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Abstract

Code compression is known as an effective technique to reduce
instruction memory size on an embedded system. However, code
compression can also be very effective in increasing processor-
to-memory bandwidth and hence provide increased system perfor-
mance. In this paper we describe our design and design method-
ology of the first running prototype of a one-cycle code decom-
pression unit that decompresses compressed instructions on-the-
fly. We describe in detail the architecture that enables decompres-
sion of multiple instructionsin one cycle and we present the design
methodol ogies and tools used. The stand-alone decompression unit
does not require any modifications on the processor core. We ob-
served up to 63% performance increase with 25% in average over
a wide variety of applications running on the hardware prototype
under various system configurations.

Categories and Subject Descriptors
B.3 [Hardware]: Memory Structures; C.3Gomputer Systems

Organization]: Special-purpose and Application-based Systems-

Real-time and embedded systems

General Terms
Algorithms, Design, Performance
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of the instruction fetch unit or decoding unit. In any case only parts
of the whole code will be decompressed at a time (on an instruction-
level or block-level, for example) in order to minimize the memory
requirements. The code is being compressed as a step following
code compilation and then it is burned into Flash or ROM from
where it is loaded during system reset into the main memory or L2
cache. That implies that the software cannot be changed and must
be fixed® If, however, the software application does change then
the code has to be compressed again and the Flash or ROM has to
be burned again. This is typically not a restriction for embedded
systems that do not allow the user to change the software.

The primary goal in code compressionas traditionally been
to reduce the instruction memory size although newer approaches
have shown that it can even lead to performance increases of an
embedded system.

Application areas for code compression/decompression are em-
bedded systems in the areas of personal wireless communication
(e.g. cell phones), personal computing (e.g. PDAs), personal en-
tertainment (e.g. MPEGIII players) and other embedded systems
where memory size and performance is a constraint like automo-
tive control etc.

We introduce a code compression/decompression technology that
is based on a commercial parameterizable processor core. We have
designed a 1-cycle decompression unit that enhances the perfor-
mance of the core system by an average of 25% and facilitating
a code size reduction of 35% on average. Note, that the core has
an already densely designed instruction set architecture as it's in-

Designers in the high volume and cost-sensitive embedded sys-struction size varies (2 instruction types exist: 16-bit instructions

tem'’s market face many design challenges as the market demandgnd 24-bit instructions). Our technology is generic as it can be ap-

single-chip-solutions to meet constraints like lower system cost, plied to any RISC processor. The only application-specific parts

higher functionality, higher level of performance and lower power- are the processor and memory interfaces as far as the hardware is

consumption requirements for increasingly complex applications. concerned as well as some modules of the software design flow.

Code compression/decompression has emerged as an importari/e have recently finished a hardware prototype that demonstrates

field to address parts of these problems in embedded system dethe advantages of our technology in terms of performance increase

signs. Typically, a system that runs compressed code is decom-and instruction memory size reduction.

pressing the code as it is needed by the CPU. The decompression This paper is structured as follows: Section 2 describes related

can be performed outside the CPU (e.g. between L2 cache and mainvork in code compression. Section 3 presents the compression and

memory or between L2 cache and CPU) or inside the CPU as partdecompression algorithms and provides insight in the decompres-
sion process. Section 4 focuses on the hardware implementation
and the design methodology we followed. Section 5 provides ex-
perimental results, while Section 6 concludes the paper.
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2. RELATED WORK | = |

In the following we report some of the most relevant work for @ 5 @
code compression approaches. Cache (= #

Wolfe and Chanin developed the Compressed Code RISC Pro- % -
cessor (CCRP), which was the first system to use cache misses to External g
trigger decompression [9]. Their decompression engine is designed S Tag K=y o

as part of the cache refill hardware. The instructions in each L1
cache block are separately Huffman-encoded so that each block can
be individually decompressed without requiring decompression of
other blocks in advance. The authors report a 73% compression Figure 1: Basic system architecture
ratio on the MIPS architecture.

CodePack is used in IBM's embedded PowerPC systems [3].

Their scheme resembles CCRP in that it is part of the memory Origina insfruction
system. The CPU is unaware of compression, and a table maps Dictionary indices = 00
between the native and compressed address spaces. The decom- compressed instructions | T 01 /
pression engine accepts L1-cache miss addresses, retrieves the cor- \
responding compressed bytes from main memory, decompresses 0A| 62 A3 02
them, and returns native PowerPC instructions to the L1-cache. Example: assume instruction
CodePack achieves 60% compression ratio on PowerPC. 0xé2A?0§|ODD§0rSR0ﬁ?n in ’
Software decompression is also possible, simplifying the hard- fv’lﬁclr‘j d‘lx%/f‘(’so?/é ;g;gse'
ware design and allowing the decompression to be selected at run- each fime it appears) FF
time. Lefurgy et al. [6] proposed two hardware mechanisms to Dictionary

support software decompression. Another technique that can be
carried out purely in software is a dictionary method proposed by
Liao et al. [7] where mini-subroutines are introduced replacing fre-
quently appearing code fragments.

Ishiura and Yamaguchi [4] proposed a compression scheme for

VLIW processors based on automated field partitioning. They keep 3.1 Dictionar y-based decom presgion table

the si_ze of th_e decor_npression_ t_ables sma!l b_y prod_uc_ing COd.eS for We deploy a dictionary technique to compress frequently appear-
sub-fields of instructions. Benini et al. [2] limit the dictionary size ing instructions (according to program statistics). Dictionary cod-

by selecélyelyt cokr1npresstlﬁgtlpsktruc_tlct)ns. Okur?? elgal. [_itaﬂl_prppc;sed ing refers to a class of compression methods that replace sequences
an encoding technique that takes Into account Nelds within INSruc- ¢ symbols with indices to a table. This table is called the "dic-

tions. Yoshida et al. [10] proposed a logarithmic-based compres- tionary”. The indices are the codewords in the compressed pro-

sion scheme which can result in power reduction as well. gram. An entry in the dictionary holds either an original symbol

Ogr work dlffe_rs from previous ngrk |r1ft(;1e foIIowmg_wa)fé 1% ._or a sequence of symbols. This encoding reduces the data if the
our décompression engine 1S capa ,e of decompressing 110 2 N3, 4icag are shorter than the replaced symbols and if the dictionary
structions per cycle to meet the CPU’s demand at no time penalty

o ) . is compact. The main advantage is that the indices are usually of
2) itis completely transparent 3) it has been fully implemented and fixed-length and thus simplify the decompression logic to access
is running on a commercial FPGA board.

the dictionary and also reduce the decompression latency. Fig. 2
illustrates the dictionary compression algorithm. We use a dictio-
nary table of 256 entries as a good compromise between compres-
3. ALGORITHMS FOR THE ARCHITEC- sion ratio and table size. The table is duplicated in order to enable
TURAL DESIGN simultaneous decoding of two compressed instructions per tycle

In this section we describe techniques that enable the decompres-Due to the limited size of the table some instructions of the code
re left uncompressed. We use two different encodings for 24-bit

sion engine to decompress in just one cycle. Though table-based

o S . : Instructions, namely 8-bit and 16-bit codes. When we use 8-bit
dictionary encoding is a well known compression technique [1], odes the whole co):jeword is used to index the decompression ta-

advanced architectural design strategies are necessary to meet trﬁ ) )
. ) . . e. When we use 16-bit codes the 8 MSB bits are used to access
one-cycle design constraint. Here is a summary of the most impor- the decompression table, while the 8 LSB bits are used to signal

tant constralntg. . the type of instruction (i.e. whether it is compressed and what is its

* Deco_mpressmg in one cycle size). Our encoding allows us to use the 4 LSB bits of any instruc-

e Meeting the clock cycle delay budget tion to determine its size.

¢ No modification to the CPU should be necessary. That means The codes guarantee that differentiation between compressed and
the decompression engine has to interface to the CPU and  ,,compressed instructions can be accomplished and decompres-
to the memory hierarchy such that both CPU and memory  gjon js done only when necessary. Fig. 2 shows the principle of dic-
hierarchy are not aware of the existence of the decompression  tjonary encoding while the high-level system architecture is given

Figure2: Principle of dictionary based compression technique

engine. in Fig. 1.
e The decompression engine should be considerably smaller
than the CPU. 3.2 Decoding Tree Algorithm

Most of the architectural design strategies are independent of the 116 most significant part of the decompression algorithm is com-
CPU but some of them are especially designed for usage with our
platform. A particular characteristc of the CPU we used is that the 3we found this to be more efficient than using a dual-port register
instruction set contains two types of instructions: 16-bit and 24-bit. file.
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Figure 3: Thestructure of the 32 bit wide decompression tree

prised by the tree logic. The tree receives 32-bit instruction data

from the cache (compressed) and produces decompressed instru¢

tions for the CPU. Since compressed data will expand to more than
32 bits, the tree also stores any extra decompressed or compresse
bits for the next cycle.

The tree structure is shown in Fig. 3. It illustrates all the pos-
sible sequences of compressed instructions that can be subject t
decompression by the decompression engine within any one cycle

At each node we show all instruction sizes that can possibly oc-
cur. Since our technology compresses 24-bit instructions into 8-bit
or 16-bit instructions, and since the commercial CPU we use has 4
mixture of 16-bit and 24-bit instructions, there are only three differ-
ent sizes appearing in an actual compressed program. Hence, ou
tree starts with three branches corresponding to these sizes (8, 1
and 24). The root node is pointed to by the "32-bit input” arrow.
It then continues with all cases until 32 bits have been received (in
certain cases some instruction combinations will not end on a 32-bit
word boundary). After decompression any instructions/instruction-
parts that do not fit in a 32-bit word boundary are buffered and sent
to the CPU in the next cycle. The tree will reach terminal nodes
when 32 bits have been collected to ensure that the CPU will al-

ways receive 32 bits per cycle. The basic registers and eIementsLi

that we will use in the following to describe the tree logic are:

e We denotew as a compressed 32-bit word coming from the
cache, an@dw(3) is the i-th bit ofcw.

The register that holds data decompressed in the previous cy-
cle isprev_decomp. This is needed when, for example, the
decompression engine decompresses two 16-bit instructions
into their original 24-bit sizes and thus exceeds the 32 bit
limit the CPU can handle. The remaining 16 bits of the sec-
ond decompressed instruction are stored inpth@_decomp
register for use in the next cycle.

The register that holds data compressed in the previous cycle
is prev_comp. This is used when it is not possible to decom-
press the whole instruction in the current cycle because part
of it belongs to the next word. It is therefore necessary to
store the part of the compressed instruction that is available
in the current cycle in therev_comp register.

Bytes to be sent directly from the next compressed data stream
are held in registebytes_next. Consider the case where
there are two 24-bit uncompressed instructions. Since the
decompression engine can only receive and produce 32 bits,
it will only receive 8 bits of the second instruction from the
cache. The bits needed to decode this instruction are always
held in the first four bits. Therefore it is possible to know the
type of the instruction but it is impossible to send more than
8 bits. Thebytes_next register is used to inform the decom-
pression engine that it needs to forward the next two bytes
directly to the CPU in the next cycle without any decoding.

o We denoteutput as the 32-bits that are sent to the CPU (this

is not a register; the output pins are written to directly).

We differentiate between types of instructions by denoting their
lengths as follows24 (a 24-bit uncompressed instructiod} —
8 (a 24-bit compressed to 8 bits instructiof), — 16 (a 24-bit
compressed to 16 bits instruction) ati{n) (a narrow instruction).

Treealgorithm

1) If (cw(3) == 0 & cw(27) == 0)

2) I 24 bits + 24 bits

3)  output = cw(31 —0)

4) bytes-next = 2

5) prev-decomp = empty

6) prev_comp = empty

7) Elsif (cw(3) ==0& cw(27) == 1 & cw(26 — 24) == 110)

8) /I 24 bits + 8 bits compressed

9)  output = Table(cw (31 — 24)) + cw(23 — 0)
L_10) bytesnext =0

11) prev.decomp = 2 bytes
gl2) prev-comp = empty

13) Elsf (cw(3) == 0 & cw(27) == 1 & cw(26 — 24) == 111)
14) // 24 bits + 16 bits compressed
D 15) output = Table(cw(31 —24)) + cw(23 — 0)

16) bytesnexzt =0
17) prev.decomp = 1 byte (MSB bits of NOP)
18) prev-comp = 1 byte (from 16 bits comp. data)

19) Elsf (cw(3) == 0 & cw(27) == 1 & cw(26 — 24) == zzz)
20) /I 24 bits + 16 bits narrow
21) bytes.next =1

" 22)

P 23)
24) -

prev_-decomp = empty

prev_comp = empty

Figure4: Treealgorithm

We now present a fragment of the tree’s algorithm structure.
sting all possible cases would take too much space (there are 25
different cases). In figure 4 we show four cases that should be
enough for the reader to re-construct the whole logic. Consider an
example with the following pattern of instructions coming from the
cache: a 24, 24+ 8, 24— 16, 16(n) (see Fig. 5). The above in-
structions would arrive at the decompression engine in two cycles
of 32 bit streams.

1) Cycle 1: In the first cycle the decompression engine re-
ceives a 24-bit uncompressed and a 8-bit compressed in-
struction. 24 bits of the first instruction form the LSB 24
bits of the outgoing bit stream (to the CPU). The 8-bit
compressed data is used to obtain the 24-bit instruction
from the decompression table. The first byte of the re-
sulting 24 bits of the decompression table is used to form
the MSB 8 bits of the 32 bits outgoing bit stream to the
CPU core, and the remaining 2 bytes are stored in the
prev_decomp register. Thedce_pc (i.e. decompression
engine program counter; more details follow later) is in-
cremented by 4.

Cycle 2: In the second cycle the decompression engine
receives a 16-bit compressed instruction and a 16-bit un-
compressed instruction. The decompression engine as-
sembles therev_decomp register's 16 bits as the LSB

16 bits of the outgoing 32 bit-stream. The LSB 16 bits
of the incoming compressed instruction are used to obtain
a 24-bit instruction from the decompression table. The
resulting LSB 16 bits of the decompressed instruction’s

2
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24 bits are used to form the MSB 16 bits of the outgo-
ing 32 bit-stream to the CPU core and the remaining MSB
1 byte is stored in therev_decomp register. The MSB
16-bit regular narrow instruction from the cache memory
is stored in theprev_comp register. Thelce_pc is incre-
mented by 4.

Critical Path [ns]

- generate PIF address\
e

I

receive start address for decomp.

- receive CPU PC

- generate cache address :

- receive CPU_PC

- receive CPU PC
generate PIF address

An important problem associated with code compression is how
to locate branch/jump/call targets in compressed code since the
origi?al offsets will not point to "correct” locations after compres- # Signals
sion”.

Our approach is to change branch offsets to point to the new Figure6: Critical path
compressed space addresses first proposed by Lefurgy et al. [5].
Branch offsets are patched after the compression phase. To sim-
plify our design, we forced our targets to be aligned at word bound- .
aries, as this simplifies the decoding tree. Patching the branch off- 20 [l
sets involves a) compressing the original program and creating a 396t Instruction strearn

map between native instruction addresses and compressed instruc-Cache W
tion addresses, and b) using the map to patch the offset-fields in the o T
I
T | X
m== >
s
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original branch instructions so they use offsets that correspond to
the compressed address space.
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An implication of using this technique is that the decompression
engine must maintain its own program countéte(pc). When

I
1

the application starts execution its value equals the CPU’s program
' F
I
-16 . -2 i
I
I

program counter. Using a separate program counter for the decom-
pression engine also means that cache hits or misses must be trig-
gered according to théce_pc’s value and not thepu_pc s value.

Our interface described in the next section takes care of this prob- .
lem.

I

I

I

I

I

I

:

counter. As the execution progresses it diverges from the CPU’s i
:
:
i Pre_part_instr  Pre_part_set Bytes_next

4. DESIGN ISSUES

Fig. 7 shows a block diagram of the decompression engine. The
engine consists of the decoding logic and a 24-bit wide by 256 en-
tries SRAM (decompression table). The Decompression engine’s
decoding logic is triggered by the arrival of incoming compressed comprise the previous instruction. The dotted lines in Fig. 7 denote
or uncompressed 32-bit instruction words from the cache. The en-gjternative paths for MUX selection or for copying data from the
gine examines the first four bits (LSB bits), which form the select j,yt stream to the output register directly.
lines for the multiplexer in Fig. 7 and determine the type of the  Fig g shows the schematic of the decompression engine. The top
instruction. _ _ _ art consists of the SRAM-based decoding table. The bottom part

The decompression table is accessed and the corresponding acshows the circuits for the decompression engine program counter

dress contents return the decompressed 24-bit instruction. In SOMg e _pc) the PIF (Processor InterFace) address generator and the
cases, there might be instances where the 32-bit compressed ingache/tag control logic.

struction stream may contain a part of an instruction and the re-  Fig_ g illustrates our design flow for building the decompression
maining part might be in the next 32-bit compressed instruction engine and for generation of the compressed executable. On the left
stream. In that case the decoding logic provides two 16-bit regis- side our proprietary tools (gray area) are shown which take a com-
ters prev-decomp andprev_comp) to store the previous portion  pjled object file and generate a compressed object file. This pro-
of the instruction. These registers are shown agtaepart_instr cedure involves one pass which gathers statistics, i.e. determines
register in Fig. 7. Furthermore, two bitpre_part_set signal i~ \yhich are the most frequent instructions for inclusion in the dic-
Fig. 7) are used to indicate that there is a portion of the previous tionary. The second pass performs compression and also stores the
instruction stored. In addition, a 2-bit registéy{es-next) isused  most frequent instructions in the dictionary. The third pass han-
to indicate whether 8 or 16 bits of there_part_instr registers  gjes the branch/calljump targets. Linking and generation of an
“In the following we will use the terrbranch loosely to mean any compressed executable code follows. Finally, it is loaded into the
instruction that alters the program counter such as a call, a jump,system SRAM.

etc. Note that although a new decompression table must be loaded in

Figure 7: Decompression block diagram
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Figure 8: Schematic of the decompression engine; the decoding table
isSRAM based

the decompression engine’s SRAM every time a new application

is compiled, there is no need to re-synthesize the decompressiorf® P& handled.

engine.
Here is a summary of the hardware design flow using commer-
cial tools:

1) The decompression engine has been designed in VHDL
and Verilog and simulated using Model-Tech’s Vsystem
simulator. For synthesis we used Synopsys’ design com-
piler.

2) The CPU together with the decompression circuitry was
synthesized using Synplicity’s Synplify tool for Altera’s
APEX20KE family of devices.

3) The database format of Synplify was used by the Quar-
tus and Maxplus 1l tools to place and route. The Quar-
tus and Maxplus Il tools generated the output format POF
(Programmable logic Object File) and SOF (SRAM Ob-
ject File) files of the design.

4) The generated POF files were then used to program Al-
tera’'s APEX20KE device on the board.

5. RESULTS

RTL VHDL
Code

I<_

i Y ™ () l Design Compiler
Gather CBC12
Statistics (0.13u)
yrad N Synplify
’ Compress ‘ ’ Build Table ‘
\ / Quartus +
Maxplus Il
Patch & P
Branch Offsets | (= /
&
\ Inferface DC PC
> L 4 Logic efc.
v g
Compressed \| Decomp. Tree
Code Table (SRAM) | | Logic

Decompression Engine
To System SRAM

Figure 9: Design Flow

total maximum delay time for each path and the number of signals
It also gives the major functionality comprised by
a certain path. An interesting observation is that the patdtom-

press data stream” (fourth bar) is not the most critical path as it
accounts for only 5.99ns as opposed to 7.01ns for generating cache
signals. We had a budget of 8.5ns for the whole clock cycle that
would guarantee no additional delay. We managed to reduce this
constraint by around 1.5ns (7.01ns to 8.5ns). The key in achiev-
ing this goal was to distribute the necessary computation equally
among the most critical paths. The result can be seen in Fig. 6
where the six most critical paths are all within a time window of
1.12ns. Since the cycle time is guaranteed we can in the follow-
ing concentrate to discuss the performance by solely comparing
the number of clock cycles it takes to execute an application with
and without code compression applied.

The applications have been chosen to demonstrate various ef-
fects and to show the advantages of our decompression architec-
ture for diverse characteristics of applications like application area
(video, animation, algorithmic), application domain (data domi-
nated vs. control dominated) and size of the applications The ap-
plications are the following: the commonly available compress pro-
gram ( cpr”) from SPEC95, a real-time Diesel engine control al-
gorithm (' diesel”), an algorithm for computing 3D vectors for a

The aim of the design of the code decompression unit was to motion picture (i3d”), a real-time HDTV Chromakey algorithm
guarantee that under no circumstances a delay of an additional” key" ), a complete MPEGII encodet ifipeg” ), a smoothing algo-

clock cycle would occur since this would potentially prohibit its

rithm for digital images’'{smo”) and a trick animation algorithm

usage in a hard real-time system. Furthermore, the architecture(” trick”).

should lead to a significantly increased system performance. Since Table 1 shows the performance results given as the number of
we designed the decompression unit for a location between L2 clock cycles it takes to execute. Compared are the compressed
cache and CPU both, instruction cache and main memory would cases to the un-compressed cases. Furthermore, each application’s
profit from the compressed code. As a major effect, the instruction results are shown for various instruction cache sizes. The cache
cache holds effectively more instructions and thus causing a highersizes have been chosen around the saturation point of the instruc-
cache hit ratio. tion cache i.e. the cache sizes below and slightly above the point
In order to increase the performance of the whole system we notwhere a further increase would not lead to a noticeable drop in
only had to guarantee that the number of clock cycles is reducedcache misses. This point is typically the best choice for a designer
compared to the non-compressed case, but we also had to avoid exas it represents a good compromise between costs (i.e. cache size)
ceeding the cycle time budget. The results of this effort are shown and obtained result (performance). As we can see from the table,
in Fig. 6: it shows the six most critical paths in the design with the the performance increases are significant as there is an average per-



Inst. Exec Performance
Appl. | Cache || Cmp Time improvement
[cycled] [%]

1k no | 187,777,618 n/a

1k yes | 165,037,748 1211

cpr 2k no | 159,948,542 n/a
2k yes | 155,885,849 02.54

4k no | 154,460,263 n/a

4K yes | 154,321,248 0.09

128 no 242,332 n/a

128 yes 153,274 36.75

diesel 512 no 233,441 n/a
512 yes 85,136 63.53

1k no 84,724 n/a

1k yes 41,523 50.99

128 no 117,697 n/a

128 yes 62,156 47.19

i3d 512 no 58,475 n/a
512 yes 42,418 27.46

1k no 44,158 n/a

1k yes 42,771 03.14

256 no | 181,519,564 n/a

256 yes | 174,077,262 04.10

key 512 no | 178,888,128 n/a
512 yes | 174,755,812 02.31

1k no | 174,318,687 n/a

1k yes | 173,516,821 0.46

2k no 9,236,642 n/a

2k yes 5,024,733 45.60

mpeg 4K no 5,142,418 n/a
ak yes 4,313,460 16.12

8k no 4,310,808 n/a

8k yes 4,271,149 0.92

128 no 13,269,732 n/a

128 yes 5,582,576 57.93

smo 512 no 3,658,805 n/a
512 yes 3,657,890 0.25

1k no 3,716,882 n/a

Tk yes 3,715,693 0.32

256 no 5,416,167 n/a

256 yes 2,347,908 56.65

trick 512 no 3,473,197 n/a
512 yes 1,626,314 53.16

1k no 2,848,322 n/a

1k yes 1,551,766 45.52

Table 1: Performance results of all applications with instruc-
tion cache size as a parameter

formance boost of 25%.

A summary of the best results achieved for each application is

given in Fig. 10 as a percentage improvement.

Note that the performance increase comes solely from the de-

707
601
501
40 |
307
201
10

improvement [%)]

cpr
diesel
i3d
key
mpeg
smo
trick

Figure 10: Best performance improvements for each application

and might achieve similar results when used with other CPUs. The
limitation of our technology is that it can only be applied to systems
that do not modify their instruction code during execution. This is
the case for most embedded systems.

7.
(1]

(2]

(3]
(4]

(5]
(6]

(7]

compression hardware as any other system configurations in the
comparisons are identical. In fact, in both cases (compressed and
un-compressed) the hardware circuitry used is the same as the de-
compression hardware is simply bypassed in the non-compressed

case.

6. CONCLUSIONS

(8]
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