel, 3)1;

results, using the baseline and the enhanced C*RAM’s are listed in Table 6.10:

Table 6.10 Block ME time using BP_BPM (ms)

Operations Baseline Enhanced % Reduction
Prefiltering 0.526 0.526 0.0
Distortion computation 3.233 3.233 0.0
MYV determination 0.215 0.090 58.1

Similar to FEXOR, there is no time savings in the prefiltering and distortion computation stages

since there is no need for parallel addition and subtraction. In the MV determination stage, the

PSB provides a 58.1% reduction in execution time.

6.2.9 Comments on Different ME Algorithms

[00001010] and scaled by 8 bits. */

The block execution times of the 4 algorithms using baseline C*RAM are listed below.
Table 6.11 Block ME times on the baseline C¥*RAM (ms)

Operations FBMA PD BP_BPM FEXOR
Prefiltering 0.000 0.000 0.526 0.490
Distortion computation 19.446 10.086 3.233 3.233
MYV determination 0.302 0.280 0.215 0.215
Total execution time 19.748 10.366 3974 3938
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The FBMA is, as expected, the most time consuming algorithm. FBMA is, however, more
efficient being implemented on the SIMD architecture like C*RAM. The PD is nearly twice as
fast. PD will not performed as well in terms of reconstruction quality because the alternating
patterns suggested by Lu cannot be realized efficiently in C*RAM. The decimation by a factor of
2 in the vertical direction (row-wide) fails when being applied to frames with horizontal patterns.
Had the suggested patterns been implemented, execution time of PD will be as lengthy as the

FBMA. PD is, therefore, not chosen for any further discussion.

The execution time of FEXOR is shorter than BP_BPM in terms of prefiltering. Moreover, the 3 x
3 window is flexible, and a 1-pixel pad is considerably small for all filter operations. On the other
hand, the 16 x 16 kernel proposed in BP_BPM algorithm is rather fixed, and thus does not work
well with algorithms requiring variable block sizes. An additional pad of 8 pixel wide is needed to

get the correct filtered values for the boundary pixels.

In Section 6.1.4, the ratios of block ME times, assuming parallel processing, of FBMA, BP-BPM,
and FEXOR were 2.2:1.2:1.0. The ratios are now 5.0:1.0:1.0, because more realistic models with
data transfer have been used. The total execution times of both low-complexity algorithms are 5

times faster than the FBMA.

Table 6.12 Block ME times among C*RAM designs and data configurations

Algorithm Baseline (ms) Enhanced (ms) % Reduction
FBMA 19.748 17.011 13.9
FEXOR 3.938 3.813 32

Table 6.12 shows the comparisons in overall reduction in block execution times using the
enhanced C*RAM. The block ME using FBMA is reduced by 13.9% when mapped onto the
enhanced C*RAM, while its FEXOR is reduced by only 3.2%. The earlier has a larger reduction

factor because it uses MAE more frequently than the later.
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It is worth mentioning that the block ME time using FBMA implemented on the 60-ns HDPP
(reviewed in Section 3.8) requires 30.1 ms when performing a 256-location search using a 16 x 16
block [Gealow97]. Had this algorithm been run using a 40 ns cycle, block FBMA time of the 2-D
HDPP would have been 20 ms. Similar block FBMA time of 1-D baseline C*RAM also remains

at 19.7ms.

Recall that the 3-input ALU of the HDPP’s PE is similar to the 3-input ALU of C*RAM’s PE, and
the array is arranged in a 2-D fashion as opposed to the 1-D C*RAM PEs. The equal block FBMA
time achieved by C¥RAM has shown that the 1-D baseline C*RAM design is indeed more

efficient than the 2-D HDPP.

In order to compare with the performance of a RISC processor, /O timings have been included.
Knowing that the controller can be matched to provide data and instructions over the 8-b bus at
the rate of 25MHz, the block ME /O time is: (16 x 16 x 8b) / (8b bus * 25MHz) = 10,240 ns.
Similar FBMA operation has been run on the Sun SuperSPARC for 192.098 ms. With the
adjustments to the I/O time, the speed-ups in block ME times compared to the corresponding

SuperSPARC’s values are listed in Table 6.13:

Table 6.13 C*RAM speed-ups in block ME times over a RISC processor
using FBMA on both C¥RAM versions

Algorithm Baseline (ms) Enhanced (ms)
FBMA 9.7 11.3

The following observations have been drawn:
* From Table 6.12, the algorithmic speed-up of FEXOR over FBMA is 5;

* From Table 6.13, the speed-up obtained when performing FBMA in C*RAM (as opposed to
the SuperSPARC’s) ranges from 9.7 to 11.3. This value can be considered as architectural

speed-up;
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* Therefore, the overall speed-up for block ME ranges from 5%*9.7 to 5*%11.3, or from 48.5 to
56.5.

When the number of CUs is scaled up to the number of macroblocks in an applications, the
resulting speed-up should be the product of the algorithmic speed-up, the architecture speed-up,

and the number of macroblocks.

In Sections 5.4, 5.5 and 6.2, only the block DCT, VLC, and ME times as opposed to the frame
statistics in C*RAM have been recorded. The data loading and unloading times will be studied
thoroughly in Chapter 7 where overall applications such as JPEG, MPEG’s and H.261

compression standards are implemented.

6.3 Conclusions

The speed-ups of different algorithms have been augmented by the C*RAM concept itself along
with its proposed enhanced features. For block ME time, unlike algorithmic speed-ups, which is
in the order of a few times, the combined algorithmic and architectural values range in the order
of a few tens (from 49 to 57). The equal block ME execution times obtained by both C*RAM and
HDPP have also demonstrated that the 1-D array C*RAM is more efficiently designed and

programmed than the 2-D HDPP.

In the next chapter, overall implementation of image processing components such as filterings,
DCT, VLC, and ME will be put together for the realizations of image/video compression

standards using C*RAM.
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awrrr  CFRAM
Implementations of
Image and Video
Compression Standards

Building-block compression operations have been investigated in Chapters 5 and 6. In this
chapter, these operations will be put together on a larger context for the implementations of the
image and video compression standards. Section 7.1 investigates the real-time possibility of
realizing JPEG image compression standard on C¥*RAM in two modes: baseline sequential and
lossless. Section 7.2 focuses on a generic approach to C*RAM design targeting video
compression standards: H.261/3, and MPEG-2, given the memory specifications and
implementation requirements. The goal is to achieve fast, if not real-time compression with
minimum degradation, or equivalently, a small increase in the compressed bit stream. Finally in

Section 7.3, modifications to the C*RAM interface will be proposed.
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7.1 Implementations of the JPEG Image Compression Standard

Implementations will be presented from simple grayscale to more complex color image
compressions. For grayscale image compression, there are three modules in baseline sequential
mode: DCT, quantization, and VLC. The image data are first DCT transformed and quantized in
C*RAM (Section 5.4). DC coefficients are differentially coded, while AC coefficients are run-
length coded (Section 5.5). As a result, the output data stream sent back to the controller are the
differences in DC values and the {RUN, nonzero AC coefficient} pairs. This fraction of data,
referred to as compression factor1 &, is image dependent, typically ranges from 2 to 10% for

lossy compression, and 30 to 50% for lossless compression.

It has been noted that the algorithms and data configurations selected depend on the number of
available PEs (and their local memories). If the number of PEs is less than or equal to the number
of 8 x 8 blocks, the 1 x n? configuration is chosen. If the number of PEs is significantly greater (by

a factor of 8) than the number of 8 x 8 blocks, the n x n configuration is preferred.

7.1.1 JPEG Baseline Compression

In intraframe compression, the CU can be a PE, or a group of 8 PEs. If the number of CUs is
matched with the number of 8 x 8 blocks in the image, single block coding time is achieved. The
data loading and unloading times, however, are proportional to the image size and compression

method used. No parallelism may be exploited at the memory port.

Let p be the number of b-bit pixels in an image, and assuming that there are enough PEs to
perform compression in one block coding time, the total intraframe compression time, for

grayscale baseline JPEG compression, is:

T =T10+T

intra preprocessing + Tdct + Tvlc (7.1)

1. Compression factor is the reciprocal of compression ratio.

151



where T;, = pX(1+8)x40ns corresponds to the I/O time for data loading and unloading
using the 8-b 25 MHz C*RAM controller. 8 is chosen to be 10%. Tpreprocessing Includes the level-

shifting time.

Since DCT is the dominant operation in intraframe compression, the worst compression time is
experienced when applying Lee’s algorithm to baseline C*RAM arranged in 1 x n? configuration,
while the best compression time is achieved when applying Cho’s algorithm to enhanced C*RAM
arranged in n x n configuration. Table 7.1 shows various C*RAM intraframe execution times for
various frame sizes.

Table 7.1 C*RAM intraframe execution times for grayscale frames (ms)

Frame size Worst case Best case

512x 512 11.534 + 6.814 11.534 + 1.351
256 x 256 2.884 + 6.814 2.884 + 1.351
128 x 128 0.721 + 6.814 0.721 + 1.351

In Table 7.1, each intraframe execution time is composed of two terms: I/O time and processing
time. I/O times are the same for images of the same sizes, while processing times are equal within
each case (The number of CUs is made equal to the number of blocks in an image). Table 7.1
shows that, for large frame size, most of the execution time is indeed I/O time. I/O time can be

reduced by enlarging bus width via memory interleaving [Patterson94] and increasing bus speed.

In the following analysis, C*RAM will be considered first, as a video processor chip where I/O
overhead is included; and secondly, as a computer RAM module where the I/O overhead is
excluded. These performance measures will be compared against the corresponding 50 MHz
SuperSPARC simulation result!. On the SuperSPARC, a typical baseline JPEG compression on a

512 x 512 pixel grayscale Fruits image takes 3.18 seconds.

1. Source codes of JPEG baseline sequential and lossless modes are obtained from [WSjpeg].
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Let relative speed-up be the RISC execution time over C*RAM execution time, while effective
speed-up be the relative speed-up over the number of PEs per CU, Table 7.2 summarizes the

relative and effective (in brackets) speed-ups of two C¥*RAM systems over two scenarios:

Table 7.2 Grayscale baseline JPEG: C*RAM speed-ups over RISC.

Worst case Best case
C*RAM with I/O overhead 178.3 246.8 (30.9)
C*RAM without I/O overhead 466.7 | 2,353.8 (294.2)

Speed-ups are generally from 2 to 3 orders of magnitudes. When C*RAM is employed as a video
processor, speed-up ranges from 178 to 246. Since best case speed-up is based on the n x n
configuration with n = 8, the effective speed-up is only 30 times. These effective speed-ups imply
that fastest execution time is achieved when using best case scenario, while most efficient
implementations are realized when using worst case scenario. For time-critical application, the

best case, but less efficient, scenario is traded off for smaller compression time.

Speed-up increases significantly when using C*RAM as computer RAM module. It increases

four-fold for worst case, while increases ten-fold for best case scenario.

Since execution times in both cases under various frame sizes remain below 33.3 ms, grayscale

baseline JPEG compression can, therefore, be achieved in real-time.

Color Image Compression: As mentioned in Section 2.8.1, the gamma corrected RGB
components are color-space converted, subsampled, and level-shifted before being processed. I/O
and processing times are to be adjusted as follows.
* Three frames of data, corresponding to the three components, will be stored in C*RAM;
* Assuming 4:2:0 subsampling, the computation of every other C;, and C, pixel in both horizon-
tal and vertical directions can be avoided. Cy, and C; pixels can be stored alternatively on a

single line. Also, at least one 8 x 8 pixel block of C;, and one 8 x 8 pixel block C, should be

163



contained in one CU. This necessitates the containment of three 16 x 16 pixel blocks of RGB

components in one CU.

In each CU, before color conversion, there are three 16 x 16 pixel blocks corresponding to the
gamma corrected R’G’B’ components. After color conversion, there will be one 16 x 16 pixel Y-

block, one 8 x 8 pixel Cy-block, and one 8 x 8 pixel C-block.

Color-space conversion is basically matrix multiplication (Section B.1), which can be effectively

performed in parallel across the PEs. The intraframe execution time becomes:

Tintra = T10+T +3T,,,+3T,,, (7.2)

intra preprocessing
where T;, = 3kX (1 +0)x40ns corresponds to the I/O time for data loading and unloading
using the 8-b 25 MHz C*RAM controller. § is chosen to be 30% since color image has better

compression compared to grayscale. Ty, ocessing includes color-conversion time in addition to

level-shifting time. The JPEG intraframe execution times for color image are summarized below:

Table 7.3 JPEG intraframe execution times for color frames (ms)

Frame size Worst case Best case

512x 512 32.506 + 21.043 32.506 + 4.654
256 x 256 8.126 + 21.043 8.126 + 4.654
128 x 128 2.032 +21.043 2.032 +4.654

On the SuperSPARC, a typical JPEG compression in the baseline sequential mode on a 512 x 512
pixel color Fruits image takes 5.63 seconds. Table 7.4 summarizes the relative and effective (in

brackets) speed-ups of two C¥*RAM systems over two scenarios:

Table 7.4 Color baseline JPEG: C*RAM speed-ups over RISC.

‘Worst case Best case
C*RAM with I/O overhead 105.1 151.5(18.9)
C*RAM without I/O overhead 267.5 1,209.7 (151.2)
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Due to color-conversion, a group of 16 PEs is required to accommodate a 16 x 16 Y-block and 8 x
8 Cy- and C-blocks. This arrangement requires that DCT and VLC are performed three times as
opposed to one time in grayscale scheme. Therefore, color baseline JPEG compression generally

results in lJower speed-ups compared to its grayscale implementation.

7.1.2 JPEG Lossless Compression

In lossless mode, compression is performed on pixel-based rather than block-based. A prediction
value y of pixel X is predicted based on one of eight linear combinations of the previously

encoded 3 pixels: A, B, and C.

Figure 7.1 Prediction window in lossless mode
In this implementation, the prediction residual is defined asr=y - X, where y = A + B - C as

shown in Fig. 7.1. The JPEG lossless execution time is summarized in Eq. 7.3:

Tlossless = TIO + Tpreprocessing + Tpredictive + Tvlc (7.3)

where compression factor is chosen to be 50%. Similar to baseline sequential mode, Tp,,p,ocessing
is the level-shifting time. Ty, is replaced by T .gicrive in lossless mode. Typical JPEG lossless
execution times, composed of I/O time and processing time, are listed below:

Table 7.5 JPEG lossless execution times (ms)

Frame size Nominal case

512x 512 15.729 + 1.928
256 x 256 3.932+1.119
128 x 128 0.983 +0.821
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A typical JPEG lossless compression on a 512 x 512 grayscale Fruits image takes 9.65 seconds on

the SuperSPARC [WSjpeg]. Speed-up comparisons are tabulated below:
Table 7.6 Lossless JPEG: C¥*RAM speed-ups over RISC.

Nominal case
C*RAM with I/0O overhead 76.5

C*RAM without I/O overhead 700.2

Speed-ups, in general, are 1 to 2 orders of magnitudes. Lossless compression has higher speed-
ups because it involves pixel operations rather than local operations. Therefore, higher degree of

parallelism is achieved.

There is no subsampling in color image lossless compression. The speed-up for color lossless

compression should be similar to grayscale lossless compression.

Architectural parameters such as memory per PE, the number of PEs, the C*RAM Memory-
Operate cycle, and the bus width and speed, the frame sizes, and maximum displacement (search
range) are generally technology and application dependent. In the following section, a generic

approach to the implementation of video compression standards will be presented.

7.2 C¥*RAM Model for Video Compression

Fast implementation requires data arrangement configuration which best matches the involved
operations. Among the operations, ME is the most time consuming operation in video
compression. Sections 5.4, 5.5 and 6.2 have been provided for single macro-block timing analysis
which belong to many algorithms under the n x n configuration. This analysis did not include I/O
times for loading actual frame data, and outputting the motion vector maps, the differences in DC
values and the {RUN, nonzero AC coefficient} pairs. Moreover, extra time required to pad data

for motion estimation on the sub-image boundaries must also be accounted for.
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This section is devoted to a generic C*RAM design for video compression. The section starts with
the design equations for local memory requirement per PE, the number of PEs on a C*RAM chip,
and various I/O and execution times for I-, P-, and B-frames. Simulation models have been
developed in accordance with the design considerations. The performance analysis is provided at
the end with 2 video compression schemes: H.261, MPEG-2 Main Profile at Main Level
(MP@ML). In order to facilitate the derivation process, specifications outlined in MPEG-2 video

part have been chosen as design guideline.

7.2.1 Design Equations

Ideally, the number of CUs should be made equal to the number of blocks in a compression
scheme. The memory per PE, in turn, should be allowed large enough to hold a number of frames
at a certain time as well as extra working space for constants, intermediate results, and memory-

map working registers.

The I/O path on the other hand, has contributed a significant delay to compression time. For
instance, using a 8-b 25MHz bus, it takes 49.8 ms to store a 720 x 576 pixel MPEG-2 MP@ML
color frame, directly from the video capture device. The compressed data also need to be sent off-
chip. Assuming that the intended compression factor is 10%, an additional 5.0 ms is required to
output the compressed data (in terms of motion vector maps, the differences in DC values, and the
{RUN, nonzero AC coefficient} pairs). Thus, total frame I/O time is 54.8 ms which is nearly three

times the block ME time.

In interframe compression, the CU is a group of 16 PEs. If the number of CUs is matched with the
number of 16 x 16 pixel blocks in the frame, single block coding time can be achieved. The data
loading and unloading times, however, are proportional to the image size and compression

method used.

157



From Section 6.2, it takes an average of 19.7 ms to perform a full search ME operation using the
(-8,+7) search range. If the proposed FEXOR algorithm is implemented, the execution time is
reduced to 3.8 ms per block ME operation. For bi-directional ME required by B-frames, twice
amount the block ME execution time is anticipated. Therefore, block ME time ranges from 7.6 ms
to 39.4ms. It can be seen that block ME alone would exceed the real-time requirement (33.3 ms/
frame). This value can get larger if the search range is increased. Fortunately, not all frames are B-
frames. There are I-frames where there is no ME computation, and P-frames where the ME

computation is performed only once.

For a typical GOP, where N=9 and M=3, the intensive block ME time effectively reduces to

19.7ms*(1*0 + 2*1 + 6*2)/(1+2+6) = 30.6 ms for full search ME.

In the following sections, architectural parameters such as memory requirement per PE, the

number of PEs in a C¥*RAM, and different I/O and coding times will be studied.

7.2.1.1 Memory Requirement and the Number of PEs in a C*RAM
In order to avoid transfers of frame data and intermediate results, reference frames should be
retained in C*RAM until they are no longer needed. The above (N=9, M=3) GOP is sequenced

below:

li=>B1=>By=>Py=>B3=>Bs=>Py=>Bg=>Bg=>1,
For proper processing, this GOP is re-ordered as follows:

l4=> Py => B4 => By => Py => B3 => By => |5 => B5 => By
In this arrangement, I is encoded first. Then Py is encoded based on reference frame I;. Next, B;
is encoded based on reference frames I; and P;. Similarly, B, is encoded based on reference
frames I; and P,. It is essential that reconstructed I; and P; frames remain in C*RAM until the

encoding of B, has been complete. After B, is encoded, I; is no longer required. It will be
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replaced by P,. P, is encoded based on reference frame Py, while P; and P, are referenced by B
and By, and so on. Therefore, no more than 3 frames are required to be in the C*RAM at any

instant in time. Fig. 7.2 shows a typical frame arrangement.

frame padding
16"k/P
of 16 x 16
blocks .
S
work space work space cee work space work space
T
- >
<> PE array <>
16 PEs 16 PEs 16 PEs

Figure 7.2 Partition of frame data for C*RAM processing

Frame data is first partitioned into horizontal sub-frames (or stripes) so that the maximum number
of PEs can be utilized, and as a result, maximum parallelism can be achieved. Each 16 x 16 pixel
block should be assigned to a CU of 16 PEs as specified by the n x n configuration. After color-
space conversion and level-shifting, partial frame padding is performed by copying the upper-pad
of the (i) luminance sub-frame, and appending it to the lower boundary of the (i-1) luminance sub-
frame. In this manner, padding can be performed in parallel. Similarly, the lower pad of the (i+1)
luminance sub-frame is copied and added to the upper boundary of the (i) luminance sub-frame.

Some design parameters will be defined as follows.

Let Mem be the memory capacity of a RAM chip (expressed in bits),
P: the number of PEs, usually a power of 2,
c: the C*RAM Memory-Operate cycle, (expressed in ns),
bus_w, bus_s: the bus width and speed, respectively, at the C*RAM interface,
p : the intended compression factor,
row: number of lines in a frame,

col: number of pixels in a frame,
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k: the number of macro-blocks = (row/16)*(column/16), as opposed to 1Kb =1024 bits,
d: the maximum displacement,

mode: unidirectional (mode=1) vs. bidirectional (mode=2)

S,: classic C*RAM running at 25MHz;

S,: C*RAM running at speed other than 25MHz;

Tyt the block DCT execution time (Section 5.4)

Tyic: the block VLC execution time (Section 5.5), and

Tme: the block ME execution time (Section 6.2).

The memory allocated to each PE should satisfy the following inequality:

Mem/P >= 24*[16k/(P/16)] + (mode+1)*2d*8 + 3Kb, where P>=16*k 7.4
In Ineq. 7.4, the first term is the 24-b frame data which is partitioned into k blocks of 16 x 16
pixels, the second term is the 8-b padded data! required for non-overlapping ME, and the third
term is allocated for working memory obtained from simulations in Chapters 5 and 6. Frame data
required for DCT and ME are the same, and therefore, need to be stored only once, and they can

be overwritten by the compressed data prior to VLC.

For H.261 using QCIF frame where d=8, mode=1, k=(176*144)/(16*16)=99, Inequality 7.4, after

simplification, becomes Mem >= 608,256 + 3,328*P.

Since P, a power of two, should be made equal to or greater than 16*k, P is 2,048. Mem is,
therefore, 5,879,808 bits. The closest memory module is 8Mb or 8,388,608 bits. For efficient
RAM design, the next higher module is 16Mb? is chosen, and the number of PEs becomes

P’=2%2,048.

1. ME is performed on the luminance component only.

2. RAM design specifications require equal number of row and column address lines [Prince91]. Therefore, the $Mb
(23-b address line) cannot be efficiently realized.
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The amount of memory per PE is 16Mb/4096PE = 4Kb. When substituting the chosen values of P
and Mem back to Ineq. 7.4, the relationship holds. Therefore, the most suitable processor-memory

configuration for H.261 using QCIF is P=4,096 and Mem=16Mb.

For MPEG-2 MP@ML where d=16, mode=2, k=(720*576)/(16*16)=1620, P and Mem are
similarly determined to be 64K and 256Mb, respectively. For HDTV where d=32, mode=2,
k=(1920*1080)/(16*16)=8160, the most suitable configuration for HDTV implementation is
P=128K and Mem=1Gb.

Processor-memory configurations for various video compression profiles are listed in Table 7.7

Table 7.7 Optimal no. of PEs and the sizes of their local memories for various
video compression profiles.

Frame size P Mem/P Mem
H.261 176 x 144 4K 4Kb 16Mb (ZMB)
MPEG-2 720 x 576 64K 4Kb | 256Mb (32MB)
HDTV 1920 x 1080 128K 8Kb 1Gb (128MB)

It can be seen that the memory capacity for the most demanding application such as HDTV

remains 128MB.

It is also noted that an increase in 94 transistors for PE real-estate (Section 4. 1) in the 4Kb/PE and
8Kb/PE versions result in 1 to 2% increase in final C*RAM area, respectively. This marginal

increase drastically improves image/video processing operations as have been demonstrated.

In the following paragraphs, adjustments to block timings will be made. The block is 8 x 8 pixels

for DCT and VLC, and 16 x 16 pixels for ME.

7.2.1.2 Computation of I/O Time
VO time includes the followings: 24-b actual frame data loading time, time for outputting run-

length coded (compressed) data, and time for outputting 1-b motion vector maps (one map per
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block per direction). I/O time is inversely proportional to the bus width and bus speed, and is

expressed below:

Tyo = {(1+p Y*row*col*24 + k(4d2+2d)*1 } / (bus_w*bus_s) (7.5)
7.2.1.3 Computation of Padding Time
Padded data are required for ME at the sub-image boundaries. An extension of d-pixel pad is
attached to the top and bottom of each sub-frame, where d is the maximum displacement in ME.

Padding can be performed in parallel, described earlier in Fig. 7.2, is expressed below.

Tpadding = 2*d*8*col*Operate-cycle*(S/S,) (7.6)
Padding is best performed using C*RAM’s Operate-cycle, which is half the Memory-Operate

cycle. Padding time may also be scaled with RAM with other speed S,..

7.2.1.4 Adjustment to Block DCT Time
Due to the dominating ME operation, data is arranged in 16 x 16 pixel block. DCT, on the other
hand, operates on 8 x 8 pixel block. Therefore, 2 block DCTs are, in effect, required. An

additional Ty is, however, needed for the transformation of the chrominance block.

Taget = C+1)*T g *(So/Sp) (1.7)
7.2.1.5 Adjustment to Block VLC Time

Similar to Ty, Ty is adjusted by a factor of (2+1) due ton x n varrangemcnt of the 8 x 8 pixel

block and the existing of the chrominance block.

Tavic = @+1)*T 1 *(So/S,) (7.8)
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7.2.1.6 Adjustment to Block ME Time
The obtained block ME time has been based on a maximum displacement of d=8. For other
maximum displacements, block ME can be adjusted by (2d/16)%. The Tyfp has been added to

account for the computation of DFP (Section 6.2.4).

Tame = [(2d/16)2* Ty + Typal*(So/Sy) (7.9)
7.2.2 Simulation Results and Performance Analysis

The general equations for different frame types are shown below:

T1-frame = Tyo + Tpreprocessing + 2*Tagcr + Tavic (7.10)
TP-frame = TI/O + Tpreprocessing + 2>kTadct + Tavlc + Tame (7.11)
Tp_frame = Tyo + Tpreprocessing + Tadet + Tavic + 2*Tame (7.12)

In Eq. 7.10, 7.11, and 7.12, the Tpreprocessing i composed of color-conversion, level-shifting, and

padding times.

Recall that simulations on C*RAM using the n x n configuration result mainly in two scenarios
for each of the DCT and ME operations. DCT is best (time wide) implemented using Cho’s
algorithm on the enhanced C*RAM, and worst implemented using Lee’s algorithm on the
baseline C*RAM. Likewise, ME is best implemented using FEXOR on the enhanced C*RAM,
and worst implemented using FBMA on the baseline C*RAM. These parameters will be used to

determine best and worst scenarios for the subsequent analysis.

7.2.2.1 Implementation of H.261
Simulations have been performed on the first 40 QCIF frames of Carphone sequence, already in
YC,C, format, using d=8 and a compression factor of 10%. Using the source codes provided by

[WSh263], the SuperSPARC takes, on the average, 1.435 seconds to compress a frame. The worst
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and best processing times using C*RAM, excluding constant I/O time of 3.480 ms, are shown in

Table 7.8:
Table 7.8 H.261 frame processing time (ms).

Worst Best
Ty frame 10.609 8.287
Tp_frame 30.755 14.498

Worst case P-frame compression time of 30.755 + 3.480 = 34.235ms, which is near the 33.3ms
real-time requirement, is quite comfortable for low 10 to 15 frame rate of H.261. Therefore, no

additional efford is required if the derived 4K PE by 4Kb C*RAM version (Table 7.7) is used.

The H.261 source codes offer no facility for repeating I-frame as desired, I-frame is encoded only
once at the beginning. Therefore, except for the first frame, the rest of the 39 frames are P-frames.
Speed-ups are, therefore, computed with respect to P-frame compression time. Table 7.9 lists the

C*RAM speed-ups over RISC counterpart with and without I/O considerations.

Table 7.9 H.261 simulations: C*RAM speed-ups over RISC.

Worst Best
TP-frame with I/O 42 90
Tp_frame Without VO 47 99

Speed-ups are low because of first, there is no color-conversion which contributes a significant
reduction if processed in C*RAM. Secondly, early-exit conditions for ME have been
implemented in software. In fact, as specified in [WSh.263], search operation at a particular
location is aborted if the intermediate distortion exceeds the distortion of an earlier motion vector

in the same full search. This is most efficient if vectors of potentially low distortions are evaluated

first.

The H.263 standard reduces bit rate with better quality mostly via SW implementations of the 4

optional modes: unrestricted ME, arithmetic coding, advance prediction, and PB frame.
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Therefore, for H.263, the parallelizable operations such as DCT, RLC, and ME are performed on

the C*RAM and the rest on the host processor.

7.2.2.2 Implementation of MPEG-2 MP@ML

Simulations have been performed on the first 28 frames of Football sequence of size 720 x 576
pixels, in Portable Pixel Map (PPM) format. Using source code provided by [WSmpeg], the
SuperSPARC compresses 28 frames in 36 minutes and 3.84 seconds. The worst and best

processing times using C*RAM, excluding constant I/O time of 55.32 ms, are shown below:

Table 7.10 MPEG-2 MP@ML frame processing times

Worst Best
T frame 14444 11.522
Tp_frame 98.637 29455
TB_frrame 59.396 26.065

Under this implementation, 3 complete GOP’s in which 4 I-frames, 6 P-frames, and 18 B-frames
are used. There is a need for color-conversion from PPM to YC,C, format. The maximum
displacement d’s are 16 and 8 for P- and B-frame, respectively. A complete 28-frame timing
analysis is provided below:

Table 7.11 28-frame timing window using C*RAM (ms)

Worst Best
C*RAM with I/0O 3,268 2,241
C*RAM without I/O 1,718 692

Table 7.11 shows that under worst case with I/O implementation, it takes more than 3 seconds to
compress 28 frames using MPEG-2 MP@ML. Therefore, if real-time compression is targeted,
modifications to the bus interface and computational load balancing must be addressed. Section

7.3 will provide some suggestions to performance improvement at the architecture level.
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On the other hand, it takes less than a second to compress the same number of frames under best
case without I/O consideration. This necessitates the implementation of the proposed FEXOR
algorithm plus the parallel add/subtract circuits and one-to-many network enhancement. In such
case, no additional efford is necessary if the derived 64K PE by 4Kb C*RAM version (Table 7.7)

is used.

Table 7.12 compiles the C*RAM speed-ups over RISC counterpart with and without I/O
considerations. Speed-ups are, due to the GOP requirement, computed with respect to the 28

frame period.
Table 7.12 MPEG-2 MP@MP simulations: C*RAM speed-ups over RISC

Worst Best
C*RAM with I/O 662.1 965.5
C*RAM without I/O 1,259.0 3,127.0

Compared to the speed-up values obtained in the H.261 simulations, the ones in this MPEG-2
simulations are, in general, one order of magnitude higher. There are also early-exist conditions

for ME implemented by [WSmpeg], but they are not dominant contributing factors.

Recall that, there is no color-conversion in H.261 simulations, and there is in MPEG-2
simulations. Color-conversion, in this case, is unoptimized matrix multiplication1 and is very

inefficient on a RISC processor.

For a RISC processor, the amount of off-memory matrix multiplication time is directly
proportional to the frame size. On the other hand, C*RAM, under the mentioned assumptions, can

perform similar operations in parallel at the pixel level. Therefore, higher speed-ups are obtained.

1. DCT is optimized matrix multiplication.
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7.3 Improvements to existing C*RAM architecture for better performance

Before discussing possible improvement to existing C*RAM, a minor observation may be made.
If the SuperSPARC has 96MB of memory which helps speed-up its computation, the C*RAM
system in consideration should be using the same amount of memory. In fact, C*RAM system in
Section 7.2.2.2 uses only 256Mb or 32 MB of RAM. Therefore, if 3 modules of C*RAM are used
and without any modification to the existing architecture and interface, the amount of speed-up

should, theoretically, be increased by a factor of 3.

The C*RAM 8-b interface is another bottleneck regarding loading (unloading) data. This bus can
be widen to 32-b while retaining its 8-b structure by interleaving four 8-b buses, and offsetting the

output by one-quarter of a memory cycle. Another speed-up factor of 4 can be realized.

+
—»@—» FDCT: 4.5 ms —£—> VLC:0.3ms
IDCT
:nput 4.5ms
rames |RGB - YCbCr
0.8 ms
+ + Buffer|———pm
To channel
1 ME/C:25.0ms
- VLC:0.3ms

Figure 7.3 Computing load of a C*RAM-based video encoder

Finally, by balancing the computing load of a video encoder shown by Fig. 7.3, possible reduction
in compression time can be achieved. It is known that ME, especially with large displacement
vector d, is very time-consuming. Therefore, if ME/C is separated from the rest of the operations,
compression time can be saved. This requires independent executions in two paths, which in turn,

requires two PE arrays operating in parallel. Subsequently, this realization necessitates the dual-
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port C*RAM: one port to accept uncompressed data and perform ME, the other to perform the

rest of the operations and output compressed data.

Dual-port, particularly SRAM, results in 50% increase in silicon area [Silburt92). For MPEG-2
standard, compression time will reduce by 30 to 40% depending on the compression profiles.
From the C*RAM assembly development viewpoint, extra address lines can be used for a second
set of COP bits. If 32-bit interleaved bus is implemented, there are also enough room for a second
set of TTOP bits. The challenge relies on the synchronization of the two parallel operations on

separate PE arrays, which is a decent topic for further research in C¥*RAM.

7.4 Conclusions

In Section 7.1, it has been shown that grayscale baseline and lossless JPEG compressions can be
achieved in real-time. Baseline and lossless compression of color image of large size, i.e. 512 x
512, are limited by the 8-b interface to C*RAM, compression times are well under requirement,
otherwise. Due to the smaller grain size of operations, pixel-based in lossless compression versus

block-based in baseline lossy compression, lossless compression achieves higher speed-ups.

In Section 7.2.1, design parameters for different compression applications have been derived. For
H.261 using QCIF format, a small 4K PEs by 4Kb C*RAM module is adequate. For MPEG-2

MP@ML, C*RAM module of larger number of PEs, 128K, and larger memory, 8Kb, is needed.

It is also noted that an increase in 94 transistors for PE real-estate (Section 4.1) in the 4Kb/PE and
8Kb/PE versions result in 1 to 2% increase in final C*RAM area, respectively. This marginal

increase drastically improves image/video processing operations as have been demonstrated.

Performance analysis for H.261 and MPEG-2 MP@ML have been provided in Section 7.2.2.

H.261, due to its small frame size and low processing requirement, can be achieved within timing
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specifications. MPEG-2 compression, unless the proposed FEXOR algorithm plus the parallel
add/subtract and one-to-many network enhancements are implemented, cannot make it in real-

time.

Finally in Section 7.3, suggested modification to the C*RAM interface can provide an additional
speed-up of 4, while balancing the computing load may reduce from 30 to 40% in compression
time. As a result, extra effort will be required to add another PE array to the dual-port C*RAM,

and synchronize its operations with its twin.
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CHAPTER 8 COnCluSiOnS and F uture
Work

Various image and video processing algorithms and compression standards have been
successfully implemented on the VHDL-based C*RAM models. The goals of executing visual

computing and communications in C*RAM have been demonstrated so that:

* Memory bandwidth is fully utilized which is beneficial to memory- bound operations such as

motion estimation;

* The emulation of arrays of SIMD processors allows natural mappings of image and video

processing/compression algorithms onto the C*RAM;

* Variable word lengths are readily achievable through bit-serial operations. Furthermore,

arithmetic and logic operations can be optimized at the bit level;

* Applications can be programmed at the controller level which alleviates the needs for

specialized hardware;
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8.1 Conclusions
Factors that allow improved CPU performance have been considered including:

* Increase in clock speed: The clock speed is technology dependent and, therefore, is dealt with
by the device physicists and silicon engineers. With that in mind, the design of C*RAM
hardware and C*RAM cycles are scalable (Sections 4.2 to 4.4). As the technology improves,

C*RAM memory cycles get smaller and performance increases accordingly.

* Improvement of processor organization: CRAM’s have been designed and fabricated by the
C*RAM design team. Issues such as operating power, operating frequency, and data
bandwidth have extensively been discussed. The parallel add/sub circuits, proposed in this
thesis (Section 4.1), allows improvement in MAE calculation by reducing computation time
to more than 30%. This circuit is the first of its kind within the logic-in-memory SIMD

community.

* Enhancement of its compiler: In software terms, frequently used instructions and macros have
been optimized to reduce the number of cycles (Section 4.4). Even though manually parsed
and interpreted, the proposed FEXOR algorithm (Section 6.1) has flattened the conventional
block matching algorithm into three stages. With FEXOR, smart compilers can assign filter
operations to comparison units, and distortion computations to integer/floating point units.

The bus bottleneck in ME has been smoothen.

It has been demonstrated that Visual Communications on a Memory-Embedded Array Processor:
The Computational *RAM is:
* Efficient: The 1-D array of 1-b PE of C*RAM outperforms the 2-D array of 1-b PEs of HDPP
and the 1-D array of 8-b PEs of IMAP in filter, DCT, and ME operations (Sections 5.2.6,
5.3.6, and 6.2.9). Another example includes the real-time MPEG-2 MP@ML compression

using only one 32MB C*RAM module (Section 7.2).
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* Practical: The C*RAM design takes into consideration of existing DRAM modules.
Additional logics form an array of PEs at the RAM’s boundary without altering the compact
and well-designed memory cells. Moreover, a moderate increase from 76 to 94 transistors
(23.6% increase) in PE size (Section 4.1) has provided tremendous computing power to

C*RAM and enlarged its range of applications.

* Economical: The C¥*RAM’s concept, once recognized, will set a new stage for visual
computing and communications. In fact, an increase in 94 transistors for PE real-estate
(Section 4.1) in the 4Kb/PE and 8Kb/PE versions result in 1 to 2% increase in final C*RAM
area, respectively. This marginal increase drastically improves image/video processing
operations as have been demonstrated in Chapters 5, 6, and 7. Therefore, C*RAM is a low-

cost solution to a media co-processor.

8.2 Future Works

Future works on C¥*RAM include the followings, but does not limit to:

* Since visual effects such as contrast stretching, edge detection, etc. are performed in real-time,
image processing for office automation can be realized by embedding C*RAMs onto
photocopiers and scanners;

» Standard compression techniques such as ME and DCT are best realized in C*RAM due to
on-chip computing and massively parallel processing. These attractive realizations allow for
the production of C*RAM-based MPEG cards for real-time compression;

* Enhancement to C¥RAM interface is possible and the idea of load balancing necessitates the
implementation of dual PE arrays, possibly, on the dual-port C*RAM; and finally

* Implementation of MPEG-4 video compression: C¥RAM is able to segment the frame into
objects of arbitrary shapes (as opposed to block-based) using the data independent

morphological image processing operations.
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APPENDIX A Other Image
Compression Issues

A.1 Data Compression Techniques

Image and video compression techniques can be generally classified into: “distortionless” or

lossless and “minimum distortion” or lossy schemes.

A.1.1 Lossless Compression

Lossless compression minimizes the average number of bits per pixel (bpp) without any loss in
objective image quality. That is, the decoder reconstructs the exact original image from the
encoded bit stream. Information theory states that the source can be exactly encoded with H bpp,
where H is the source entropy [Jayant84]. For a source having 2b possible independent symbols

with probabilities p;, =20 21 . 2% the entropy is given by:
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2b—l
=~ pilogyp, (A.1)
i=0

In light of information theory, variable length coders (VLC), where shorter bit patterns are
assigned to more probable source symbols and vice versa, have been established. Huffman coding
[Huffman52] and arithmetic coding [Witten87] are among the most popular entropy coding
techniques. While arithmetic coding achieves higher compression ratio compared to Huffman
coding, it is more difficult to implement. Another lossless compression technique, applicable
especially to binary image, is run length coding (RLC) [Jayant84] in which reduction in bit rate is

achieved by grouping a non-zero value with a run of preceding zeros.

A.1.2 Lossy Compression
The purpose of lossy compression is to minimize the bit rate R(D) for a given average distortion
D or equivalently, to minimize the average distortion for a given bit rate. For an image source X,

the average distortion D is defined as:

D = E{d(X,X)} (A2)
where d( X, X ) is a distortion measure between the source X and its reproduction b'e ,and d( X, X )
can be of first-order as defined by Mean Absolute Error (MAE), or second-order as Mean Square
Error (MSE). Clearly, the design of such an encoding scheme depends on the statistics of the

source X and the characteristics of the distortion measure d.

It can be shown that R(D) is a monotonically non-increasing function of D (Fig. A.1). The
minimum rate required for distortion-free compression of the source is the value of R at D = 0,

and is equal to or greater than the source entropy, depending on the distortion measure.

185



Rate R(D)

Low-complexity coder

Distortion D

Figure A.1 Rate distortion curves and typical encoder performance
A.2 Objective Measures
Objective measures are sometimes referred to as distortion measures. The most commonly used
distortion measures are Mean Square Error (MSE), Normalized MSE (NMSE), Mean Absolute
Error (MAE), Signal-to-Noise ratio (SNR), and Peak Signal-to-Noise ratio (PSNR).

« Mean Square Error (MSE): For an image of dimensions X and Y, the MSE is defined as:

X Y
= % )2
MSE = )—(—}-,kzl 121 Cp— %) (A3)

where x;; and x 7 denote the original and reconstructed image pixels, respectively.

« Mean Absolute Error (MAE):

X Y
1 ~
MAE = ‘X’_Y'k —E ll_E llxkl—xkll (A4)

+ Normalized Mean Square Error (NMSE):

X Y X
NMSE = (Z D (xk,—a%k,)z]/( ¥ xi,) (A5)
k=11=1
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+ Signal-to-Noise Ratio (SNR):

1
NMSE

SNR = 10 -log (A.6)

- Peak Signal-to-Noise Ratio (PSNR): The coding performance is commonly evaluated using
the PSNR, which is defined as:

_ Peak - signal — value)?
PSNR = 10 - log¢ g AT
S 8 MSE (A7)

If the pixel is quantized to 8-b or 12-b, the peak signal value is 255 or 4095, respectively.

- PSNR’: Sometimes, the coding performance is evaluated using PSNR’ which is defined as:

PSNR* = 20 - logZ e“k‘s;ffzz’ —value (A.8)

NMSE generally provides a more precise judgement to a particular coding algorithm. On the
other hand, many use PSNR as the performance indicator. PSNR is, however, very image
dependent. Images with little details tend to have higher PSNR’s, compared to those with many

details, assuming the same coder is applied.

A.3 Codebook Generation for Vector Quantization
The key element in VQ is the design of a codebook which is a good representation of the image
vectors. An optimal codebook, using the MSE criterion, must simultaneously satisfy two
necessary conditions for optimality [Gersho82a].

« The input vector source V is partitioned into N closed sets or Voronoi regions

{R il (1 £i< N)}, determined by the nearest distance rule:

R; = {v, |V—wi|S|v—wm,for i#m} (A.9)

- The corresponding codewords are defined by:
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w; = E{v|(ve R)} (A.10)

wherei=1,2, ..., N, and v is the vector in the training set.

In other words, the codewords of the optimal codebook are the means of the corresponding
Voronoi regions under the MSE distortion measure. The K-mean [Gersho82a] or the closely
related generalized Lloyd clustering algorithm proposed by Linde, Buzo, and Gray (LBG)
[Linde80] is typically used to generate the codebook. Both these clustering algorithms are
iterative processes, minimizing a performance index calculated from the distances between the
sample vectors and their cluster centers. These algorithms have the advantages of not requiring
any knowledge of the underlying statistics of the input source and additional minimizing a
criterion related to the quantization error. However, these clustering algorithms can only assure a

local optimum, which depends upon the initial codebook or cluster seeds.

A number of techniques have been developed to obtain the initial codebook. In the first [Tou74],
the centroid of the training set is calculated and split into two codewords. The LBG algorithm is
applied to yield a codebook of two codewords. Each codeword is then split into two codewords to
yield a codebook of four codewords. This process is repeated until the required 2" codewords are

generated. This approach is referred to as binary splitting.

The second approach starts with initial seeds for the required number of codewords. These seeds
are generated by preprocessing the training sequence. Two examples of this approach are
parametric or diagonal seeding [Buzo80] where seeds are located along the diagonals of the
Euclidean hyperspace, and mode-seeking seeding [MacCalla80] where seeds are located at the

modes of the histogram.

Other techniques include: Simulated Annealing [Vaisey88, Flannagan89] which generates

codebooks of better performance compared to LBG, but computation time is drastically increase;
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Pairwise Nearest Neighbor (PNN) [Equitz89] which converges to an asymtotic value faster than
LBG; and Maximum Descent (MD) [Chan92] which is 1 to 2 orders of magnitude faster and

produces nearly 1dB better image quality compared to the LBG algorithm.

A.4 Edge Detection/Enhancement Techniques
Many edge detection/enhancement techniques have been proposed. Those proposed by

[Canny86] and [Lee87] will be reviewed here as a supplement to the discussion in the thesis body.

[Canny86]: the preprocessing step consists of blurring the image with a Gaussian filter. The next
step computes gradients in different directions for each pixel. The edge strength image is created
by determining the maximum of these gradients at each point. The thresholding of this edge
strength image is accomplished by selecting a single value at a predetermined percentage of the
edge strength histogram. Finally, the edges are connected by selecting a lower threshold and

iteratively adding pixels to the edge image.

In [Lee87], the original image is blurred by local averaging over a small square region of support.
The blurred image is then eroded and dilated using a square structuring element. For each pixel

oo dis

(i), the resultant edge strength is the minimum of (b;;-e;;) and (d;;-b ij> dij»

i ), where b

ij and eij are
the grayscale values at pixel (i,j) in the blurred, dilated, and eroded images, respectively. The edge

strength image is then thresholded to obtain the edge image.

A.5 Discrete Wavelet Transform (DWT)

Wavelet transform [Mallat89] offers a wide variety of useful features, in contrast to other
transforms, such as Fourier transform or Cosine transform. Some of these features include no
blocking effect!, lower aliasing distortion for signal processing applications, and inherent

scalability.
1. Due to this property, Wavelet has been proposed for an emerging standard called JPEG-2000.
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DWT represents an arbitrary square integrable function! as superposition of a family of basis
functions called wavelets. A family of wavelet basis functions can be generated by translating and
dilating the mother wavelet corresponding to the family. The DWT coefficients can be obtained
by taking the inner product between the input signal and the wavelet functions. Since the basis
functions are translated and dilated versions of each other, a simpler algorithm, known as Mallat 5
tree algorithm or pyramid algorithm, has been proposed [Mallat89]. In this algorithm, the DWT
coefficients of one stage can be calculated from the DWT coefficients of the previous stage,

which is expressed as follows:

Wyln.j) = > Wi(m,j-1)g(m—2n) (A1)

Wi (nj) = ZWL(m, j—1Dh(m-2n) (A.12)
m

where Wy (p,q) is the p scaling coefficient at the qth stage, Wy(p,q) is the p"h wavelet coefficient
at the qth stage, h(n) and g(n) are the dilation coefficients corresponding to the scaling and wavelet

functions, respectively (Fig. A.2).

o VH | 5 *2 —> 4
n=g | L@ -
el VH | *2 » 2
'(nl)_"’#z — " H ——>+2—> 1
> 3 (n,3)
V2 -

LWL | L 1

(n,3 *2

Figure A.2 Three-stage 1- D DWT decomposition using pyramid algorithm [Mallat89]
When computing the DWT coefficients of the discrete-time data, it is assumed that the input data

represent the DWT coefficients of a high-resolution stage. Equations (A.9) and (A.10) can then be

1. A function s(t) is square integrable if the following expression exists: J.sz (Hdt <0

190



used to obtain DWT coefficients of subsequent stages. In practice, this decomposition is
performed only for a few stages. The dilation coefficients h(n) also represent a low-pass filter,
while those of g(n) represent a high-pass filter. Therefore, DWT extracts information from the
signal at different scales. The first level of wavelet decomposition extracts the details of the signal
(high-frequency components) while the second and subsequent wavelet decompositions extract

progressively coarser information (lower-frequency components).

In order to reconstruct the original data, the DWT coefficients are upsampled and passed through

another set of low- and high-pass filters, which is expressed as:

W) = 3 Wik j+ DH(-2k)+ S Wyl j+1)g'(n-2]) (A.13)
k l

where h’(n) and g’(n) are respectively the low- and high-pass synthesis filter corresponding to the
mother wavelet. It is observed from (A.11) that the jth level DWT coefficients can be obtained

from (j+1)® level DWT coefficients.

LL4LH4I
LH,
HL H
LH2
HL; |HH;
HL, HH,

Figure A.3 Three-level 2-D wavelet decomposition
Similar to 2-D DCT, the 2-D DWT is commonly computed using row-column decomposition
method. In the first level of decomposition (Fig. A.3), one low-pass subimage (LL,) and three
orientation selective high-pass subimages (LH,, HL,, and HH,) are created. In the second level of

decomposition, the low-pass subimage is further decomposed into one low- (LL3) and three high-
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pass subimages (LHj, HL;, and HHs). This process is repeated on the low-pass subimage to
derive the higher level of decompositions. In other words, DWT decomposes an image into
pyramid structure of subimages with various resolutions corresponding to the different scales.
The inverse wavelet transform is calculated in the reverse manner, i.e., starting from the lowest

resolution subimages, the higher resolution images are calculated recursively.

Unlike 2-D DCT where operations are performed on the non-overlapping n x n blocks where n is
usually small, 2-D DWT requires operations on the entire image. Therefore, 2-D DWT can be
classified as global operation. To efficiently implement 2-D DWT, either a 1-D architecture

having a global data transposer or a 2-D architecture is required.
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APPENDIX B Matrix
Multiplication
Using C*RAM

In this appendix, matrix multiplications on any SIMD architecture, especially C*RAM, will be
presented via 2-D image transformation. An image transformation can be expressed as the prod-

ucts of matrix multiplications as follows:

V =AUB B.1)
where U and V are the input and output image blocks, respectively; A and B are the row and

column operators, respectively.

4, a, b, b
LetV = Y1 %2 , U= “1% ,A = 91 % ,and B = | 1 "2|  we then have
V3 vy Uz Uy a3 ay) by b,

VI V2| o |91 99| (% 4| (b By ®2)
V3 Yy az ay|\us uy||bs by

193



By expanding the left hand size, we obtain:

Vi Vol _ uja by +uya,by+usaby +uyaybs uja by +uya by +uzasb, tuganb, B3)
V3 Vy ujazby +usazby+usasby +usa.bs ujazhy +uyazh, +usa by tusasby,

This transformation is mapped onto the SIMD architecture as follows: First, the products a;b; are

precomputed and stored in the respective computing units. Secondly, since the order of the trans-

from coefficients is known in advance, they can also be ordered in any predetermined order. For

2-D DCT, this arrangement is called zig-zag order. The operation can be shown in Figure B.1

below:

- albl a1b2 a3b1 a3b2
—%|_ajbs ajby asbs asby
> ab by agb, azb,
| aybs ayby agby a4by
'-t» Uy L8] U uy
— W U W o)
— U3 U3 U3 U3
Uy Uy Uq uy
L | Vi V2 V3 \Z

FIGURE B.1 Image Transformation implemented on a SIMD architecture

Matrix multiplications are applied in color image conversion, such as RGB-to-YCbCr conversion,
and image compression such as DCT, SCT, and Hadamard transforms. The advantage of
implementing matrix multiplication using SIMD is that the n? operations can be vectorized onto a
n-PE array using n operations on the n precomputed constants. Operations can be further reduced

by exploiting the sparseness of the coefficient matrices involved.
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APPENDIX C Program Listings

This appendix lists typical VHDL and .cmd (comand) files necessary for performance evalua-

tions.
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C.1 VHDL Files

This file was first created in September 1996
and last modified in September 1299,

File name:pe.vhd;

Function:architecture of the processing element

By: Thinh M. Le

Note:increase PE local memory from 2Kb to 4Kb

library IEEE;

use work.all;

use std.TEXTIO.all;

use IEEE.std logic_textio.all;
use IEEE.std logic 1164.all;

-- external port
entity PE is
port (ADDR_BUS: in STD_LOGIC_VECTOR(14 downto 0);
DATA_BUS: in STD_LOGIC_VECTOR(7 downto 0);

Qu: inout STD_LOGIC:='1l'; -- value of WE register
QM: in STD_LOGIC :='0';~- value of internal read
ALU_SR: in STD_LOGIC;-- for internal write

ALU_OP: inout STD _LOGIC:="0';~- for internal write
ALU_SL: in STD_LOGIC:-- for internal write

TIE: in STD LOGIC; -~ bus_tie

CCK: in STD_LOGIC; -- c*ram clock

OPS: in STD LOGIC; -- operate pulse

R_CB: in STD_LOGIC);
end PE;

-- internal behavioral/structural
architecture BEHAVIORAL of PE is

signal MYX: STD_LOGIC_VECTOR(2 downto 0);
signal QX: STD_LOGIC :='0';

signal QY: STD_LOGIC

signal QS: STD_LOGIC :='0’;

signal CCKdddd: STD_LOGIC:='0';

type STD_LOGIC_TABLE is array (STD_LOGIC, STD_LOGIC) of STD_LOGIC;
-~ truth table for "wired-pulldown function"

constant table WIRED_ PULLDOWN: STD_LOGIC_TABLE :=

~- 1 U X 0 1 Z W L H -

((*yr, ‘uUr, ‘0, '1', 'z, wy', 'ur, 'ul, ‘U, -- | U |
{ 'g’, 'X', 'O, '1', X', 'X', 'X', 'X', 'X"), == | X |
( 'o', '0", '0', *1', *0', '0', *'O', '0', '0'), —— | O |
(*1v, 1Y, CLY, YA, vlv, v, v oriv, oelvy o | ]|
('zv, 'X', '0', 'l', '0', 'W', 'L, 'H', '="), -~ | 2 |
( 'U', XY, '0', '1Y, YWY, 'W', W', W', 'W'), -- | W |
('ur, 'R, '0', ‘1Y, 'L, ‘W', 'L', 'W', ‘L"), -~ | L |}
( 'yr, 'X', 'Q', '1', 'H', 'W', W', 'H', 'H'), -- { H |
(U, X', 0%, '1', '-', W', ‘L', 'H', "-"));-— | - |

function WIRED PULLDOWN (A:STD_LOGIC;B:STD_LOGIC) return STD_LOGIC is
variable result: STD_LOGIC:='0';
begin
result := table_WIRED_PULLDOWN (A, B} ;
return result;
end WIRED PULLDOWN;

-- truth table for "wired-AND function”
constant table WIRED_AND: STD_LOGIC_TABLE :=

-~ | U X [ 1 z W L H -

(('u', ‘u', ‘o', '1', ‘z', 'U', 'U', ‘U', 'U'Y, —— | U |
(U, XY, '0Y, 'Y, XY, XY, 'X', X', 'X'), == | X |
( *o', '0', '0', '0', '0', '0', '0', 'O', '0'), ==} O |
(*1°, *i*, rov, '1f, ‘1Y, *'1', 17, 'i', '1'), -- {1 |
(rz', ‘X', '0', '1', ‘zY, W', L', 'H', '-'), -= | Z |
(rut, XU, 0T, 1Y, W', W', W', 'W', 'W'), —— | W |
¢ 'ur, X', '0', '1', ‘L', ‘W', 'L', 'W', 'L'y, -- | L |}
( 'uY, 'X', '0', '1', 'H', ‘W', 'W', 'H', 'H'), -~ | H |
CTUr, 'K, tO0Y, 1Y, t—t, WY, ‘LY, YH', '~='));-— | - |

function WIRED_AND(A: STD_LOGIC;B:STD_LOGIC) return STD_LOGIC is
variable result: STD_LOGIC:='0';
begin
result := table WIRED AND(A,B);:
return result;
end WIRED AND;

begin
CCKdddd <= CCK'delayed(7 ns) and ADDR_BUS(5) and OPS;
legen to COP's
- W <= ADDR BUS(0);
-- X <= ADDR_BUS(1);
-- Y <= ADDR_BUS(2);

ADDR_BUS (3) ;
ADDR_BUS (4) ;
ADDR_BUS (5) ;
= ADDR_BUS (%) ;
<= ADDR _BUS(7);
<= ADDR_BUS (8);

-- three inputs to the ALU

MYX(0) <= QX;
MYX (1) <= QY;
MYX (2} <= QM xor WIRED_ AND(QS,ADDR BUS(7));

WRITE WE: process (CCK}
begin
if (CCK'event and CCK='l' and OPS='0' and R CB='0")
if (ADDR_BUS(0)='1') then
QW <= ALU_OP;

else
QW <= QW;
end if;
end if;
end process WRITE_WE;

WRITE_X: process (CCK)
begin
if (CCK'event and CCK='l' and OPS='0' and R_CB='0")
if ADDR_BUS(1}='1' and ADDR_BUS(3)='0' then
QX <= ALU_OP;
elsif ADDR BUS(1)='0' and ADDR BUS(3)='1l' then
QX <= ALU_SL;
else
X <= QX;
end if;
end if;
end process WRITE_X;

WRITE_Y: process (CCK)
begin
if (CCK'event and CCK='1' and OPS='C' and R _CB='0")
if ADDR_BUS(2)="1"' and ADDR_BUS(4)='0' then
QY <= ALU_OP;
elsif ADDR BUS(2)='0' and ADDR_BUS(4)='l' then
QY <= ALU_SR;
else
QY <=
end if;
end if;
end process WRITE Y;

QY;

WRITE_S: process(CCK)
begin
if (CCK'event and CCK="1' and OPS='0' and R_CB="'0")
if ADDR BUS(6)="1' then
QS <= RALU_OP:
else
Qs <= QS;
end if;
end if;
end process WRITE_S;

OPERATE: process (OPS,CCKdddd)
begin

if (OPS'event and OPS='l') then

case MYX is
when "000" => ALU OP <= DATA_BUS(0):
when "001" => ALU OP <= DATA BUS(1);
when "010" => ALU_OP <= DATA_BUS(2);
when "011" => ALU OP <= DATA BUS(3);
when "100" => ALU_OP <= DATA BUS(4);
when "101" => ALU OP <= DATA BUS(5):
when "110" => ALU OP <= DATA_BUS(6);
when "111" => ALU_OP <= DATA BUS(7):
when others => ALU_OP <= '2';

end case;

elsif (CCKdddd'event and CCKdddd='l"') then
ALU_OP <= WIRED_PULLDOWN (TIE,ALU_OP);
end if;
end process OPERATE;

end BEHAVIORAL;

then

then

then

then
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This file was first created in September 1996
and last modified in September 1999.

File name:pe_seg.vhd;

Function:architecture of the processing element

By: Thinh M. Le

Note:increase PE local memory from 2Kb to 4Kb

library IEEE;

use work.all;

use std.TEXTIO.all;

use IEEE.std_logic_textio.all;
use IEEE.std logic_l164.all;

-~ external port
entity PE is
port (ADDR_BUS: in STD_LOGIC_VECTOR(14 downto 0);
DATA_BUS: in STD_LOGIC_VECTOR(7 downto 0);

QW: inout STD_LOGIC:='l'; -- value of WE register
QM in STD_LOGIC :='0';-- value of internal read
BALU_SR: in STD_LOGIC;-- for internal write

ALU_OP: inout STD_LOGIC:='0";-- for internal write
ALU_SL: in STD_LOGIC;-- for internal write

TIE: in STD LOGIC; -- bus_tie

CCK: in STD_LOGIC; -- c*ram clock

OPS: in STD_LOGIC; -- operate pulse

R_CB: in STD_LOGIC):
end PE;

-- internal behavioral/structural
architecture BEHAVIORAL of PE is
signal MYX: STD_LOGIC_VECTOR(2 downto 0);

signal QX: STD_LOGIC
signal QY: STD_LOGIC
signal QS: STD_LOGIC :='0';

signal CCKdddd: STD_LOGIC:='0';
type STD_LOGIC_TABLE is array (STD_LOGIC, STD_LOGIC) of STD_LOGIC;
—- truth table for "wired-pulldouwn function”

constant table WIRED_PULLDOWN: STD_LOGIC_TABLE

-t U X 0 1 Z W L H -

(('g*, ‘ur, ‘oY, *1', 'z', 'U', ‘U, U, 'UN), —- 1 U |
g, X', t0', 1Y, XY, X', X', XY, 'XY), -—- | X |

( 'o*, to', '0', '1*, '0', 'O, '0', 'O', '0'), -- 1 O

( '1v, *1v, '1v, '1f, 1Y, 1, 1Y, t1Y, 1), -- |1

( 'z', 'X', ‘o', '1*, '0', 'W', 'L', 'H', '=*), —= | 2|

(', 'KY, tOY, 'Y, W', W', 'W', 'W', 'W'), -~ | W |

( *u', X', '0', ‘1!, ‘L', W', 'L', 'W', 'L), = | L |

( rur, X', 'O, *1', 'H', 'W', 'W', 'H', 'H'), —— | H |

( 'ur, X', '0', '1', '=', W', 'L', 'H', "="))i-— | - |

function WIRED_ PULLDOWN (A: STD_LOGIC;B:STD_LOGIC) return STD_LOGIC is
variable result: STD_LOGIC:='0C'";
begin
result table _WIRED_PULLDOWN(A,B):
return result:;
end WIRED_PULLDOWN;

~- truth table for "wired-AND function”
constant table WIRED AND: STD_LOGIC_TABLE :=

-4 U X ] 1 z w L H -

(('ur, 'ur, tor, ‘1Y, 'z, 'U', 'UT, 'UY, 'UY), == 1 U |
( 'y, 'XY, 'or, '1', ‘X', 'X', 'X', ‘X', 'X"), -- t X |
( *o', '0', '0', '0', rO', ‘O0', 'O0', 'O', o'y, —— | 0
(r1v, *1v, o', *1', Y1, '1v, 1Y, 1Y, '1Y), - i1

( 'z, 'x', "0, *1', 'z', 'W', 'L', 'H', '-'), - 1 2}
( 'y, 'R, T0Y, C1Y, W', W', 'W', W', 'W'), -- bW
( 'u', 'X', '0', '1', 'L', 'W', 'L', 'W', 'L'), -- {1 L
( *ur, 'X', '0', '1', 'H', 'W', 'W', 'R', 'H'), -- | B}
(rgr, "X, '0', ‘1Y, =', W', 'L, 'H', '=")})i--} - |

function WIRED_AND(A: STD_LOGIC
variable result: STD_LOGIC:
begin
result table WIRED_AND(A,B);
return result;
end WIRED_AND;

B:STD_LOGIC) return STD_LOGIC is
or:

begin

CCKdddd <=
-~ legen to COP's
W <= RDDR_BUS(0};
X <= ADDR BUS(1);
Y <= ADDR_BUS(2};
SL <= ADDR_BUS(3);
SR <= ADDR_BUS (4) ;
BT <= ADDR_BUS(5):

CCK'delayed(7 ns) and ADDR_BUS(5) and OPS;

- S <= ADDR BUS(6);
- SE <= ADDR_BUS(7);
- T <= ADDR_BUS(8):

-- three inputs to the ALU

MYX(0) <= QOX;

MYX ({1} <= QY;

MYX (2) <= QM. xor WIRED_AND(QS,ADDR_BUS(7)};

WRITE_WE: process(CCK)
begin
if (CCK'event and CCK='1l"
if (ADDR _BUS(0)='l")
QW <= ALU_OP;
else
QW <=
end if;
end if;
end process WRITE_WE;

and OPS='0' and R_CB='0') then
then

owW;

WRITE_X: process (CCK)
begin
if (CCK'event and CCK='l' and OPS='0' and R CB='0') then
if ADDR_BUS(1)='1' and ADDR_BUS (3)='0' then
QX <= ALU_OP;
elsif ADDR BUS(1)='0' and ADDR_BUS (3)='1" then
QX <= ALU_SL;
else
QX <= QX;
end if;
end if;
end process WRITE_X:

WRITE_Y: process (CCK)
begin
if (CCK'event and CCK='1l' and OPS='0' and R_CB='0") then
if ADDR_BUS (2)='1" and ADDR_BUS(4)='0" then
QY <= ALU_OP;
elsif ADDR_BUS(2)="0" and ADDR_BUS(4)='1"' then
QY <= ALU_SR;
else
QY <=
end if;
end if;
end process WRITE_Y;

QY;

WRITE_S: process (CCK)
begin
if (CCK'event and CCK='1l' and OPS='0' and R_CB='0"') then
if ADDR_BUS(6)='1l"' then

QS <= ALU_OFP;
else
QS <= QS;
end if;
end if;

end process WRITE_S;
WRITE_T: process (CCK)
begin
if (CCK'event and CCK='1' and OPS='0' and R_CB='0') then
if ADDR_BUS(8)='1' then
QT <= ALU_OP;
else
QT <=
end if;
end if;
end process WRITE_T;

QT

OPERATE: process (OPS,CCKdddd)
begin
if (OPS'event and OPS='l') then
case MYX is

when "000" => ALU_OP <= DATA_BUS(0);
when "001" => ALU OP <= DATA_BUS(1);
when "010" => ALU OP <= DATA BUS(2);
when "011" => ALU OP <= DATA_BUS (3);
when "100" => ALU OP <= DATA_BUS (4);
when "101" => ALU_OP <= DATA_BUS(5):
when "110" => ALU OP <= DATA BUS (6} ;
when "111" => ALU OP <= DATA_BUS(7);
when others => ALU_OP <= 'Z';
end case;

elsif (CCKdddd'event and CCKdddd='1') then
ALU_OP <= WIRED_PULLDOWN (TIE,ALU_OP);
end if;
end process OPERATE;

end BEHAVIORAL;
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~- This file was first created in September 1996
- and last modified in September 1999.
-- File name:sram cell.vhd;

—-- Function:sram block

-- By: Thinh M. Le

-- Note:increase PE local memory from 2Kb to 4Kb

library IEEE;

use work.all;

use std.TEXTIO.all;

use IEEE.std logic_textio.all;
use IEEE.std_logic_l1164.all;

~- external port
entity SRAM is
port (WL: in STD_LOGIC_VECTOR(4095 downto 0); -- word line no.

B: in STD_LOGIC_VECTOR(7 downto 0); ~~ memory bank no.
BL: inout STD LOGIC_VECTOR(63 downto 0);-- bit line
ADDR _BUS: in STD_LOGIC_VECTOR({14 downto 0}; -- 15-bit bus
DATA BUS: inout STD_LOGIC_VECTOR(7 downto 0); -- 8-bit bus
MCK: in STD_LOGIC;
CCK: in STD_LOGIC;
OPS: in STD_LOGIC:
CS_A: in STD LOGIC;
CS_T: in STD_LOGIC;
RD_WRB: in STD_LOGIC; ~- read/write mode
R_CB: in STD_LOGIC); =-- RAM / C*REM mode

end SRAM:

-~ internal behavioral/structural

architecture BEHAVIORAL of SRAM is
type CELL 2D is array (4095 downto 0,63 downto 0} of STD_LOGIC;
type STD_LOGIC_TABLE is array (STD_LOGIC, STD_LOGIC) of STD_LOGIC:

signal C_MEM: CELL_2D;

signal WE: STD_LOGIC_VECTOR(63 downto 0):
signal DM: STD_LOGIC_VECTOR(63 downto 0);
signal TIE: STD_LOGIC_VECTOR(1S5 downto 0);
signal BRK: STD LOGIC_VECTOR(1S5 downto 0):

signal CCKd: STD_LOGIC;
signal CCKdd: STD_LOGIC;
signal CCKddd: STD_LOGIC;
signal SR_1: STD_LOGIC
signal SR_0: STD_LOGIC
signal SL_1: STD LOGIC
signal SL_0: STD_LOGIC :='0';

-- truth table for "wired-or function"
constant table WIRED OR: STD LOGIC TABLE :=

-] U X 0 1 2z W L H -

(('u', 'gr, '0', 'i', 'z', 'U', 'U', 'U', 'U'), — | U |
(rur, XY, X', '1', X', 'X', 'X', 'X', 'X'), - | X |
(*0', 'X', '0', '1', '0', '0', ‘0", ‘0!, '0'), —— | O
(*1v, *1', "1, *17', ‘17, '1', *1v, '1', '1'), -—- | 1
(*z', 'X', '0', '1*, '2', W', 'L', 'H', '-'}, —- | Z
(rur, 'X', '0', '1', 'W', WY, 'W', ‘W', 'W'), =- | W |
(*u', X', '0', '1', ‘L', W', 'L', 'W', 'L'), -- | L
(*u*, °'X', Y0', '1', 'H', 'W', 'W', 'H', 'H'), — | H
(*ur, X', '07, '1', '=', W', L', 'H', '="));-= | -

-~ truth table for "wired-pulldown function”
constant table WIRED_PULLDOWN: STD_LOGIC_TABLE :=
-~ 1 U X o] 1 2 w L H -

((rur, Tgr, to', '1', tz', 'gr, 'Y, 'UY, 'U'), -—- | U |
(*ur, TXY, '0', '1', YK', 'X', 'K', 'X', 'X'), -~ | X |
(*6', '0*, '0', '1', 'Q', '0', '0', '0', *0'), —- | O
(*1%, 1Y, t1iv, 1T, Civ, 1, 1Y, 1Y, 1%}, -- | 1
(*z', 'X', '0', '1Y, 'Q', W', 'L, 'H', '='), —— { 2
(rur, 'xX', '0', '1', W', W', 'W', 'W', 'W'), ~- | W
('u', 'X', '0', '1', 'L', 'W', 'L, 'W', 'L'), —- | L
(ru', X', '0', '1°', 'H', W', 'W', 'H', 'H'), —— | H |

=1

(rur, X', '0', 1Y, t=t, WY, LT, 'H', '=t}});--
function WIRED OR(A: STD_LOGIC VECTOR} return STD LOGIC is
variable result: STD_LOGIC:='2';
begin
for i in A'range loop
result := table WIRED_OR(result, A(i));
exit when result = '1';
end loop;
return result;
end WIRED OR;

function WIRED PULLDOWN(A: STD_LOGIC_VECTOR) return STD_LOGIC is
variable result: STD_LOGIC:='0";

begin
for i in A'range loop
result := table WIRED_PULLDOWN(result, A(i));
exit when result = '1';
end loop;
return result;
end WIRED_PULLDOWN;

function WIRED_PULLDOWN(A: STD_LOGIC;B:STD_LOGIC) return STD_LOGIC
is
variable result: STD_LOGIC;
begin
result := table_ WIRED PULLDOWN(A,B);
return result;
end WIRED PULLDOWN;

component PE1
port (ADDR_BUS: in STD_LOGIC_VECTOR(14 downto 0):
DATA BUS: in STD_LOGIC_VECTOR(7 downto 0);
QW: inout STD_LOGIC; -- WE register
QM: in STD_LOGIC;-- value of internal read
-~ from mem. to PE

ALU_SR: in STD_LOGIC;-- can be value for internal write
ALU_OP: inout STD_LOGIC;-- can be value for internal write
ALU_SL: in STD_LOGIC;-- can be value for internal write
TIE: in STD LOGIC;-- bus_tie
CCK: in STD_LOGIC;
OPS: in STD_LOGIC;
R_CB: in STD_LOGIC);

end component;

component PE_SEGL
port (ADDR_BUS: in STD_LOGIC_VECTOR(14 downto 0);
DATA BUS: in STD LOGIC_VECTOR(7 downto 0);
QW: inout STD_LOGIC; -- WE register
OM: in STD_LOGIC;-- value of internal read
-- from mem. to PE

ALU_SR: in STD LOGIC;-- can be value for internal write
ALU_OP: inout STD_LOGIC;-- can be value for internal write
ALU_SL: in STD_LOGIC;-~ can be value for internal write
TIE: in STD_LOGIC;-- bus_tie
QT: inout STD LOGIC; -- segment signal
CCK: in STD_LOGIC;
OPS: in STD_LOGIC;
R_CB: in STD_LOGIC);

end component;

~- test the case 32 pe's

-~ order of PE: 00, 01, 02, ..,60, 61, 62, 63
for all: PEl use entity PE(BEHAVIORAL);

for all: PE_SEGl use entity PE_SEG(BEHAVIORAL):;

begin

L00: PEl port map

(ADDR_BUS, DATA BUS,WE(0),BL(0),SR_0,DM(0),DM(1),TIE(0),CCK,OPS,R CB);
LO1l: PEl port map

(ADDR_BUS, DATA_BUS,WE(1),BL(1),DM(0),DM(1),DM(2), TIE(0),CCK, OPS,R_CB);
L0O2: PEl port map .

(ADDR_BUS, DATA BUS,WE(2),BL(2),DM(1),DM(2)},DM(3),TIE(O),CCK,OPS,R_CB);
L03: PE_SEGl port map

(ADDR_BUS, DATA_BUS,WE(3),BL(3),DM(2),DM(3),DM(4), TIE(0),BRK(0),CCK, OPS
+R_CB);

L04: PEl port map

(ADDR_BUS, DATA_BUS,WE (4),BL (4),DM(3),DM(4),DM(5), TIE(1),CCK, OPS,R_CB);
L05: PEl port map
(ADDR_BUS,DATA_BUS,WE(S),BL(S),DM(4),DM(S),DM(G),TIE(l),CCK,OPS,R_CB):
L06: PEl port map
(ADDR_BUS,DATA_BUS,WE(S),BL(6),DM(5),DM(G),DM(7),TIE(1),CCK,OPS,R_CB);
L07: PE_SEGl port map
(ADDR_BUS,DATA_BUS,WE(7),BL(7),DM(6),DM(7),DM(8), TIE(1),BRK(1),CCK, OPS
+R_CB};

LO8: PEl port map
(ADDR_BUS, DATA_BUS,WE (8) ,BL(8),DM(7),DM(8),DM(9), TIE(2),CCK,OPS,R_CB) ;
L09: PEl port map
(ADDR_BUS, DATA_BUS,WE (9),BL(9),DM(8),DM(9),DM(10), TIE(2),CCK, OPS,R_CB)

L10: PEl port map
(ADDR_BUS,DATA_BUS,WE(IO),BL(IO),DM(S),DM(IO),DM(II),TIE(Z),CCK,OPS,R_
CB);

L1l: PE _SEGl port map

(ADDR_BUS, DATA BUS,WE(11),BL(11),DM(10),DM(11),DM(12},TIE(2),BRK(2),CC
K, OPS,R_CB) ;

L12: PEl port map

(ADDR_BUS, DATA_BUS,WE (12),BL(12),DM(11),DM(12),DM(13), TIE(3),CCK,OPS,R
_CB);

L13: PEl port map
(ADDR_BUS,DATA_BUS,WE(13),BL(13),DM(12),DM(13),DM(14),TIE(3),CCK,OPS, R
_CB):
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Ll4: PEl port map
(ADDR_BUS,DATA;BUS,WE(14),BL(14),DM(IB),DM(14),DM(lS),TIE(3),CCK,OPS,
_CB):

L15: PE_SEGl port map
(ADDR_BUS,DATA_BUS,WE(IS),BL(lS),DM(14),DM(lS),DM(16),T12(3),BRK(3),C
K,QOPS,R_CB);

Li6é: PEl port map

(ADDR_BUS,DATA_BUS,WE(IG) ,BL(16),DM(15),DM(16),DM(17),TIE(4),CCK,OPS,
_CB);

L17: PEl port map
(ADDR_BUS,DATA;BUS,WE(17),BL(17),DM(16),DM(17),DM(18),TIE(4),CCK,OPS,
_CB);

L18: PEl port map
(ADDR_BUS,DATA_BUS,WE(18),BL(lS),DM(17),DM(18),DM(19),TIE(4),CCK,OPS,
_CB};

L19: PE_SEG1 port map
(ADDR_BUS,DATA_BUS,WE(19),BL(19),DM(18),DM(19),DM(20),TIE(4),BRK(4),C
K,OPS,R_CB) ;

L20: PEl port map
(ADDR_BUS,DATA_BUS,WE(20),BL(ZO),DM(19),DM(20),DM(21),TIE(S),CCK,OPS,
_CB);

L21: PEl port map
(ADDR_BUS,DATA_BUS,WE(21),BL(21),DM(ZO),DM(ZI),DM(ZZ),TIE(S),CCK,OFS,
_CB):

122: PEl port map
(ADDR_BUS,DATA;BUS,WE(22),BL(22),DM(21),DM(22),DM(23),TIE(5),CCK,OPS,
_CB);

L23: PE_SEG1l port map
(ADDR_BUS,DAIA;ﬁUS,WE(23),BL(23),DM(22),DM(ZB),DM(24),TIE(5),BRK(S),C
K,OPS,R_CB) ;

L24: PEl port map

(ADDR_BUS, DATA_BUS, WE (24) ,BL (24) ,DM(23) ,DM(24) ,DM(25) ,TIE(6) , CCK, OFS,
_CB);

L25: PE1l port map
(ADDR_BUS,DATA_BUS,WE(25),BL(25),DM(24),DM(25),DM(ZG),TIE(G),CCK,OPS,
_CB);

L26: PEl port map
(BDDR_BUS,DAIA;BUS,WE(26),BL(26),DM(25),DM(26),DM(27),TIE(6),CCK,OPS,
_CB):

L27: PE_SEGl port map

(ADDR_BUS, DATA_BUS,WE (27) ,BL(27) ,DM(26),DM(27),DM(28) ,TIE(6) ,BRK(6),C|
K,OPS,R_CB) ;

L28: PEl port map
(ADDR_BUS,DATA;BUS,WE(28),BL(ZB),DM(27),DM(28),DM(29),TIE(7),CCK,OPS,
_CB);

L29: PEl port map

(ADDR_BUS, DATA_BUS, WE (29) ,BL(29) ,DM(28) ,DM(29) ,DM(30), TIE (7}, CCK, OPS,
_CB);

L30: PEl port map
(ADDR_BUS,DATA_BUS,WE (30} ,BL(30) ,DM(29),DM(30) ,DM(31), TIE(7), CCK, OPS,
_CB);

L31: PE_SEGl port map

(ADDR_BUS, DATA_BUS, WE (31),BL(31),DM(30),DM(31),DM (32}, TIE(7),BRK(T),Cf

K, OPS,R_CB) ;

1L32: PE1l port map
(ADDR_BUS,DATA_BUS,WE(32),BL(32),DM(31),DM(32),DM(33),TIE(B),CCK,OPS,
_CB);

L33: PEl port map
(ADDR_BUS,DATA_BUS,WE(33),BL(33),UM(BZ),DM(33),DM(34),TIE(B),CCK,OPS,
_CB):

L34: PE1l port map
(ADDR_BUS,DAIA;ﬁUS,WE(34),BL(34),DM(33),DM(34),DM(BS),TIE(S),CCK,OPS,
_CB);

L35: PE_SEGl port map

(ADDR_BUS, DATA_BUS, WE (35) ,BL(35),DM(34),DM(35) ,DM(36) , TIE(8) ,BRK(8),C[

K,0PS,R CB}:

L36: PE1 port map
(ADDR_BUS,DATA;BUS,WE(36):BL(36):DM(35),DM(36),DM(37),TIE(9),CCK,OPS,
_CB);

L37: PEl port map
(ADDR_BUS,DATA_BUS,WE(37),BL(37),DM(36),DM(37),DM(38),TIE(9),CCK,OPS,
_CB);

L38: PEl port map
(ADDR_BUS,DATA;ﬁUS,WE(38),BL(BS),DM(37),DM(38),DM(39),TIE(9),CCK,OPS,
_CB):

L39: PE_SEGl port map
(ADDR_BUS,DATA_BUS,WE(39),BL(39),DM(38),DM(39),DM(40),TIE(S),BRK(9),C
X,0PS,R_CB);

L40: PE1l port map
(ADDR_BUS,DATA;BUS,WE(40),BL(40),DM(39),DM(40),DM(41),TIE(lO),CCK,OPS
R_CB);

L4l: PEl port map

(ADDR_BUS, DATA BUS,WE (41),BL(41),DM(40),DM(41),DM(42), TIE(10),CCK, OPS
R_CB);

L42: PEl port map
(ADDR_BUS,DATA_BUS,WE(42),BL(42),DM(41),DM(42),DM(43),TIE(lO),CCK,OPS
R CB):

L43: PE_SEG1l port map
(ADDR_BUS,DATA_BUS,WE(43),BL(43),DM(42),DM(43),DM(AA),TIE(IO),BRK(lO),
CCK, OPS,R_CB) ;

L44: PE1l port map
(ADDR_PUS,DATA_BUS,WE(44),BL(44),DM(43),DM(44),DM(45),TIE(ll),CCK,OPS,'
R_CB};

L45: PEl port map
(ADDR_BUS,DATA;BUS;WE(45)'BL(45),DM(44),DM(45),DM(46),TIE(11),CCK,OPS,
R_CB);

L46: PEl port map
(ADDR_BUS,DATA_BUS,WE(46),BL(46),DM(45),DM(46),DM(47),TIE(11),CCK,OPS,
R CB);

L47: PE_SEGl port map
(ADDR_BUS,DATA;BUS,WE(47),BL(47),DM(46),DM(47),DM(48),TIE(11),BRK(11),
CCK, OPS,R_CB) ;

148: PEl1l port map
(ADDR_BUS,DATA;BUS,WE(QS),BL(48),DM(47),DM(48),DM(49),TIE(12),CCK,OPS,
R _CB);

L49: PEl port map
(ADDR_BUS,DATA_BUS,WE(49),BL(49),DM(48),DM(49),DM(50),TIE(lZ),CCK,OPS,
R_CB);

L50: PEl port map
(ADDR_BUS,DATA;BUS,WE(SO),BL(SO),DM(49),DM(SO),DM(Sl),TIE(lZ),CCK,OPS,
R _CB):

L51: PE_SEG1 port map
(ADDR_EUS,DATA_BUS,WE(51),BL(Sl),DM(SO),DM(Sl),DM(SZ),TIE(lZ),BRK(12),
CCK, OPS,R_CB) ;

LS52: PEl port map

(ADDR_BUS, DATA_BUS, WE (52) ,BL (52) ,DM(51) ,DM(52) ,DM(53) , TIE (13),CCK, OPS,
R CB);

1L53: PEl port map

(ADDR_BUS, DATA_BUS,WE (53) ,BL(53),DM(52),DM(53),DM(54), TIE(13),CCK, OPS,
R CB);

L54: PEl port map
(ADDR_BUS,DATA_BUS,WE(54),BL(54),DM(53),DM(54),DM(55),TIE(IB),CCK,OPS,
R CB);

L55: PE_SEGL port map
(ADDR_BUS»DATA_BUS,WE(55),BL(SS),DM(54),DM(SS),DM(SS),TIE(13),BRK(13),
CCK, OPS,R_CB) ;

L56: PEl port map

(ADDR_BUS, DATA_BUS, WE (56) ,BL (56) ,DM(55) ,DM(56) ,DM(57), TIE(14) ,CCK, OPS,
R_CB);

L57: PEl port map

(ADDR_BUS, DATA_BUS,WE (57),BL(57),DM(56) ,DM(57) ,DM(58) , TIE (14),CCK, OPS,
R CB);

L58: PEl port map

(ADDR_BUS, DATA_BUS, WE (58) ,BL(58) ,DM(57) ,DM(58) ,DM(59), TIE (14),CCK, OPS,
R _CB);

L59: PE_SEGl port map

(ADDR_BUS, DATA_BUS, WE (59) ,BL(59) ,DM(58) ,DM (59} ,DM(60) , TIE (14) ,BRK(14),
CCK, OPS,R_CB) ;

L60: PEl port map
(ADDR_BUS,DATA;BUS,WE(60),BL(GO),DM(59),DM(60),DM(61),TIE(lS),CCK,OPS,
R CB);

Lé6l: PE1 port map

(ADDR_BUS, DATA_BUS,WE (61) ,BL(61),DM(60) ,DM(61),DM{62), TIE(15),CCK, OPS,
R_CB):

L62: PEl port map

(ADDR_BUS, DATA_BUS, WE (62) ,BL (62) ,DM(61) ,DM(62),DM(63), TIE(15),CCK, OPS,
R_CB);

L63: PE_SEGl port map
(ADDR_BUS,DATA;BUS,WE(63),BL(63),DM(62),DM(63),SL_O,TIE(lS):BRK(lS),CC
X,0PS,R_CB);

ACCESS_DATA BUS: process(CS_A,MCK,CS_T)
variable c: INTEGER range O to 10000
variable cc: INTEGER range 0 to 10000
variable bank: INTEGER range 0 to 7 :
variable row: INTEGER range 0 to 4085

-- reading in information
:=0;-- read input file
0;~- read input file

:=0;

variable V_DATA: STD_LOGIC_VECTOR(7 downto 0);

variable V_TTOP: STD_LOGIC_VECTOR({7 downto 0);

variable IP_LINEl: LINE;

variable IP_LINE2: LINE;

variable OP _LINE: LINE;

variable du;p_char: STRING (1 to 1} =" "

file IP_FILEl: TEXT is in "data_in.txt"; -- dct_vhdl.c
file OP_FILE: TEXT is out "data_out.txt";

file IP_FILE2: TEXT is in “ttop_final.txt"; -- 8-bit TTOP

begin
-- write data from a file to C*RAM
if (CS_A'event and CS_A='l') then
if (R _CB="1' and RD_WRB='0') then
if ¢ = 0 then
READLINE (IP_FILEl,IP_LINEl);
end if;
READ (IP_LINE1,V_DATA);
DATA_BUS <= V_DATA;

~- to data bus
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c := (c+l) mod 8;
end if;

-- memory external read
elsif (MCK'event and MCK='l"') then
if (R _CB="1' and RD_WRB='l') then
for row in 0 to 4095 loop
if WL{row)='l" then
for bank in 0 to 7 loop
if B(bank)='1" then
for bit in 0 to 7 loop
DATA_BUS{(bit) <= C_MEM(row,bit+8*bank);
WRITE (OP_LINE,C_MEM(row,bit+8*bank)); --@@
end loop;
WRITE (OP_LINE, dump_char);
if bank = 7 then
--WRITE (OP_LINE, 'R');
--WRITE (OP_LINE, row};
WRITELINE (OP_FILE, OP_LINE) ;
end if;
end if;
end loop;
end if;
end loop;
end if;

~- C*RAM operation
elsif (CS_T'event and CS_T='l') then
if (R_CB="0") then
READLINE (IP_FILE2,IP_LINEZ2):
READ(IP_LINEZ,V_TTOP); -- to data bus
DATA_BUS <= V_TTOP;
end if;

else
DATA_BUS <= "2222222Z";
end if;
end process ACCESS_DATA_BUS;

WR_TO_MEM: process (MCK)

variable row: INTEGER range O to 4095;
variable col: INTEGER range 0O to 63;
begin

-~ external write to C*RAM

if (MCK'event and MCK='l') then

if (R_CB='l' and RD_WRB='0') then
for row in 0 to 4095 loop
if WL(row)="'1l' then
for bank in 0 to 7 loop
if B(bank)='l' then
for bit in 0 to 7 loop
C_MEM (row,bit+8%bank) <= DATA_BUS(bit);
end loop:;
end if;
end loop;
end if;
end loops
end if;
end if;

-- internal write to C*RAM
if (MCK'event and MCK='1') then
if (R_CB='0' and RD_WRB='0') then
for row in 0 to 4095 loop
if (WL(row)='1") then
for col in 0 to 63 loop -- @@@
if WE(col}='1l"' then
C_MEM({row,col) <= DM(col}; --- 7-bit?
end if;
end loop;
end if;
end loop;
end if;
end if;
end process WR_TO_MEM;

- legends to COP's
W <= ADDR_BUS(O0);
- X <= ADDR_BUS(1);
- Y <= ADDR_BUS(2);
- SL <= ADDR_BUS (3} ;
- SR <= ADDR_BUS(4);
-- BT <= ADDR_BUS(S5);
-- S <= ADDR_BUS(6);
-- SE <= ADDR_BUS(7) ;
- T <= ADDR BUS(8);

RD_FR_MEM: process (MCK)
variable row: INTEGER range 0 to 4095;
variable col: INTEGER range 0 to 63;
begin
-- internal read

if (MCK'event and MCK='l') then
if (R_CB='0' and RD_WRB='l") then
for row in 0 to 4095 loop
if(WL{row)="1"') then
for col in O to 63 loop
BL(col) <= C_MEM({row,col}); =-- 7-bit?
end loop;
end if;
end loop:
end if;
end if;
end process RD_FR_MEM;

CCKd <= CCK'delayed(4 ns) and ADDR_BUS(5) and OPS;
CCKdd <= CCK'delayed(5 ns) and ADDR_BUS(5) and OPS:
CCKddd <= CCK'delayed (6 ns) and ADDR_BUS(5) and OPS;

BUS_TIE: process(CCKd, CCKdd, CCKddd)
variable resultl: STD LOGIC:='0';
variable result2: STD_LOGI
variable result3: STD_LOGIC:
variable i,j,k,1l: INTEGER;
variable tmp: STD_LOGIC_VECTOR(15 downto 0};

begin
if (CCKd'event and CCKd='1') then
for k in 0 to 7 loop
for 1 in 0 to 1 loop
resultl :='0';
for j in 0 to 3 loop
--resultl := table_WIRED PULLDOWN (resultl,DM((k*8-1)-(4*i)=J));
resultl := table_WIRED PULLDOWN (resultl,DM(k*8+4%i+j));
end loop;
tmp (2*k+i) := resultl; --@@
end loop;
end loop:
end if;

if (CCKdd'event and CCKdd='l') then
for i in 0 to 14 loop
if BRK{i)='l' then
result2 :='0';
for j in 0 to 1 loop
result2 := table WIRED_PULLDOWN (result2, tmp(i+J));
end loop;
tmp (i) := result2;
tmp(i+1l) := result2;
else
tmp (1) = tmp(i);
tmp (i+1) := tmp({i+l);
end if;
end loop;
end if;

if (CCKddd'event and CCKddd='l') then
for i in 14 downto 0 loop
if BRK(i)='1"' then
result3 :='0';
for j in 0 to 1 loop
result3 := table WIRED PULLDOWN (result3,tmp(i+j));
end loop;
tmp (i)
tmp {i+1)
else
top (i)
trp (i+1)
end if;
end loop;
end if;

result3;
result3;

L)

tmp (1)
tmp (i+1);

]

TIE <= tmp;
end process BUS_TIE;

end BEHAVIORAL;

-~ end of sram cell.vhd

-- This file was first created in September 1996
- and last modified in September 1999.
-- File name:addr_dec.vhd;

-- Function:address decoder block

-- By: Thinh M. Le

-- Note:increase PE local memory from 2Kb to 4Kb

library IEEE;

use work.all;

use std.TEXTYO.all;

use IEEE.std_logic_l164.all;

use IEEE.std_logic_textio.all;
use IEEE.std_logic_unsigned.all;
use IEEE.std logic_arith.all;
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-- external port
entity ADDR_DEC is
port(ADDR BUS: buffer STD_LOGIC VECTOR(14 downto 0);

WL: out STD_LOGIC VECTOR(4095 downto 0);
B: out STD_LOGIC_ “VECTOR(7 downto 0);
MCK: in STD LOGIC;
CS_A:  in STD_LOGIC;
CS_T: in STD_LOGIC;
Cs_D: in STD_LOGIC;
RD_WRB: in STD_LOGIC; -~ read/write mode
R _CB: in STD_LOGIC); —-- RAM/C*RAM mode

end ADPR_DEC;

-- internal behavioral/structural

architecture BEHAVIORAL of ADDR_DEC is

begin

ACCESS_ADDR_BUS: process (CS_A,CS_T)

file | IP | FILEl: TEXT is in “raddr_wr_final.txt";
file IP FILE2: TEXT is in "raddr_rd_final.txt";
file IP_FILE3: TEXT is in "caddr_final.txt";
file IP_FILES: TEXT is in “"cop_final.txt";
variable IP_LINEl: LINE;
variable IP_LINE2: LINE;
variable IP_LINE3: LINE;
variable IP_LINES: LINE;
variable V_ADDR1: STD_LOGIC _VECTOR (14 downto 0);
variable V_ADDR2: STD_ _LOGIC_ _VECTOR (14 downto 0);
variable V_| “ADDR3: STD LOGIC VECTOR(14 downto 0):
variable V_COP: STD_LOGIC | _VECTOR(14 downto 0);

begin
if (CS_A'event and CS_A='l') then
if (R CB="1') then
if (RD_WRB='0') then
READLINE (IP_FILEl, IP_LINEL);
READ (IP_LINE1,V_ADDR1};
ADDR_BUS <= V_ADDRL:
else
READLINE (IP_FILE2,IP_LINEZ2);
READ(IP_ LINEZ v ADDRZ),
ADDR_BUS <= V_ADDR2;
end if;
else
READLINE (IP_FILE3, IP_LINE3);
READ (IP_LINE3,V_ADDR3) ;
ADDR_BUS <= V_ADDR3;
end if;
end if;

if (CS_T'event and CS_T='l') then
if (R_CB='0') then
READLINE (IP_FILE5, IP_LINES):
READ (IP_LINES,V_COP) ;
ADDR_BUS <= V_COP;
else
ADDR BUS <= "22222222222222Z";
end if;
end if;
end process ACCESS_ADDR_BUS;

ROW_DECODE: process{(CS_D)
variable s: INTEGER; —- read the addr. file for writing
begin
if (CS_D'event and CS_D='1') then
s := CONV_INTEGER (ADDR_BUS (14 downto 3}):
for i in 0 to 4095 loop
if i=s then
WL(i) <= '1';
else
WL(i) <= '0";
end if;
end loop;
end if;
end process ROW_DECQCDE;

BANK_DECODE: process (CS_D)
variable t: INTEGER; -- read the addr. file for writing
begin
if (CS_D'event and CS_D='1') then
t := CONV_INTEGER (ADDR_BUS (2 downto 0));
for j in 0 to 7 loop
if j=t then
B(j) <= '1';
else
B(j) <= '0*;
end if;
end loop;
end if:
end process BANK_DECODE;

end BEHAVIORAL;

—— This file was first created in September 1996
- and last modified in September 1999.
-- File name:t_bench.vhd;

~-- Function:test bench for C*RAM

-- By: Thinh M. Le

-- Note:increase PE local memory from 2Kb to 4Kb

library IEEE;

use work.all;

use IEEE.std_logic_1164.all;

use IEEE.std_logic_unsigned.all:
vuse IEEE.std_logic_arith.all:

entity T_BENCH is
end T_BENCH:

architecture TEST of T_BENCH is

constant MEM SIZE: INTEGER := 4095; -- actually 4096
constant NUM PE: INTEGER 63; -- actually 64
constant MCK PER: TIME := 40 ns;
constant CCK_PER: TIME ns;
constant SETUP: TIME ns;
constant HOLD: TIME ns;
signal ADDR BUS: STD_LOGIC_ VECTOR (14 downto 0) :=MZ2Z222222222222Z";
signal DATA BUS: STD_; LOGIC VECTOR(7 downto 0) ="22222222";
signal B: STD_LOGIC VECTOR(7 downto 0); -~ bank nunmber
signal WL: STD_LOGIC_VECTOR (MEM_SIZE downto 0);
signal BL: STD_LOGIC_VECTOR (NUM_PE downto 0);
signal DUMMY1: STD_LOGIC :=
signal DUMMYZ: STD_LOGIC
signal MCK: STD_LOGIC
signal CCK: STD_LOGIC
signal OPS: STD_LOGIC
signal CS_A: STD_LOGIC
signal CS_O: STD_LOGIC
signal C5_D: STD_LOGIC
signal CS_T: STD_LOGIC
signal RD_WRB:  STD_LOGIC 1'; -- read/write mode
signal R_CB: STD_LOGIC :='0'; -- RAM/C*RAM mode
component SRAML
port (WL: in STD_LOGIC_VECTOR{MEM_SIZE downto 0);
B: in STD ] _LOGIC VECTOR(7 downto 0) ;
BL: inout STD LOGIC VECTCR (NUM_PE downto 0);

ADDR_BUS: in STD_: LOGIC VECTOR(14 downto 0);
DATA BUS: inout STD_LOGIC_VECTOR(7 downto 0);
MCK: in STD_LOGIC;
CCK: in STD_LOGIC;
OPS: in STD_LOGIC;
CS_A: in STD_LOGIC;
CcS_T:  in STD_LOGIC;
RD_WRB: in STD_LOGIC;
R CB: in STD_LOGIC); -- RAM/C*RAM mode
end component;

component ADDR_DEC1
port (RDDR_| BUS: buffer STD_LOGIC_VECTOR (14 downto 0):

WL: out STD_: LOGIC VECTOR(MEM SIZE downto 0);
B: out STD_LOGIC_VECTOR(7 downto 0);
MCK: in STD_LOGIC;
CS_A: in STD_LOGIC;
Cs_T: in STD_LOGIC;
CcS_D:  in STD_LOGIC;
RD_WRB: in STD_LOGIC;
R_CB: in STD_LOGIC); -- RAM / C*RAM mode

end component;

for all: SRAM1 use entity SRAM(BEHAVIORAL):
for all: ADDR_DECl use entity ADDR_DEC (BEHAVIORAL) ;

begin
Ll: SRAM1

port map (WL, B, BL,ADDR_BUS, DATA_BUS, MCK, CCK, OPS,CS_R,CS_T,RD_WRB,R_CB) ;
L2: ADDR_DEC1

port map(ADDR BUS, WL, B, MCK, CS_A, CS_T,CS_D,RD_WRB,R_CB) ;

process (DUMMY1, DUMMY2)

begin
DUMMY1 <= not DUMMY1l after MCK PER/2;
CS_A <= DUMMYL; -~ read address from a file
Ccs D <= DUMMY1 after 2 ns; ~-- decode this address
MCK <= DUMMYl after SETUP; -- read/write operation
cs_T <= DUMMY1 after 10 ns: -- read TTOP from a file

DUMMY2 <= not DUMMY2 after CCK PER/2;
CCK <= DUMMY2 after 7 ns; -- operate on COP
end process;
end TEST;

_________________ end of addr_dec.vhd

end of t_bench.vhd
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C.2 Test Files for VHDL models

comm accl2m
cram

-- test.cmd

rd_op
foreach i in 1234567 8 910 11 12

comm init

cd t_bench

trace mck cck

trace ll/ops

trace rd_wrb r_cb

trace data_bus(7 downto 0)
trace addr bus(12 downto 3) addr_bus(2 downto 0)
run 20

rd_op

wr_op

rd_op

wr_op

run 20

end init

comm hor transfer8

cram

rd_op

rd_op

rd_op

rd_op

foreach 1 in 12 345678
rd_op
wr_op

end

rd_op

rd_op

end hor_ transfers

comm par_add_sub
movem

novem

add_sub8

end par_add_sub

comm seg_bus
cram

rd op
max_ming

end seg_bus

comm sign_test
cram

rd op

movs

rd_op

mov8

end sign_test

comm sl
add_sub8
add_sub8
add_sub8
two8
twos
two8
acclam
accl2m
acclam
max_minl2
end sl

comm ram wr$
ram

wr

run 2560
end ram wr8

comm ram_xrd8
ram

rd

run 2560
end ram_rd8

comm add_sub8

cram

rd_op

foreach i in12 34567 8
rd_op
rd_op
wr_op

end

wr_op

end add_subs8

rd_op
réd_op
wr_op
end
end accl2m

comm accl2mn

foreach i in 1234567 8 9 10 11 12 13 14 15 16
accl2m

end

end accl2mn

comm mul8c

foreach 1 in 1 2 3 4
add_sub8

end

end mul8c

comm mul8

cram

foreach i in 12 345678
rd_op
add_sub8

end

end muls

comm max_min8

cram

rd_op

foreach i in 12 345678
rd_op
wr_op
rd_op

end

wx_op

end max_min8

comm one8

cram

foreach i in 12 34567 8
rd_op
Wwr_op

end

end one8

comm two8

cram

rd_op

wr_op

foreach i in 12345678
rd_op
wWr_Op

end

rd_op

end two§

comm movs

cram

foreach 1 in 1 23 4567 8
rd_op
wr_op

end

end mov8

comm movem

cram

rd_op

foreach i in 123 4567 8
rd_op
wr_op

end

rd_op

end mov8m

comm 1lsh_rsh
cram
rd_op
rd_op
wr_op
end lsh rsh

comm rd_op

rd

assign '0' ops
run 15

assign '1' ops
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run 20

assign '0' ops
run 5

end comm

comm wr_op

wr

assign '0' ops
run 15

assign 'l' ops
run 20

assign '0' ops
run 5

end comm

comm wr
assign '0' rd_wrb
end comm

comm rd
assign '1' rd_wrb
end comm

comm ram
assign '1’' r_cb
end comm

comm Cram
assign "0’ r ¢b
end comm

-- typical pe test procedure --
comm pe_test

trace /t_bench/11/100/alu_op
trace /t_bench/11/101/alu_op
trace /t_bench/11/102/alu_op
trace /t_bench/11/103/alu_op
trace /t_bench/11/104/alu_op
trace /t_bench/11/105/alu_op
trace /t_bench/11/106/alu_op
trace /t_bench/11/107/alu_op

trace /t_bench/11/100/myx(2)
trace /t_bench/11/101/myx(2)
trace /t_bench/11/102/myx(2)
trace /t_bench/11/103/myx({2)
trace /t_bench/11/104/myx(2)
trace /t_bench/11/105/myx(2)
trace /t_bench/11/106/myx(2)
trace /t_bench/11/107/myx(2)

trace /t_bench/11/100/am
trace /t_bench/11/101/qm
trace /t_bench/11/102/qm
trace /t_bench/11/103/am
trace /t_bench/11/104/qm
trace /t_bench/11/105/qm
trace /t_bench/11/106/qm
trace /t_bench/11/107/qm

trace /t_bench/11/100/gs
trace /t_bench/11/101/qs
trace /t_bench/11/102/qs
trace /t_bench/11/103/gs
trace /t_bench/11/104/gs
trace /t_bench/11/105/qgs
trace /t_bench/11/106/gs
trace /t_bench/11/107/gs

trace /t_bench/11/100/gx
trace /t_bench/11/101/qgx
trace /t_bench/11/102/qx
trace /t_bench/11/103/qgx
trace /t_bench/11/104/qx
trace /t_bench/11/105/qx
trace /t_bench/11/106/qgx
trace /t_bench/11/107/qx

trace /t_bench/11/100/qw
trace /t_bench/11/101/qw
trace /t_bench/11/102/qw
trace /t_bench/11/103/qw
trace /t_bench/11/104/qw
trace /t_bench/11/105/qw
trace /t_bench/11/106/qw
trace /t_bench/11/107/qw

trace /t_bench/11/100/qy
trace /t_bench/11/101/qy
trace /t_bench/11/102/qy
trace /t_bench/11/103/qy
trace /t_bench/11/104/qy

trace /t_bench/11/105/qy
trace /t_bench/11/106/qy
trace /t_bench/11/107/qy

trace /t_bench/11/103/qt
trace /t_bench/11/107/qt
trace /t_bench/11/11l/qt
trace /t_bench/11/115/qt
trace /t_bench/11/119/qt
trace /t_bench/11/123/qt
trace /t_bench/11/127/qt
trace /t_bench/11/131/qt
end pe_test

comm trace_rl023

trace /t_bench/11/c_mem(1023,0)
trace /t_bench/ll/c_mem(1023,1)
trace /t_bench/11l/c_mem(1023,2)
trace /t_bench/ll/c_mem(1023,3)
trace /t_bench/ll/c_mem(1023,4)
trace /t_bench/l1l/c_mem(1023,5)
trace /t_bench/11/c _mem{1023, 6)
trace /t_bench/ll/c_mem(1023,7)
end trace_rl023

-~ me.cnd

comm init
cd t_bench
run 20

ME

end init

comm ME
ram
wr
echo 'writing 1 and 0 masks’
run 640
echo 'writing other masks'
run 7680
echo 'writing distortions'
run 81920

rd_op
wr_nop

ram
rd
run 320

foreach £ in 1 2 3 4 56 78 9 10 11 12 13 14 15
echo 'compare column-wide for the minimum'
add_sublé
movl

ram

rd

echo 'reading results of row-wide min search’
run 320

rd_op
echo 'copy the minimum to the base row'
movlé
rd op
end

foreach 5 in 1 2 3 4

max_minlé
ram
rd
echo 'reading results of col-wide min search'
run 320
end
end ME

comm ME_PD_proposed

ram

wr

echo 'writing 0 and 1 masks'

run 640

echo 'writing masks, boundaries, etc. '
run 7680

echo 'writing the first frame data’

run 81920

echo 'writing the second frame data’
run 81920
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echo 'H=-1'
foreach i in 1
foreach j in
add_sub_lrl 8
end
end

echo ‘'distortion computation'

DIS_COMP3pd

echo 'H=-2'
foreach i in 1 2 3
foreach j in 1 2
add_sub_1r2_ 8
end
end
DIS_COMP3pd

echo 'H=-3'
foreach i in 1 2 3
foreach 3 in 1 2
add_sub_1r3 8
end
end
DIS_COMP3pd

echo 'H=-4"
foreach i in 1 2 3
foreach j in 1 2
add_sub_lr4 8
end
end
DIS_COMP3pd

echo 'H=-5'
foreach i in 1 2 3
foreach j in 1 2
add_sub_1r5_ 8
end
end
DIS_COMP3pd

echo 'H=-6'
foreach i in 1 2 3
foreach j in 1 2
add_sub_lré 8
end
end
DIS_COMP3pd

echo 'H=-7'
foreach i in 1 2 3
foreach j in 1 2
add_sub_1r7_8
end

end
DIS_COMP3pd
echo 'H=-8"

foreach i in 1 2 3
foreach j in 1 2
add_sub_lrs_8
end

end
DIS_COMP3pd
echo 'H=0'

foreach 1 in 1 2 3
foreach j in 1 2
add_sub8
end
end
DIS_COMP3pd

echo 'H=+1"
foreach i1 in 1 2 3
foreach 3 in 1 2
add_sub_lrl_8
end - -
end
DIS_COMP3pd

echo 'H=+2'
foreach i in 1 2 3
foreach j in 1 2
add_sub_lr2_8
end
end
DIS_COMP3pd

echo "H=+3'
foreach i in 1 2 3
foreach j in 1 2
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add_sub_1r3_8
end
end
DIS_COMP3pd

echo 'H=+4'
foreach i in 1 2 3
foreach j in 1 2
add_sub_1lr4_8
end
end
DIS_COMP3pd

W

echo 'H=+5'
foreach i in 12 3 4
foreach j in 1 2 3
add_sub_1rS 8
end
end
DIS_COMP3pd

echo 'H=+¢'
foreach 1 in 1 2 3 4
foreach j in 1 2 3
add_sub_1ré_8
end

end
DIS_COMP3pd
echo 'H=+7'

foreach 1 in 1 2 3 4
foreach j in 1 2 3
add_sub_1lr7_8
end

end

DIS_COMP3pd
MV_DET3pd

ram

rd

echo

run 5440

echo

run 5440

end ME PD_proposed

comm ME_FBMA proposed

ram
wr
echo
run
echo
run
echo
run
echo
run

640

7680
81920
81920

echo 'H=-1'
foreach i in 1 2
foreach j in 1
add_sub_lrl_8
end
end

34
23

echo ‘'distortion computation'

DIS_COMP3

echo 'H=-2"'
foreach i in 1 2 3 ¢
foreach j in 1 2 3
add_sub_lr2_8
end

end
DIS_COMP3
echo 'H=-3'

foreach i in 1 2 3 4
foreach j in 1 2 3
add_sub_1r3 8
end

end
DIS_COMP3
echo 'H=~¢'

foreach i in1 2 3 4
foreach j in 1 2 3
add_sub_lr4_8
end
end
DIS_COMP3
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'reading the distortion vector’

'reading the motion vectors’

etc. !

‘writing the first frame data’

'writing the second frame data'

10 11 12 13 14 15 16
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9 10 11 12 13 14 15 16

10 11 12 13 14 15 16
910 11 12 13 14 15 16
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echo 'H=-5"
foreach i in 1 2 3
foreach j in 1 2
add_sub_lr5_8
end
end
DIS_COMP3

echo 'H=-6"
foreach i in 1 2 3
foreach j in 1 2
add_sub_1ré_8
end

end
DIS_COMP3
echo ‘H=-7'

foreach i in 1 2 3
foreach j in 1 2
add_sub_lr7_8
end

end
DIS_COMP3
echo 'H=-8'

foreach i in 1 2 3
foreach j in 1 2
add_sub_1r8_8
end
end
DIS_COMP3

echo 'H=0’
foreach i in 1 2 3
foreach j in 1 2
add_sub8
end
end
DIS_COMP3

echo 'H=+1'
foreach 1 in 1 2 3
foreach j in 1 2
add_sub_lrl 8
end
end
DIS_COMP3

echo 'H=+2'
foreach i in 1 2 3
foreach 3 in 1 2
add_sub_lr2_8
end
end
DIS_COMP3

echo 'H=+3'
foreach 1 in 1 2 3
foreach § in 1 2
add_sub_1r3_8
end
end
DIS_COMP3

echo 'H=+4'
foreach i in 1 2 3
foreach j in 1 2
add_sub_1r4_8
end
end
DIS_COMP3

echo 'H=+5'
foreach i in 1 2 3
foreach 3 in 1 2
add_sub_lr5_8
end
end
DIS_COMP3

echo '"H=+6'
foreach i in 1 2 3
foreach 3 in 1 2
add_sub_1ré_8
end
end
DIS_COMP3

echo 'H=+7"'
foreach i in 1 2 3
foreach j in 1 2
add_sub_1r7_8

W

W

w

w

W

[P

w
S

w

U

o

o
~

=)

o
~

-~ @

o

v1

o

(S

o

o

~
®

]
®

-~
®
® v

-3

@®

@

@

<]

@ Y

@ O

© ©

® 0

® o

10 11 12 13 14 15 16
9 10 11 12 13 14 15 16

10 11 12 13 14 15 16
9 10 11 12 13 14 15 16

10 11 12 13 14 15 16
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9 10 11 12 13 14 15 16

10 11 12 13 14 15 16
9 10 11 12 13 14 15 16

10 11 12 13 14 15 16
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10 11 12 13 14 15 16
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10 11 12 13 14 15 16
9 10 11 12 13 14 15 16

10 11 12 13 14 15 16
9 10 11 12 13 14 15 16

10 11 12 13 14 15 186
9 10 11 12 13 14 15 16

end
end
DIS_COMP3
MV_DET3
ram
rd
echo 'reading the distortion vector’
run 5440
echo 'reading the motion vectors’
run 5440

end ME_FBMA proposed

comm ME4
ram

wr

run 7680
run 163840
run 163840

erodil v3
cond_erodil v3
erodil v3
erodil v3

foreach i in 1 2 3 4 5 6
foreach j in 1 2 3 4 5
add_sub8
add_sub9
rd_op
wr_op
end
end

78
6 78

ram

rd

run 20480
run 3200
end ME4

comm ME_COMP
foreach i in 1 2
foreach 3 in 12 3 4 5 6
xoxr_lrl
end
end
DIS_coMp
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foreach i in 1
foreach j in
xor_lr2
end
end
DIS_COMP
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foreach i in 1 2
foreach j in 1 2 3
xor_1r3
end
end
DIS_COMP
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foreach i in 1 2
foreach j in 1
xor_lr4
end
end
DIS_COMP
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9 10 11 12 13 14 15 16
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foreach i in 1234567 8 910 11 12 13 14 15 16
foreach j in 1 234 56 7 8 9 10 11 12 13 14 15 16
xor_1r5
end
end
DIS_COMP

foreach i in 1
foreach j in
xor_lr6
end
end
DIS_COMP
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foreach i in 12 3 4 56 7 8 9 10 11 12 13 14 15 16
foreach 3 in1 23456 7 8 9 10 11 12 13 14 15 16
xor_lr7
end
end
DIS_COMP

205




foreach 1 in 1 2
foreach j in 1
xor_1lr8
end
end
DIS_COMP

foreach i in 1 2
foreach j in 1
xor
end
end
DIS_COMP

foreach i in 1 2
foreach j in 1
xor_ lrl
end
end
DIS_COMP

foreach i in 1 2
foreach j in 1
xor_lr2
end
end
DIS_COMP

foreach 1 in 1 2
foreach j in 1
xor_lr3
end
end
DIS_coMp

foreach i in 1 2
foreach j in 1
xor_1lr4
end
end
DIS_COMP

foreach i in 1 2
foreach j in 1
xor_1lrS
end
end
DIS_COMP

foreach i in 1 2
foreach j in 1
xor_lré
end
end
DIS_COMP

foreach i in 1 2
foreach j in
xor_lr7
end
end
DIS_COMP

[

end ME_COMP

comm DIS_COMP3pd
cram
foreach i in 1 2
foreach j in 1
pas8a
end
foreach j in 1
pas9a
end
foreach j in 1
paslla
end

absll

add_sub_12_11u
add_sub_14_12u
rd_op
add_sub_18_13u
rd_op

end

end DIS_COMP3pd

comm DIS_COMP3

cram

foreach i in 1 2
foreach j in 1
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34567891011 12 13 14 15 16
234567891011 12 13 14 15 16

34567891011 12 13 14 15 16
234

34567891011 12 13 14 15 16
2345678

pas8a
end
foreach 3 in 1 2 3 4
pas9a
end
foreach j in 1 2
paslOa
end
foreach j in 1
paslla
end
absl2
add sub_l1 12u
add_sub_12_13u
add_sub_l4_1l4u
rd_op
add_sub_18_15u
rd_op
end
end DIS_COMP3
comm DIS_COMP2
cram
foreach i in 123 4 5
foreach j in 1 2 3 4
add_sub8u
end
foreach 3 in 1 2 3 ¢4
add_sub%u
end
foreach j in 1 2
add_sublOu
end
foreach j in 1
add_subllu
end
add_sub_11_12u
add_sub_12_13u
add_sub_14_l4u
rd_op
add_sub_18_15u
rd_op
end
end DIS_COMP2
comm DIS COMP
cram
foreach i in 12 3 4 5
foreach j in1 2 3 4
add_sublu
end
foreach j in 1 2 3 4
add_sub2u
end
foreach j in 1 2
add_sub3u
end
foreach j in 1
add_subdu
end
add_sub_11 Su
add_sub_l2_éu
add_sub_14_7u
rd_op
add_sub_18_8u
rd_op
end
end DIS_COMP
comm ME_XOR
ram
wr
run 22400
run 5120
run 640
run 163840
erodil_v3
cond_erodil_v3
erodil_v3
erodil_v3
foreach 1 in12 34§
foreach j in 1 2 3 4
add_subg
add_sub?9
rd_op
wr_op
end

10 11 12 13 14 15 16
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@ ©

678910 11 12 13 14 15 16
5678

678
5678
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end

ram

rd

foreach i in 1 2 3
run 163840

end

run 20480

end ME_XOR

comm cond_erodil v3
move

movs

add_sub8

rd_op

movs

rd_op

for i in 1 2 3 4
for § in 1 2 3
for ka in 1
movs
add_subs
rd_op
movs
rd_op
add_subs
rd_op
move
rd_op

end

for kb in 1 2
add_subs
rd_op
rd_op
mov8_lr
rd_op

end

for condition in 1
add_sub$
rd_op
movs
rd_op

end

end
end

56
45678910

for i in 1 2
for 3 in 1
for ka in 1
movs
add_subg
rd_op
mov8
rd_op
add_subs
rd_op
movs
rd_op
end
for kb in 1 2
add_sub8
rd_op
rd_op
wmov8_lr
rd_op
end
for condition in 1
add_subs
rd_op
mov8
rd_op
end
end
end
end cond_erodil_v3

comm erodil_v3
mov8

mov8

add_sub8

rd_op

movs

rd_op

for i in 1 2 3 4
for j in 1 2 3
for ka in 1
mov§
add_sub8
rd_op
movs

56
45678910

rd_op
add_sub8
rd_op
move
rd_op

end

for kb in 1 2
add_sub8
rd_op
rd_op
mov8_lr
rd_op

end

end
end

for i in 1 2
for j in 1
for ka in 1
mov8
add_sub8
rd_op
movs
xd_op
add_subs
rd_op
move
rd_op
end
for kb in 1 2
add_sub8
rd_op
rd_op
mov8_lr
rd_op
end
end
end
end erodil_v3

comm erosion vl

foreach 1 in123 45678389
foreach j in 1 23 456 7
mov8s
add_sub8
rd_op
mov8s
rd_op

end

end

foreach 1 in 123456
foreach j in 12345678 910
add_sub8
rd_op
movs
rd_op

end

end

foreach j in 1 2
add_sub8
rd_op
movs
rd_op

end

foreach i in 12 34
foreach j in 1 2 3
foreach k in1 23456789 10
add_sub8_lr
xrd_op
mov8_lr
rd_op
end
end
foreach 1 in 1
add_sub8_1lr
rd_op
mov8_1ir
rd_op
end
end

movs
nove
end erosion

-~ typical trx function ---
comm trx8

cram

rd_op
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xd_op

rd_op

rd_op

foreach i in 12 34 56 7 8
rd_op
wr_nop

end

rd_op

rd_op

end trxs

-- typical adiv functions --

comm adiv27_16_0

cram

rd_op

foreach i in 12 3456 7 8 9 10 11 12 13 14 15 16
rd_op
rd_op

end

foreach i in 1234567 89 10 11
rd_op
Wr_op

end

end adiv27_16 0

comm adiv27_16_1

cram

rd_op

foreach i in 1234 5 6 78 9 10 11 12 13 14 15 16
rd_op
rd_op

end

foreach i in 12 3 4 56 7 8 910 11
rd_op
Wr_op

end

foreach 1 in 1
wr_ncp

end

end adiv27_16_1

comm mov_ashl_ashr
movs

ashl8_4_4
ashr8_4_4

end mov_ashl_ashr

comm clrm9

cram

rd_op

rd_op

foreach i in1 234567829
Wwr_nop

end

rd_op

end clrm9

comm clx2

cram

rd_op

foreach i in 1
foreach 3 in 1

wr_nop

end

end

end clr2

-~ typical clr function --

comm clr33

cram

rd_op

foreach i in 1 2 3
foreach j in 1 2

wr_nop

end

end

end clr33

4
345678

comm hor_transfers

cram

rd_op

rd_op

rd_op

rd_op

foreach i in 12345678
rd_op
wr_op

end

rd_op

rd_op

end hor_transfers8

comm par_add_sub
movim

mov8m

add_sub8

end par_add_sub

comm seg_bus
cram

rd_op
max_ming

end seg_bus

-- typical pas function ~-
comm pas8
cram
rd_op
foreach 1 in 1 2345678
rd_op
rd_op
wr_op
end
rd_op
wr_op
rd_op
end pas8

comm pas8a

cram

rd op

rd_op

foreach 1 in 1 2 34567 8
rd_op
rd_op
wr_op

end

rd_op

wr_op

rd_op

end pas8a

-- typical addition/ subtraction functions --
comm add_sub8
cram
rd_op
foreach i in 1 2 34567 8
rd_op
rd_op
Wwr_op
end
rd_op
wr_op
end add_sub8

comm add_sub8_1lr
cram
rd_op
foreach i in 1 2345678
rd_op
rd_op
wr_op
end
rd_op
rd_op
wr_op
end add_sub8_lr

| -- typical acc functions --

comm acc8

cram

rd_op

foreach 1 in 123456 7 8
rd_op
Wr_op

end

rd_op

wr_op

end acc8

comm accl2m

cram

xd_op

foreach i in 1 23 456 7 8 9 10 11 12
rd_op
rd_op
Wr_op

end

end accl2m
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comm accl2mn

foreach 1 in 12 34 56 7 8 9 10 11 12 13 14 15 16
acclzm

end

end accl2mn

comm accl3u

cram

xd_op

foreach i in 12 34567 89 10 11 12°13
rd_op
rd_op
Wwr_op

end

end accl3u

-- typical multiplication functions --
comm mul9_8
cram
clr33
rd_op
add_sub?®
foreach i in 123 4567
wr_op
end
rd_op
add_sub9
foreach i in 1 2 3 4 56
Wr_op
end
rd_op
add_sub9
foreach i in1 2 3 4 5
wr_op
end
rd_op
add_sub®
foreach i in 1 2 3 4
wr_op
end
rd_op
add_sub9
foreach i in 1 2 3
wr_op
end
rd_op
add_sub9
foreach i in 1 2
wr_op
end
rd_op
add_sub9
foreach i in 1
wr_op
end
rd_op
add_sub$
rd_op
rd_op
end mulS 8

-= typical max/min search function --
comm max_ming
cram
rd_op
foreach i in 12 3456 7 8
rd_op
wr_op
rd_op
end
wr_nop
end max_ming

comm pmax_min9
cram
rd_op
rd_op
foreach i in 123 456789
rd_op
Wr_op
rd_op
end
wr_nop
end pmax_min9

-~ typical one and two complement functions --
comm onesd

cram

foreach 1 in 12 345678

rd_op
wr_op
end
end one8

comm twod

cram

rd_op

foreach i in 12 3 45678
rd_op
Wr_op

end

rd_op

end two8

-~ typical abs function --

comm abs8

cram

rd_op

foreach i in 1 23 45678
rd _op
wr_op

end

rd_op

end abs8

—- typical mov functions --
comm movl
cram
foreach i in 1
rd op
WIr_nop
end
end movl

comm mOv_newl

cram

foreach i in 1
rd_op
Wr_nop

end

end mov_newl

-- typical ashl functions --
comm ashl9_8_0
cram
rd_op
foreach i in 12 3 4567 8
wr_nop
end
foreach i in 12 3456 7 8
rd_op
wr_nop
end
rd_op
wr_op
end ashl9_8_0

comm ashl9 8 1

cram

rd_op

foreach i in12 3 45678
wr_nop

end

foreach i in 123 456 7 8
rd_op
wr_nop

end
rd_op
wE_op

foreach i in 1
wr_nop

end

end ashl9_8 1

-- typical ashr functions --
comm ashr27_0_1
cram
foreach i in 1 2 3 456 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
23 24 25 26
rd_op
wr_nop
end
rd_op
Wwr_op
foreach i in 1
wr_nop
end

22
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end ashr27_0_1

comm ashr28 16 0

cram

foreach i in 1 234567 8 9 10 11
rd_op
Wwr_nop

end
rd_op
Wr_op

foreach i in 1 234567 8 9 10 11 12 13 14 15 16
Wr_nop

end

end ashr28_16_0

comm mov8m

cram

rd_op

foreach 1 in 1 2345678
rd_op
Wwr_op

end

xd_op

end movem

comm 1sh_rsh
cram

rd_op

rd_op

wr_op

end lsh_rsh

-- typical unsigned add/sub functions -~
comm add_sublu
cram
rd_op
foreach i in 1
rd_op
rd_op
wr_op
end
WE_nop
end add_sublu

-- typical left/right add/sub functions --
comm add_sub_lrl 8
cram
rd_op
foreach i in 1 23456 7 8
foreach j in 1
rd_op
end
rd_op
wr_op
end
rd_op
wr_nop
end add_sub lri 8

comm add_sub_1r2 8
cram
rd_op
foreach 1 in 1 2345678
foreach j in 1 2
rd_op
end
rd_op
wI_op
end
rd_op
Wwr_nop
end add_sub_lr2 8

comm add_sub_l1l_5u
cram
rd_op
foreach i in 1 2 34 5
foreach 3 in 1
rd_op
end
rd_op
wr_op
end
wWr_nop
end add_sub 11 5u

comm add_sub_11_12u

cram

rd_op

foreach i in 1234567 8 9 10 11 12

foreach j in 1
rd_op
end
rd_op
wr_op
end
Wr_nop
end add_sub_11_12u

-~ typical xor precedure --
comm XOr

cram

rd_op

rd_op

wr_nop

end xor

comm xor_lrl
cram

rd_op

rd_op
WIr_nop

end xor_lrl

comm xor_lr2

cram

rd_op

foreach i in 1
rd_op

end

rd_op

wr_nop

end xor lr2

-=- typical read/write (no} operation cycles -~
comm rd_op
cram

rd

assign '0' ops
run 15

assign '1' ops
run 20

assign '0' ops
run 5

end rd_op

comm rd_nop

cram
rd

assign '0' ops
run 40

end rd_nop

comm wr_op
cram

wr

assign '0' ops
run 15

assign 'l' ops
run 20

assign '0’ ops
run 5

end wr_op

comm Wr_nop
cram

wr

assign '0' ops
run 40

end wr_nop

comm wr
assign '0’ rd wrb
end wr

comn rd
assign '1’ rd_wrb
end rd

comm ram
assign 'l' r_cb
end ram

comm cram
assign '0' r_cb
end cram
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-- typical wave form tracing procedure ~-
comm tracing

cd t_bench

trace mck cck

trace /t_bench/ll/ops

trace rd_wrb r_cb

trace data_bus(7 downto 0)

trace addr_bus(14 downto 3) addr_bus(2 downto 0)
trace /t_bench/11/101/alu_op

trace /t_bench/11/101/qgx

trace /t_bench/11/we (1)

trace /t_bench/11/101/qy

trace /t_bench/11/101/am

trace /t_bench/11/101/gs

trace /t_bench/11/101/myx(2 downto 0)
trace /t_bench/11/101/q_tmp

run 20

SEQUENCE_USED

end tracing

pas8

foreach i in 1 2 3 45 6
trx9

end

clrm9

pas9®

mullo_ 9

foreach i in 12345678
trxl9

end

mulls_9

adiv27_8_0

pasl9

mul20_2

adiv29_16_0

foreach i in 1 2 3 4

trxl3
end

foreach i in 1 2 3 4

-~ det.cmd

trxl3
end

comm init
cd t_bench
run 20

LEE

end init

comm CHEN_KE
ram

wr

run 22400
run 5120
run 163840

foreach outer_loop in 1 2

foreach inner_loop in 1 2

foreach i in 12 345678
trx8

end

pas8

345678
345678

foreach i in 1 2
trx9

end

clrm?

pas9

mullo_9

foreach 1 in 1 2 3 4567 8
trxl9

end

pasls

foreach 1 in 12345678
trx20

end

mulzo_9

adiv28_8_0

pas20

mul2l_9

adiv29 16 0

foreach 1 in 12 3 45678
trxl0
end

end
end

ram
rd
run 245760
end CHEN H

comm chen _h unoptimized
ram

wr

run 16000

run 5120

run 40960

foreach 1 in 12 3456 7 8
trx8
end

muli3_9

adiv2l_8_0

pasl3

mulld_9

adiv23_8_0

foreach i in 1 2 3 4
trxl3

end

ram

rd

run 40960

run 40960

run 6400

end chen_h_unoptimized

comn trace_data

trace mck cck

trace /t_bench/11/ops

trace rd wrb r_cb

trace data_bus({7 downto 0)

trace addr_bus(13 downto 3) addr_bus(2 downto 0}
end trace_data

comm CHO

ram

wWr

run 163840

foreach i in 1
foreach j in

add_sub8

end

end

foreach i in 123 4 567 8
run_dctlal
run_dct2al
run_dct3al
run_dctdal

end
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foreach i in 1
foreach j in
add_subl3
end
end

o
N
W
S
v
=]
~

[

foreach i in 1 2
foreach j in 12 3456 7 8
add_subl4
end
end

foreach i in 1 2
ashrl4_0_1
foreach 1 in 12 3 4 56 7
add_subl4
end
end

foreach 1 in 12 34567 8
movls
end
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ashri5_0_1

foreach i in 1 2 3
add_subl5

end

ashrl5 0_1

foreach i in 1 2 3
add_subl5

end

foreach 1 in 1 2 3456 7 8
add_subls

end

foreach i in 1 2
add_subl$

end

ashrl5 0_1

foreach 1 in 1 2 3
add_subl5

end

twols

ashrl5 0 1

add_subl5

twolé

foreach i in 1 23456 7 8
ashrl5 _0_1
end

foreach i in 1 2 3 4
adivie_1_1
end
movlé
foreach i1 in 123456 7 8 9 10 11 12 13
adivié_1_1 :
end
movlé
foreach i in
adivié_1_1
end
movlé
adivlé_1_1

b
~n
w

ram

rd

run 245760
end CHO

comm CHEN
ram

wWr

run 163840

foreach i in 12345678
run_dctla
run_dct2a
run_dct3a
run_dct4a
end
foreach j in 12345678
run_dctlb
run_dct2b
run_dct3b
run_dct4b
end

ram

rd
run 245760
end CHEN

comm run_detdold

foreach i in 1 2 3 4
ashrl9 _8_0

end

foreach i in 1 2 3 4
mull9_8
mulls 8
add_sub27
ashr28_16_0

end

end run_dctdold

comm run _dctla

foreach i in 1234567 8
add_sub8

end

end run_dctla

comm run_dct2a
add_sub$%
add_sub?
add_sub9

add_sub9
ashl9 8_1
add_sub9
mullo_8
add_sub?
mullo_8
ashlg_8_1
end run_dct2a

comm run_dct3a
add_subl0
malil_8
add_subl0
rulll 8
mull0_8
mullo_8
add_subls
mull0_8
mullo_8
add_subl8
add_subl8
add_subl8
add_subl8
add_subl8

end run_dct3a

comm run_dctda

foreach i in 1 2 3 4
adivig_8 0

end

foreach 1 in 1 2 3 4
mull9 8
mullo_8
add_sub27
adiv26_16_0

end

end run_dctda

comm run_dctlal
add_sub9
add_sub9
add_sub9
add_sub?2
add_sub9
add_sub?9
add_sub9
add_sub?

end run_dctlal

comm run_dct2al
add_subl0
add_subl0
add_subl0
add_subl0
ashl10_8_1
add_subl0
mulll_8
add_subl0
mulll 8
ashl10_8_1
end run_dct2al

comm run_dct3al
add_subll
mull2_8
add_subll
mull2_8
mulll_8
mulll_8
add_subl9
mulll_8
mulll 8
add_subl9
add_subl9
add_subl®
add_subl9
add_subl?9
end‘run__dct3al

comm run_dctdal

foreach i in 1 2 3 4
adiv20_8_1

end

foreach i in 1 2 3 4
mul20_8
mui20_8
add_sub28
adiv29_16_0

end

end run_dctdal

comm run_dctlb
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foreach i in 12345678
add_subl0

end

end run_dctlb

comm run_dct2b
add_subll
add_subl1l
add_subll
add_subll
ashlll_8_1
add_subll
mull2_8
add_subll
mull2 8
ashlll_8 1
end run_dct2b

comm run_dct3b
add_subl2
mull3_8
add_subl2
mull3_8
mull2_8
mullz_8
add_sub20
mull2_8
mull2 8
add_sub20
add_sub20

add _sub20
add_sub20
add_sub20
end run_dct3b

comm run_dctdb

foreach 1 in 1l 2 3 4
adiv20_8_0

end

foreach 1 in 1 2 3 4
mul2l_8
mul2l 8
add_sub29
adiv28_16_0

end

end run_dctdb

comm LEE

echo 'Loading image data ...
ram

wr

run 163840

echo ‘'Start DCT ...°'
foreach i in 1
echo 'dct stagel ...'
run_dct_leela
echo 'dct stage2 ...'
run_dct_lee2a
echo 'dct stage3 ...'
run_dct_lee3a
echo 'dct staged ...°'
run_dct_leeda
end

echo 'Printing results ...'
ram

rd

run 245760

end LEE

comm run_dct_leela

foreach i in 12 3 4 5678
add_sub8

end

muis_8

ashll7_0_2

mul 9_8—. -

ashll7_0_2

muls 8

ashll7_2_0

mul9 8

ashll7_0_2

end run_dct_leela

comm run_dct_lee2a

foreach i in 1 2 3 4

add_sub9
end

foreach i in 1 2 3 4

add_subl9
end

muli0_8
ashll8_0_1
mullo_8
ashllg_1 0

nul20_8
ashl128_0_1
mul20_8
ashl28 1 _0

end run_dect_lee2a

comm run_dct_lee3a

foreach i in 1 2
add_subl0

end

foreach i in 1 2
add_subl9

end

foreach i in 1 2
add_sub20

end

foreach i in 1 2
add_sub29

end

mulll 8
adivl9_8_0
movl0

mulll_8
adivlo_8_0
movl0

nul20_8
adiv28_16_0
movl0

ash120_8_0
add_sub28
adiv29_16_0
mov10

end run_dct_lee3a

comn run_dct_leeda

foreach i in 1 2
adiv30_8 0

end
mul2l_8
adiv29_8_0
mulz2_8
adiv30_8_0

ashl21_0_2
ashl2l_0_2
add_sub22
ashl22 01

add_sub23
adiv24_8_0
movl0

add_sub23
adiv24_8_0
movi0

add_sub23
adiv24_8_0
movl0

adiv23 8 0
mov1lo
end run_dct_leeda
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