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Abstract. This paper describes a parallel architecture for a variety of
algorithms for video compression. It has been designed to meet the
requirements of encoding and decoding according to the ITU-T standard
H.263. The architecture is an implementation of the instruction systolic array
(ISA) model which combines the simplicity of systolic arrays with the
flexibility of a programmable parallel computer. Although the parallel
accelerator unit is implemented on no more than 9 mm’ of silicon it suffices to
meet the compression rate necessary to send a compressed video stream
through a standard ISDN terminal interface.

1 Introduction

Video compression for multimedia systems is a computationally intensive task. The
desired compression factor determines the performance requirements of the
underlying hardware. Several authors have suggested dedicated VLSI
implementations [7] of video compression algorithms. Because of their regularity,
high throughput rate, small silicon area, and low power consumption, systolic arrays
have been proven as a good candidate structure for these dedicated solutions [2], [3].
Their disadvantage is the lack of flexibility with respect to the implementation of
different algorithms and different problem sizes, i.e. each algorithm and each problem
size requires an individual hardware solution. ISAs have been developed in order to
combine the speed and simplicity of systolic arrays with flexible programmability [5].
Originally, the main application field of ISAs was supposed to be scientific
computing. However, in the mid 90s the suitability of the ISA architecture for other
applications was recognized, e.g. [6], [8]-[10]. In this paper we illustrate how an ISA
architecture can solve all computationally intensive tasks of a multimedia video
compression application efficiently. This ISA has been developed in order to
compress a source data rate of 15 frames per second (fps) in CIF format according to
the ITU-T standard H.263 [1] for a transmission with the given data rate of two ISDN
channels. ‘

This paper is organized as follows. The concept of the ISA is explained in Section
2. Section 3 gives an introduction to video compression with H.263. Section 4
presents the new video accelerator architecture. It is documented how the ISA is
integrated on an accelerator for videophone applications. The parallel ISA algorithms
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for video compression are explained in Section 5 and their performance is evaluated
in Section 6. The outlook to further research topics concludes the paper in Section 7.

2 Principle of the ISA

The ISA is a quadratic array of identical processors, each connected to its four direct
neighbours by data wires. The array is synchronized by a global clock. The
processors are controlled by instructions, row selectors and column selectors. The
instructions are input in the upper left corner of the processor array, and from there
they move step by step in horizontal and vertical direction through the array. This
guarantees that within each diagonal of the array the same instruction is active during
each clock cycle. In clock cycle k+1 processor (i+1,) and (ij+1) execute the
instruction that has been executed by processor (i,j) in clock cycle k. The selectors
also move systolically through the array: the row selectors horizontally from left to
right, column selectors vertically from top to bottom. Selectors mask the execution of
the instructions within the processors, i.e. an instruction is executed if and only if
both selector bits, currently in that processor, are equal to one. Otherwise, a no-
operation is executed.

1
. . 1]1
nstructions 111
[x] L{1]1]  column
= 0]1 l selectors
+1 L
1]of1] [
i 111
selectors Tl
[ol1]1

Fig. 1: Control flow in an ISA

Every processor has read and write access to its own memory. Besides that, it has a
designated communication register (C-register) that can also be read by the four
neighbour processors. Within each clock phase reading access is always performed
before writing access. Thus, two adjacent processors can exchange data within a
single clock cycle in which both processors overwrite the contents of their own
communication register with the contents of the communication register of its
neighbour. This convention avoids read/write conflicts and also creates the possibility
to broadcast information across a whole row or column with one single instruction.
This property can be exploited for an efficient calculation of row broadcasts, row
ringshifts, and row sums which are the key-operations in many algorithms described
in Section 5.
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3 Multimedia Video Compression

The high amount of visual data associated with typical multimedia services
establishes the need for efficient data compression schemes in order to facilitate
transmission and storage applications. Several international standards have been
introduced for video compression targeting different application fields.
Communication applications (e.g. videophone, teleteaching) are covered by the ITU-
T standard H.263. The H.263 codec codes video frames using a discrete cosine
transform (DCT) on blocks of size 8 x 8 pixels. An initial frame is coded and
transmitted as an independent frame. Subsequent frames, which are modelled as
changing slowly due to small motions of objects in a scene, are coded efficiently in
the inter mode using motion compensation (MC) in which the displacement of groups
of pixels from their position in the previous frame are transmitted together with the
DCT-coded difference between the predicted and original images. Fig. 2 shows a
block diagram of the codec.

video coded coded reconstructed
data ata data data
PRE [{DCT[>{ QU >{ENC}>| Buffer —>{Butfer|>DEC>{ 1Q >{IDCT>{REC
1Q )
ENCODER fr:ot!on
i information
Lo Frame-
Memol
MC REC DECODER i
motion
ME Frame- |  ihtormation
Memo

Fig. 2: Tasks and data flow of the H.263 encoder and decoder

The first step in the interframe coder is to calculate a motion vector for the current
16 x 16 pixels macroblock (MB) in ME (motion estimation). The motion vector is
obtained by minimizing a cost function measuring the mismatch between a candidate
MB in the previous frame and the current MB. Although several cost measures have
been introduced [7], the most widely used one is the sum-of-absolute-differences
(SAD) defined by SAD = X . Zi...15 |ci A6l = 1. (5D | , where c, (k,/) represents
the pixel (k,/) of a 16 X 16 MB from the current picture at the spatial location (i), and
r...(k.]) represents the pixel (k,/) of a candidate MB from a reference picture at the
spatial location (i,/) displaced by the vector (#,v). To find the MB producing the
minimum mismatch error, we need to calculate SAD at several locations within a
search window. The simplest, but the most compute-intensive search method, known
as the full search or exhaustive search method, evaluates SAD at every possible pixel
location in the search area. To lower the computational complexity, several
algorithms that restrict the search area to a few have been proposed [3]. In baseline
H.263, one motion vector per MB is allowed for motion compensation. Both,
horizontal and vertical components of the motion vectors may be of half pixel
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accuracy, but their values may lie only in the +15 range, limiting the search window
used in ME.

The predicted MB represented by the calculated motion vector is loaded from the
frame memory into MC (motion compensation). If the motion vector is of half pixel
accuracy this operation requires an interpolation. The motion compensated prediction
error is computed by the difference between the predicted and original MB in PRE
(prediction). The resulting difference MB is transformed using a DCT of each 8 x 8
block, quantization by an adaptive quantizer (QU), entropy encoded using a variable-
length coder (ENC), and buffered for a transmission over a fixed rate channel. The
quantizer step size is calculated by evaluation of the buffer occupancy. After the
quantization process, the original MB is reconstructed by the corresponding inverse
operations (IQ, IDCT, REC) and stored in the frame memory. Of course, the
reconstructed and original MB are not equal because of the performed lossy
quantization. Since the reconstructed MB is available to encoder and decoder, it is
used for prediction of the next frame.

The intra/inter mode selection is made at the MB level. If a MB does not change
significantly with respect to the reference picture, an encoder can also choose not to
encode it, and the decoder will simply repeat the MB located at the subject MB’s
spatial location. Only the processing instructions and capabilities of the decoder are
standardized. The only necessary demand on the encoder is to produce a syntactically
correct bitstream. The result is that the quality of H.263 video depends on the encoder
implementation. In addition to the discussed baseline encoder algorithms, several
negotiable options are offered by H.263 and H.263+. These optional modes allow
developers to trade off between compression performance and computational
complexity.

4  Accelerator Architecture for Video Compression

The analysis of the different video coding tasks and their processing efforts leads to a
fixpoint processor architecture. The processor needs a small local memory for the
storage and fast supply of local image data. The wordlength of the data items should
be chosen to 8 bits because of the 8 bit input pixels and must also be able to process
longer operands, e.g. DCT requires intermediate operands of length up to 24 bit. In
order to achieve the real time requirements of the H.263 video codec several of these
processors have to work in parallel. Thus, the particular processor has to be optimized
with respect to its chip area and power consumption. Figure 3 depicts the processor
architecture for the implementation of the H.263 video codec.

Due to the limited chip area the processor has to be very compact. In particular, it
implies the choice of a bit-serial data organization. The size of the local memory is 32
internal registers plus 2 communication registers (C-registers). The word length of
data items is 8 bits. Furthermore, each processor has two special constant registers 0
and —1. In addition to the registers, there are a zero flag and a negative flag that
control the processing units depending on the state of the processor.
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Two operand-multiplexers choose two registers of the own local memory or of the
C-registers of the neighbours. The operands are propagated to the units required for
execution of the current instruction. This units can be the multiplier and the
arithmetic, logical, and conditional unit (ALCU). The corresponding instruction set
consists of 24 instructions. The result of the execution is given to the result bus and
from there they are written into the local registers or the C-registers or both.

During the execution of one instruction the processor receives the next instruction
together with a column selector bit from the upper neighbour and a row selector bit
from the left neighbour. The selectors are interpreted. If both are 1 then the execution
of the instruction is prepared. If one of the selectors is 0 then the execution of a no-
operation is initialized. Instruction and column selector are propagated bit serially to
the lower neighbour and the row selector to the right neighbour during the execution
of the instruction.

column instruction in data links north
selector *
in

row - TOW
selector — selector
in out

data
links
west

data
links
— east

column

selecmw * 1
A

out ww instruction out data links south

Fig. 3: Architecture of the array processor

The fine grained pipelined execution units are laid out for bitwise 300 MHz true
single phase clock. Table 1 shows the areas of the different units of the processor.
The full-custom design has been made with a 0.25u digital CMOS process. An 12 X 8
ISA of the described processors has been structured in ordér.\to provide real-time
processing for an H.263 codec at CIF resolution (352 x 288 pixels) and 15 fps. The
resulting silicon area of the processor array is 3.7 mm’. At a bitwise clock frequency
of 300 MHz and a word format of 8 bits the theoretical peak performance of the array
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1s 3.6 GIPS. The corresponding estimated power consumption is 120 mW. In order to
exploit the computation capabilities of this unit, it is necessary to provide data and
control information at an extremely high speed. Therefore, a cascaded memory
concept is implemented on-chip that forms a fast input and output environment for
the parallel processing unit (see Figure 4).

For the fast exchange of data with the processor array each processor has two
memory banks. Each memory bank contains 8 interface registers. One of these banks
is always assigned to the corresponding processor, the other to the internal RAM by
means of a fast data channel. The exchange of data between ISA and the internal
RAM is done by bank switching. Both memory banks can be active at the same time,
i.e. data transfer between ISA and internal RAM can be done concurrently to the
execution of an ISA program. The internal RAM can also communicate
bidirectionally with the external SDRAM.

The data transfer is controlled by an on-chip controller. The controller is started by
the sequential standard RISC core (e.g. Hitachi SH4) and operates autonomously
afterwards. It receives instructions from an instruction queue. The controller supplies
the processor array with instructions and selectors that are stored in the ISA program
memory. The instruction queue and the ISA program memory are located in the
external SRAM, separated from the data. This part of the SDRAM is exclusively
available to the controller by means of a fast channel. The internal RAM is organized
as single ported static RAM. Its size of 8 KByte is mainly determined by the H.263
implementation (see Section 5). The layout of the complete video accelerator with a
0.25p digital CMOS process requires an area of 8.1 mm’ as depicted in Table 2.

Table 1: Area of the individual processor.

RAM 12.144 um’

Multiplier 6.398 um’

Read-write-logic 2.874 um’ Table 2: Area of the accelerator.
Instruction decoder 4.011 pm’ Cibnller il
Addressing 1.190 um’ 2
Routing 1.674 ﬁﬁz Isr::;mal fd : f z:z
Operand multiplexers 2.133 pm’

Clock 2.613 ym’

Sum 38.135 '
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Fig. 4: Video accelerator architecture and data paths to the environment.

5 Parallelization of Video Compression Algorithms

The tasks of the hybrid coding scheme can be subdivided into low level, medium
level, and high level tasks. Low level tasks typically operate on pixel data. They are
highly regular and offer a large potential of data parallelism. Examples for low level
tasks are full search motion estimation, DCT, and prediction. These tasks require a
main percentage of the overall processing effort. Medium level tasks like quantization
or entropy coding operate on the results of the low level tasks. Computation
requirements are significantly lower than for low level tasks. The high level tasks
comprise the bitstream handling and several control tasks, primary on encoder side,
like quantizer control and decisions for coding strategy. High level tasks show an
irregular control flow in conjunction with low computational rates. For control tasks a
certain amount of flexibility with respect to modifications of the algorithms is
advantageous. The proposed coprocessor architecture for multimedia comprise a
flexible general-purpose RISC core with a less flexible accelerator adapted towards a
specific type of processing. Thus, the RISC core performs the high level tasks of
lower computational requirements, whereas the video accelerator executes the
computation intensive but regular low level tasks and a part of the medium level
tasks. The parallelization of the H.263 coding tasks on the proposed accelerator
architecture is described in the following.

ME: In the 2D array structure of a 4 x 8 ISA the calculation of one SAD can be
efficiently parallelized as follows: Assume, the current MB data c(k,/) and the
reference frame candidate MB data r(k,/), k,l = 0,...,15, are stored in the processor
array such that processor (i,j), i = 0,...,3, j = 0,...,7, holds ¢(4-1,2+)),...,c(4i+3,2.j+1)
and r(4-i,2+),...,7(4-i+3,2-j+1) in 16 internal registers. Now each node (i,) computes
the partial sum X _, ;. [c(4-itm,2j+tn) — r(4-i+m,2-j+n)| within 30 instructions.
The result is written into the two C-registers C/ (most significant byte) and CO (least
significant byte). The partial sums are added along each processor row within 2
instructions using two efficient row sum operations (see Section 2). The first
operation adds up the values of C0 and the second operation adds up the values of CI
and the carry-bit of the previous addition. The total sum (SAD) for the candidate MB
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is completed by the corresponding two column sum operations in the rightmost
processor column and the result is written into CO and CI of the lower right
processor. This SAD is compared in the lower right processor to the stored SAD
resulting from the previous comparison. The smaller one as well as the corresponding
motion vector is kept for future comparisons.

The preceding computation procedure is repeated until all possible candidate MBs
are compared and the final motion vector is obtained. To speed up the computation
the calculated SAD value is compared to a preselected threshold value. The search
process terminates if the calculated SAD value is smaller than the threshold. Because
the processor array of the video accelerator is of size 12 x 8 three different SAD
values for the current MB can be calculated in parallel by a simple replication of the
program for the 4 x 8 array.

Shifting of the candidate MB within the search area depends on the chosen search
strategy. In order to avoid delay times in the systolic architecture it is necessary to
know these locations in advance, and thus the next candidate MB data can be
preloaded from the internal RAM into the ISA during the processing of the current
MB. The %15 pixels 2-step search with subsequent half pixel refinement is suitable
and leads to a very good coding quality [3]. In the first step, it evaluates the motion
vector candidates with distance two between two nearby search points within the +15
pixels search area. Thus, 225 SAD values of previously known locations have to be
calculated in the worst case. In the second step, the SAD values of the 8 neighbours
of the calculated minimum point are evaluated. A subsequent half pixel search around
the full pixel accurate displacement vector evaluates the motion vector with half-pixel
accuracy. This involves the additional evaluation of 8 candidate blocks per motion
vector. The locations of candidate points in the second iteration step and the half pixel
search are data dependent. Thus, the data locations to be used at the next step are
transferred to the controller when the current step is completed. At the beginning of
the new step, the controller loads the corresponding reference data into the ISA. MBs
of adjacent candidate vectors overlap quite significantly. In order to reduce memory
accesses (bandwidth) only the non-overlapping data have to be loaded into the
processor array. Since SAD values for 3 horizontally neighboured motion vectors are
computed in the processor array in parallel only 2 x 20 pixels have to be loaded when
the search area moves vertically up in the first step of the 2-step search. Search areas
of adjacent MBs also overlap. Thus, only the non-overlapped data of size 48 x 16
pixels is loaded from the external SDRAM to the internal RAM, which can be
performed concurrently to the motion vector computation of the current MB.

MC: The complete reference frame MB corresponding to the calculated motion
vector has to be loaded into the ISA. In contrast to the other processing tasks ME is
only performed on the luminance data of the MB. For MC and the preceding tasks
another mapping of MB data onto the ISA is used. Each processor holds a 2 x 2
subarray. Thus, each of the six 8 X 8 blocks of the MB is mapped onto a 4 x 4
processor subarray of the 12 x 8 ISA. If the motion vector is of half pixel accuracy
linear interpolation is processed in the processor array.
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PRE/REC: The motion compensated MB and the original MB are simply
subtracted (prediction) resp. added (reconstructed). Only 4 subtraction resp. additions
have to be performed within each processor in parallel.

DCT/IDCT: The DCT of an 8 x 8 block x,, i,j =0,...,7, can be expressed as

7 7
Vil = Z Cik [2 X;;°CjJ }, where ¢ ;; = cos((2j+1)In /16) n
i=0 Jj=0
The core operation in DCT computation is the multiply accumulation (MAC).
3 3
Y =Z(xj+x7—j)'cj,21; Yare1 =2(xj_x7—j)'cj.21+l for/=0,...3 (2
i=0 j=0

Therefore, the multiplier of the introduced ISA processor has been designed to
perform MAC efficiently, i.e. simultaneously with multiplication, a third operand can
be added to the result without additional delay. As already indicated by the brackets
in (1), the 2D transform can be decomposed into cascade of two subsequent 1D
transforms applied horizontally and vertically on each row, resp. column. Additional
efficiency can be gained, if we split the 1D transform of a sequence x,, j = 0,...,7, into
even and odd numbered frequency samples:

This algorithm is applied for the 8 x 8 DCT within each 4 X 4 processor subarray.
The input values for the 1D DCT are initially permuted within each processor row of
length 4, such that each processor j, 0 <j < 3, holds x, and x,, and the addition x, + x,,
and the subtraction x; — x,, can be performed in parallel. Now each processor j, 0 <j <
3, computes y, and y,., according to (2) in 4 stages. The computation in each stage
requires two MAC operations per processor. Permutation of the values x, + x,; and x,
- x,, between every two stages involves routing of data, which is performed
efficiently within each processor row by ringshifting. The coefficient values are
precomputed and loaded into the processor array when needed. This load operation
takes only a small number of instruction cycles since the values can be broadcasted
along the columns of the ISA. The 1D DCT along the processor columns is computed
by the reflected ISA program for the rows. The IDCT is implemented in a similar
way.

QU/IQ: The division operation for quantization is evaluated by multiplication with
the reciprocal value in each processor in parallel. The quantizer step size is controlled
by loading the corresponding coefficients into the processor array.

ENC/DEC: Due its irregularity the variable length en/decoding and entropy
en/decoding is not suitable for an efficient parallelization on the ISA. Thus, the
sequential RISC performs these operations. Because of their low computational
requirements, their runtime on the RISC is dominated by the processing time of the
next/previous MB on the video accelerator.

6 Performance Evaluation

For the runtime determination of the parallel programs described in Section 5 on the
introduced accelerator architecture the number of required instructions is multiplied
with the corresponding clock cycle time of 26.7 ns. Additionally, the data transfer
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between ISA and internal RAM is considered with a throughput of 150 MByte/s. The
results are shown Table 3. Note that the times for ME are worst cases, i.e. calculated
SAD values are never smaller than the preselected threshold.

Table 3: Worst case.runtime on the video accelerator for encoding and decoding per MB. It
includes computing time on the ISA and data transfer time between ISA and internal RAM.
Data transfer is divided into concurrent transfer, i.e. the transfer time is dominated by the
computing time on the ISA, and not concurrent transfer, i.e. during the transfer time no
computations are performed on the ISA.

Task Runtime video Data transfer ISA < internal RAM
accelerator Concurrent to ISA | Not concurrent to ISA
En- ME step 1 103 ps Load 4080 Bytes Load 640 Bytes
coder step 2 6 us Load 36 Bytes Load 288 Bytes
half pixel 8.5 us Load 18 Bytes Load 17 Bytes
MC ~ 5us Load 128 Bytes Load 451 Bytes
PRE 0.5 pus
DCT and QU 10 ps
IQ and IDCT 10 ps Store 384 Bytes
REC 3us Store 384 Bytes
De- IQ and IDCT 10 us Load 451 Bytes Load 384 Bytes
coder |MC 2us
REC 3 us Store 384 Bytes
Sum per MB 161 pus 5097 Bytes 2584 Bytes
Sum per CIF 64 ms 2.02 Mbytes 1.0 MBytes

The amount of data transfer between external SDRAM and internal RAM per MB is

Encoder: current MB (384 Bytes), overlapping search area (768 Bytes),
chrominance blocks of motion compensated MB incl. border pixels (162 Bytes),
coded MB (384 Bytes), reconstructed MB (384 Bytes).

Decoder: current MB (384 Bytes), motion compensated MB incl. border pixels
(451 Bytes), reconstructed MB (384 Bytes).

The resulting total amount of data transfer of 3301 Bytes per MB, resp. 1.3
MBytes per CIF frame, can be transferred concurrently to the accelerator activities
with a reasonable throughput of the SDRAM bus, e.g. 100 MByte/s.

7 Conclusions

In this paper we have presented an ISA architecture for algorithms required for video
compression. The accelerator unit has been implemented on an area of 8.1 mm’ of
silicon using a 0.25u digital CMOS process. It is capable of on-line encoding and
decoding of a video stream of 15 fps in CIF format with the H.263. The global
architecture of the accelerator unit has been discussed as well as the detailed
implementation of the single processing element of the 12 X 8 array. It has been
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shown how the new architecture can be programmed for applications as motion
estimation, motion compensation, DCT, and quantization. Apart from its performance
figures, the most promising property of the accelerator unit is its flexibility. It would
be interesting to study the performance for the new architecture for applications like

(8], [9], [10].
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