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ABSTRACT

When an embedded system is designed, system
performance and power consumption have to be taken
carefully into consideration. In this paper, we focus on
reducing the number of memory access times in
embedded systems to improve performance and save
power. We use the locality of running programs to
reduce the number of memory accesses in order to save
power and maximize the performance of an embedded
system. We use shorter code words to encode the
instructions that are frequently executed and then pack
continuous code words into a pseudo instruction. Once
the decompression engine fetches one pseudo
instruction, it can extract multiple instructions.
Therefore, the number of memory access times can be
efficiently reduced because of space locality. However,
the number of the most frequently executed instructions
is different due to the program size of different
applications; that is, the number of memory access
times increases when there are less encoded
instructions in a pseudo instruction. To solve this
problem, we also propose the use of multiple reference
tables. Multiple reference tables will result in the most
frequently executed instructions having shorter encoded
code words, thereby improving the performance and
power of an embedded system. From our simulation
results, our method reduces the memory access
frequency by about 60% when a reference table with
256 instructions is used. In addition, when two
reference tables that contain 256 instructions each are
used, the memory access ratio is 10.69% less than the
ratio resulting from one reference table with 512
instructions.
Keywords: Embedded system, Code compress, Power
consumption, Performance.

1. Introduction
Embedded systems are becoming more and more
important today because they are used in many
electronic products such as mobile devices, medical
instruments, consumer electronics, and so on. However,
many embedded computing systems are sensitive to cost,
power and performance.

In previous research on reducing cost in embedded
systems, many compression methods [1]-[4] were
proposed to reduce code size because the application
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software takes up a large part of the embedded system.
One kind of the method for compressing codes provides
a core processor which uses a dense instruction set with
a limited number of instructions. Examples of this
method include ARM Thumb [5] and MIPS16 [6].
However, the main drawback to these methods is
performance degradation. For example, the ARM
Thumb [5] object code generated by a compiler reduces
memory space by 30% but increases execution time by
about 15-20%. A different approach is to use a
post-compilation compression scheme and an external
hardware decompression unit between the processor and
the memory. This approach is as follows. The source
code is compiled and compressed to a smaller-sized
object code. The compressed object code is then put in
memory. When a processor executes the object code,
the decompression engine located between the CPU and
the memory fetches and decompresses the compressed
instruction. As a result, the processor can execute the
original instructions normally. For example, [1], [2],
and [7] use the Huffman code encoding method in the
MIPS processor. [3], [4], and [8] wuse the
dictionary-based compression methods to get about a
62% compression ratio. [9] wuses the operand
factorization method to obtain an advanced compression
ratio. An industrial example is the IBM CodePack [10].
However, the disadvantage of this method is a
significant loss in performance. In addition, the method
of compressing the object code without referring the
execution behavior has little effect on power
consumption and system performance.

Instead of compressing all object codes to
compensate for performance degradation, several
researchers used a method of selecting code
compression to improve system performance [11]-[14].
Netto et al. [12] proposed mixed static/dynamic
instruction profiling for dictionary construction; that is,
a number of static instructions and the trace-based
selective compression scheme were used at the same
time to construct a dictionary. Accordingly, one single
access to the memory can obtain multiple compressed
instructions, and the decompression engine can
decompress the instructions stored in the decompression
engine. As a result, performance can be improved by
reducing the number of memory access times. However,
the dictionary size must be big enough to use these two
kinds of instructions to maintain good compression ratio
and performance. In addition, increasing the dictionary
size results in performance penalty and hardware cost.

In our proposed method, an application is executed to
obtain the most frequently executed instructions. Then,
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the most frequently executed instructions are encoded as
shorter code words, and the continuous encoded
instructions in the object code are then packed into a
pseudo instruction. Once the decompression engine
fetches a pseudo instruction, it can extract multiple
instructions. Therefore, the number of memory access
times can be efficiently reduced because of space
locality.

After the most frequently executed instructions are
encoded and wrapped into the pseudo instructions, the
addresses of the instructions in the memory become
different from the original ones. In such a design, a
lookup address table (LAT) data structure is necessary
to convert the old addressed to new ones. However, this
causes the number of memory access times to double if
the LAT is located in the memory. To solve this
problem, we use multiple continuous pseudo
instructions instead of just one pseudo instruction.
Therefore, the LAT transformation can be omitted to
reduce memory access frequency.

If the number of the most frequently executed
instructions is too big, the number of encoded
instructions in a pseudo instruction becomes small. This
situation results in a degradation of system performance
and power consumption because the memory access
frequency is closely related to the number of encoded
instructions in a pseudo instruction. To solve this
problem, we also propose using multiple reference
tables that would result in the most frequently executed
instructions having shorter encoded code words in order
to improve performance and power. From our
simulation result, our method results in low power
consumption and improved performance for embedded
systems.

The organization of this paper is as follows. Section 2
reviews related works. Section 3 illustrates the
compression and decompression methods for frequently
and infrequently executed codes. Section 4 gives the
experimental results. In Section 5, we give the
conclusions to our work.

2. Related Works

In previous works, Benini [15] and Yoshida [16]
considered reducing the number of memory access
frequency to reduce power consumption. In the
following, we describe the methods they proposed.

Benini et al. [15] and Yoshida et al. [16] proposed
alternative approaches to reduce instruction memory
bandwidth. Yoshida encoded N instructions into
instructions with a length of log,N; that is, every one of
the N instructions is replaced by an encoded instruction
of length log,N. When the program is executed, the
memory bandwidth is changed from 32 bits to log,N.
Rather than using the N instructions, Benini used 256 of
the most frequently executed instructions to reduce
memory access frequency. Although the technique
proposed by Benini reduces the memory interface
power, the memory space increases. For example,
Benini [15] reduced the memory access frequency by
11% to 33% but the code size for the on-chip version
was increased by 49% to 71%. Although Benini [17]

proposed another method to improve the cost in
memory space, Netto [11] pointed out his method
results in 30% cache access time. Moreover, because the
addresses of instructions are changed, an address
transformation overhead is needed. In addition, the
benefit of memory access reduction may be affected by
the different code sizes of applications.

If the code size of an application is small enough, the
memory access ratio can be reduced. However, the
benefit gained from reducing the memory access
frequency may be affected due to the different code
sizes of different applications. In addition, when the
instruction addresses are changed, the ability to access
the memory requires an extra LAT transformation.

In this paper, we address the problems associated
with power consumption and performance in a
cache-free embedded system based on the selective
code compression scheme.

3. Proposed Architecture and Design of an

Embedded System

In this section, we present our design that reduces the
memory access ratio to improve power and performance
in a cache-less embedded system. We use the locality
property to improve performance and power
consumption. First, we run an application to get a trace
file and then compute the frequency of the executed
instructions. According to the results, we deal with the
frequently  executed instructions to  improve
performance and reduce power consumption. In
addition, we also propose using multiple pseudo
instructions instead of just one pseudo instruction to
avoid the LAT transformation.

3.1 Code Compression for

Consumption

Because the major contribution to the system power
budget is the memory bus switching and the number of
memory access times, the frequency of accessing the
memory in a cache-less embedded system has the
greatest effect on system performance and power
consumption. According to the locality of executed
programs, 10% of the object codes take up 90% of the
execution time; that is, the number of memory access
times to retrieve the most frequently executed
instructions dominates a great part of the total memory
access.

Power

(@ Static Codes (b) Trace Codes

Address  Code Instructions Address  Code  Instructions

00008000 : €59f0034 LDR r0,0x803¢
00008004 : £59f1034 LDR r1,0x8040
00008008 : €59f3034 LDR r3,0x8044
0000800C : 1500001 CMP 10,11
00008010 : 02000003 BEQ 0x8024
00008014 : £1510003 CMP rLr3
00008018 : 34902004 LDRCC r2,[10].#4
0000801C : 34812004 STRCC 12,[r1].#4 0000802C : 1530001 CMP 13,11

00008020 : 3afffffo  BCC 0x8014 00008030 : 34832004 STRCC r2,[13] #4
00008024 : e59f101c LDR r1,0x8048 00008034 : 3afffffc _BCC 0xB02c
00008028 : 3302000 MOV 2,40 0000802C : 61530001 CMP 13,11
[0000802C - 1530001 CMP_ 13,11 00008030 : 34832004 STRCC r2,[r3] #4
100008030 : 34832004 STRCC r2,[r3]#4 00008034 : 3afffffc _BCC 0x802¢
00008034 : 3afffffc BCC 0x802¢

00008038 : ea0005ab B Ox96ec

00008000 : 5970034 LDR r0,0x803¢
00008004 : 5971034 LDR r1,0x8040
00008008 : €59f3034 LDR r3,0x8044

0000800C : 1500001 CMP r0.r1
00008010 : 02000003 BEQ 0x8024

00008024 : e59f101c LDR r1,0x8048

00008028 : 3202000 MOV _r2.#0 R

Repeat 11797 times

0000802C : 1530001 CMP r3,r1
00008030 : 34832004 STRCC r2,[13] #4
00008034 : 3afffffc _BCC 0x802c
0000802C : 61530001 CMP 13,11
00008030 : 34832004 STRCC r2,[r3) #4
00008034 : 3afffffc  BCC_0x802c
0000B02C - 61530001 CMP 13,11
00008030 : 34832004 STRCC r2,[13] #4
00008034 : 3afffffc  BCC 0x802c
00008038 - a0005ab B Ox9oec  —

Figure 1. The static codes and the trace codes of the partially

e P R ERA™ SR Bt ARl eSO SRR THB®Hace codes of a

partially executed program segment for the timing
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benchmark are given. Figure 1 (a) shows the static code
segment and Figure 1 (b) shows the executed trace
codes for the static code segment. From the result of the
trace codes shown in Figure 1 (b), we see that retrieving
the three instructions, e1530001, 34832004, and 3afffffc,
dominate the majority of the total memory access
frequency. Thus, if we can reduce the number of
memory access times to retrieve the three instructions,
power consumption can efficiently be reduced. As a
result, the main objective is to reduce the number of
memory access times to retrieve the most frequently
executed instructions in order to save power.

The basic ways to achieve this objective are: 1)
obtaining multiple instructions in one 32-bit width
memory access by encoding the most frequently
executed instructions and keeping these multiple
instructions in the decompression engine for successive
execution, and 2) packing several continuous encoded
instructions into a special pseudo instruction. The
decoded multiple instructions kept in the decompressed
engine are obtained by a one-time memory access and
are very likely to be executed quickly because of the
space locality property. As a result, the number of
memory access times can be greatly reduced.

313029282726 2524 2322 212019181716 151413121110 9 8 7 6 5 4 3 2 1 0
[111 aJo]x x x x x X x X x X X X X X X X X X X X X X X X X X X]

Figure 2. Unused instructions in the ARM instruction set

Step 1: Running an application to gather the
most frequently executed instructions off-line

Most frequently executed

instructions Original binary code

STMDB__ 13! {r4-r6,r14} | 11 110000
MOV 5l 11100001
MOV 14,0 11100001

Step 2: Encoding the most frequently executed
instructions into code words of a fixed length.
Most frequently execute Step 3: Wrapping the

. I Code words
instructions most frequently
STMDB r13! {r4-r6,r14} | 000000001 executed instructions

MOV 1501 000000010 into pseudo
instructions
MoV 4,0 000000011

The original memory map

The pseudo instruction [ 11110 000000001 ] 000000010 [ 000000011

Figure 3. The process of wrapping the most frequently executed
instructions into a pseudo instruction if the number of instructions in
the reference table is 512

In the following, we describe the encoding method
that retrieves multiple instructions from accessing the
memory just once. First, we run an application to gather
the most frequently executed instructions off-line.
According to the number of the most frequently
executed instructions, we encode the instructions into
code words of a fixed length. For example, if the most
frequently executed instructions are 16, 32, 64 ... or
1024, the encoded instruction is 4, 5, 6, ... or 10 bits in
length, respectively. After these instructions are
encoded, the continuous encoded instructions in the
object code are wrapped into a pseudo instruction where
the pseudo instruction is not used in the embedded
processor’s instruction set. The total length of the
continuous encoded instructions wrapped in a pseudo
instruction is smaller than 32-M bits, where the first M
bits of a 32-bit instruction are used to recognize the
pseudo instruction. For example, Figure 2 shows the

pseudo instruction in the ARM process and the length of
M is 5. As a result, a pseudo instruction at most contains
(32-M)/[Log,N] encoded instructions, where N is the

number of the most frequently executed instructions. In
Figure 3, we show the process of wrapping the most
frequently executed instructions into a pseudo
instruction. In Figure 3, the reference table contains 512
instructions, so the size of an encoded instruction is 9
bits. Therefore, the maximum number of encoded
instructions in a pseudo instruction is 3.

MSB  LSB MSB _ LSB

R |

b. The encoded instructions in
memory (encoded).

a. The most frequently executed
instructions in memory (not
encoded)

[1 -- The uncompress instruction.

[1 -- The most frequently executed instruction.
[1 -- The encoded instructions.

[1 -- The pseudo instructions.

I -- Unused.

Figure 4. The most frequently executed instructions in memory
before and after encoding

After encoding and wrapping the most frequently
executed instructions into pseudo instructions, the
addresses of the instructions in the memory become
different from the original ones. Accordingly, a lookup
address table (LAT) data structure is necessary to
convert an old address to a new one. However, this
causes the number of memory access times to double if
the LAT is located in the memory. To solve this
problem, we use multiple pseudo instructions instead of
just one pseudo instruction; that is, if n continuous
instructions in the object code which belongs to the
most frequently executed instructions are to be wrapped
into pseudo instructions and one pseudo instruction can
wrap k instructions, we wrap the first k encoded
instructions of n instructions into the first pseudo
instruction. Then we wrap the second to (k+1)-th
encoded instructions into the second pseudo instruction.
Therefore, in the I-th pseudo instruction, the I-th to
(I1+k-1)-th encoded instructions are wrapped if I+k-1 is
bigger than n. If n is less than k, we use n pseudo
instructions, where the first pseudo instruction contains
all the n encoded instructions, the second pseudo
instruction contains the last n-1 encode instructions, and
so on. Finally, the n-th pseudo instruction contains only
one encoded instruction. As a result, each original
address keeps the original instruction, which may be in
encoded or un-encoded form. The memory maps of the
sample code fragment after encoding are shown in
Figure 4 (a)—(b).

When a pseudo instruction is fetched, the (32 — M)
bits can be decoded to obtain multiple instructions; that
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IS, (32-M)/[Log,N] instructions can be decoded at

most from one access to the memory. To prevent
reference to the memory when the pseudo instruction is
decoded, we place the reference table, which contains
the original form of the most frequently executed
instructions, in the decompression engine. However, the
extra space in the decompression engine is small
because the number of the most frequently executed
instructions is few. For example, if the number of the
most frequently executed instructions is 64 or 128 and
the length of the original instructions is 32 bits, the extra
space for the reference table in the decompression
engine is 256 bytes or 512 bytes, respectively. Figure 5
shows the architecture of our proposed embedded
system.

In such a design, if a pseudo instruction is fetched,
the decompressed engine can extract several instructions
by reading the encoding code words in the pseudo
instructions. Moreover, these instructions are stored
(registered) in the registers of the decompressed engine
for execution in the future. Once the processor issues an
instruction address to fetch an instruction, the
decompressed engine first checks whether the needed
instruction is in the registers of the decompressed
engine. If the needed instruction is in the registers, the
decompressed engine sends the instruction to the
processor to save one memory access. Otherwise, the
decompressed engine sends the address to the memory
to fetch the needed instruction. To achieve this function,
a controller in the decompressed engine is used to
perform these actions. In addition, the controller also
manages the fetched results from the main memory. If a
pseudo instruction is fetched from the main memory,
the controller sends this instruction for extraction to get
several original instructions. On the other hand, if the
fetched instruction from the memory is not a pseudo
instruction, the controller sends this instruction to the
processor.

CPU

Mircoprocessor Controller H—
Core

Instruction
Memory

Frequently
executed
instruction
table

Figure 5. The proposed embedded system architecture with one
reference table

3.2 Multiple Reference Tables

Our method improves performance and saves power
substantially by reducing the memory access frequency,
but the improved result depends on the number of the
most frequently executed instructions and on how many
encoded instructions can be wrapped in a pseudo
instruction. Therefore, the number of the most
frequently executed instructions is closely related to the
object code. If the number of the most frequently
executed instructions is too large, the length of the fixed

| T Ja1s160y
P| z Jas1bay
P| ¢ Jasibay
Pl uJaisibay

encoded code words increases. Thus, the number of
encoded instructions wrapped in a pseudo instruction
becomes less, affecting performance and power
consumption.

To solve this problem, we propose a multiple
reference tables in the decompression engine to make
the encoded code word shorter than a single reference
table. We divide the most frequently executed
instructions into several groups. Each group has almost
the same number of instructions. According to the
number of instructions N in a group, we encode the
most frequently executed instructions in the object code
appearing in the reference tables into code words with
length Log,N. Accordingly, we pack these encoded
instructions into pseudo instructions in the way
mentioned in Section 3.1. In addition, we use some bits
to identify which group these encoded instructions in a
pseudo instruction belong to. Accordingly, we can
decode adequate instructions by accessing the memory
once to reduce the number of memory access times even
if the number of the most frequently executed
instructions is large.

313029282726 2524 2322 212019181716 151413121110 9 8 7 6 5 4 3 2 1 0
L1100 10] | I I 1

Controller

Table || Table |[ Table |[ Table || Table |[ Table || Table || Table
000 001 010 011 100 101 110 111

Multiple reference tables

Figure 6. The pseudo instruction and the system architecture of the

decompression engine with multiple reference tables

Figure 6 shows the encoded instructions in a pseudo
instruction and the system architecture of the
decompression engine with multiple reference tables.
The design of the multiple reference tables is similar to
the design described in Section 3.1. It is different from
the previous method in Section 3.1 in that it requires
some bits in a pseudo instruction to identify the
reference table to which the encoded codes words
wrapped in a pseudo instruction belong. We use the
24-th, 25-th, and 26-th bits of a pseudo instruction to
identify the reference table that is given in Figure 6.
Once a pseudo instruction is fetched from the memory,
the decompressed engine gets the three bits and the
encoded code words from the pseudo instruction. Then,
the encoded words are used as the indices of the
specified table identified by the three bits to get the
original instructions.

4. Experimental Results

In this section, we present our experimental results to
show the improvements in the memory access
frequency and power consumption compared with when
the object code is uncompressed. We used the ARM
STD2.5 simulation tools as our experimental
environment.

In our proposed method, we pack several continuous
frequently executed instructions into a
pseudo-instruction to reduce the number of memory
access times for lower power consumption. We
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computed the number of memory and reference table
access times to estimate the amount of the main power
consumption. The power consumption required to
access the main memory was 4.4nJ. This data was
obtained from the use of four 3V, 64K x 16bit flash
memories from ST Microelectronics (M29W102B)
organized into two 32-bit banks. The power
consumption required to access the reference table in
the decompression engine was obtained from the
CACTI3.0 simulation tool [18] for a 0.25um technology.
The power consumption required for one memory
access using various table sizes is listed in Table 1.

Table 1. Power consumption (nJ) for one access to reference tables of
various sizes

The number of the Reference table size
most frequently (Byte) Energy (nJ)

executed instructions Y
16 64 0.403
32 128 0.413
64 256 0.422
128 512 0.443
256 1K 0.482
512 2K 0.518

% 10|

£ abcdefg abcdefg abcdefg abcdefg abcdefg abcdefg

§ 16 32 64 128 256 512

The number of the most frequently executed instructions

Benchmark Key :
a: timing b: pegwit_e c: pegwit_d d: g72ldecode
e: g72lencode f : sorts g: average

Figure 7. The reduction ratio of memory access frequency resulting
from encoding the different numbers of the most frequently executed
instructions in comparison with the original object code

Table 2. Power consumption with resulting from encoding different
numbers of the most frequently executed instructions

Original | Reference table size (Byte)

Benchmarks | Arch. | 64 [ 128 [ 256 | 512 | 1K [ 2K
Power consumption under various reference table sizes (nJ
g721_decoder || 1.21e-02 [ 9.32¢-03 [ 9.43¢-03 | 8.14e-03 | 7.82¢-03 | 7.40e-03 [8.62e-03
g721_encoder || 8.68¢-03 | 6.92e-03 | 6.67e-03 | 5.79¢-03 | 5.65e-03 | 5.40e-03 |6.16e-03
pegwit d || 1.03e-01 | 9.44e-02 | 8.15¢-02 | 7.48e-02 | 7.16e-02 | 6.63e-02 |7.58e-02
pegwit_e 1.76e-01 | 1.55e-01 | 1.33e-01 | 1.25e-01 | 1.24e-01 | 1.15e-01 |1.30e-01

sorts 6.01e-02 | 4.026-02 | 3.97e-02 | 3.81e-02 | 4.10e-02 | 4.06e-02 |4.59¢-02
timing || 3.696-02 | 3.33¢-02 | 2.776-02 | 2.08¢-02 | 2.266-02 | 2.29-02 |2.75¢-02
As‘glﬁ%e 0% | 17.7% | 24.86% | 32.9% | 335% | 36.22% |26.55%

We simulated the different numbers of the most
frequently executed instructions to compute the memory
access reductions required to save power and improve
performance via encoding the most frequently executed
instructions. We simulated the different size reference
tables which contained 16, 32, 64, ..., and up to 512
instructions for each experiment. In addition, these
instructions were encoded and packed in pseudo
instructions in the object code.

From the simulation results shown in Figure 7 and
Table 2, the number of memory access times after 128
or 256 instructions were encoded was reduced by 40%,
and the power consumption was reduce by about 33% to
36% than an original object code. Although this method
can improve performance and save power substantially
by reducing the memory access frequency, the improved
result depends on the number of the most frequently

executed instructions and on how many encoded
instructions can be wrapped in a pseudo instruction. As
shown in Figure 7, the memory access reduction ratio
when 512 instructions were encoded is lower than the
memory access reduction ratio when 256 instructions
were encoded. Although the execution time taken by the
512 instructions was longer than the time when 256
instructions were encoded, as shown in table 3(a), the
encoded instruction number in a pseudo instruction (two
encoded instructions) is less than that when 256
instructions (three encoded instructions) were encoded.
Table 2 shows that there was a saving of 26.55% in
power consumption when the number of encoded
instructions was 256, the ratio of the power saved was
36.22%. Hence, the number of encoded instructions and
the number of the encoded instructions in the pseudo
instruction are both important. However, in a large
application, there is a larger number of the most
frequently executed instructions that take up a greater
part of the execution time. This fact results in more
times that the memory is accessed because the length of
an encoded instruction becomes longer and there are
fewer encoded instructions in a pseudo instruction. To
solve this problem, we use multiple reference tables so
that the number of frequently executed instructions is
adequate and encoded instructions are small.

Table 3. The ratio of Load/Store instructions to the total number of

instructions and the memory access reduction resulting from encoding
512 instructions into one and two reference tables

(a). The ratio of Load/Store instructions to the total number of
instructions and the execution time ratio of the 256/512 most
frequently executed instructions to the total number of executed
instructions

The ratio of the | The ratio of the
256 most 512 most
Load/Store
Total # of instructions fgiggﬁ?égy fgiggi?;:’y
Benchmarks . execu(ed ratiolto thfe instructions to |instructions to the
instructions ir:gttrauc?igns the total # of total # of
executed executed
instructions instructions
g721_decoder| 2386958 15.05% 90.23% 99.68%
g721_encoder 1719309 14.76% 89.16% 99.75%
pegwit_d 17974432 30.66% 89.71% 98.49%
pegwit_e 30987106 28.86% 86.50% 95.11%
sorts 10727889 27.25% 94.67% 96.84%
timing 7414331 13.12% 99.97% 99.99%

(b). Memory access reduction ratio using one 256 instruction
reference table, one 512 instruction reference table, and two 256
instruction reference tables

The amount of memory The amount of The amount of memory
access frequency f memory agcesg access frequency
Benchmarks reduction using with one Jz?ﬂuec‘?{hrznlécglo; reduction using with two
256 instructions iastructions 256 instructions
reference table reference tables
reference table
g721_decoder 47.34% 38.90% 51.38%
g721_encoder 46.33% 39.25% 52.42%
pegwit_d 43.33% 35.51% 45.77%
pegwit_e 42.00% 34.65% 42.97%
sorts 40.60% 32.47% 39.27%
timing 47.50% 35.87% 49.02%
Average 44.52% 36.11% 46.80%

In our simulation, we used two reference tables,
with each table containing 256 instructions. With regard
to the instruction allocation strategy, we arranged the
continuous instructions in a basic block into the same
reference tables to maximize the number of encoded
instructions in a pseudo instruction. In addition, we
allowed an instruction to appear in both reference tables
to reduce empty slots in a pseudo instruction as much as
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possible. From our simulation results shown in Table
3(b), the number of the memory access times by using
two 256-instruction reference tables was less by 10.69%
on average than the number of memory access times by
using 512 instructions in one reference table. Table 4
shows that power consumption using two
256-instruction reference tables was better by 10.88%
than the power consumption using one 512-instruction
reference table. Based on these results, our proposed
methods can improve system performance and saves
power.

Table 4. Power consumption using one 512-instruction reference table
and two 256-instruction reference tables

Power consumption Power consumption
using one using two

Benchmarks 512-instruction 256-instruction

reference table (nJ) reference tables (nJ)
g721_decoder 8.62e-03 7.10e-03
g721_encoder 6.16e-03 5.01e-03
pegwit_d 7.58e-02 6.49e-02
pegwit_e 1.30e-01 1.14e-01
sorts 4.59¢-02 4.18e-02
timing 2.75e-02 2.27e-02
Average 26.55% 37.43%

5. Conclusion
In this paper, we presented a method for improving
power consumption and performance by reducing the
memory access frequency. The method runs an
application to compute the most frequently executed
instructions and encodes these instructions into shorter
code words. The continuous encoded instructions are
packed into a pseudo instruction to reduce the memory
access frequency. Therefore, once a pseudo instruction
is fetched, several instructions can be decoded in the
compression engine for successive execution. However,
encoding and wrapping the most frequently executed
instructions into the pseudo instructions changes the
addresses of the instruction. This situation results in an
extra reference address table (LAT) data structure that is
required to convert the old address to a new one when a
memory reference occurs. This causes the number of
memory access times to double if the LAT is located in
the memory. To solve this problem, we use multiple
pseudo instructions instead of just one pseudo
instruction. As a result, the proposed method reduces
the memory access frequency efficiently. From our
simulation results, when a 256-instruction reference
table was used, the number of memory access times was
40% lower using our proposed methods than the
memory access frequency using the original methods.
With regard to power consumption, the power
consumption reduced was 33% lower using our
proposed method than that using the original method.
However, the method of encoding 512 instructions
in one reference table causes the number of encoded
instructions in a pseudo instruction to be less than the
number of encoded instructions using the method of
encoding 256 instructions. This fact results in a higher
memory access frequency; that is, once the number of
the most frequently executed instructions begins to take
up a greater part of the execution time, the effect of
reducing the number of memory access times may be

reduced. To solve this problem, we used multiple
reference tables so that the number of frequently
executed instructions is adequate and the encoded
instructions are small. From our simulation results, the
method of using the two 256-instruction reference tables
results in 10.69% less memory access than using one
512-instruction reference table. Therefore, encoding the
most frequently executed instructions and using
multiple reference tables can efficiently reduce power
consumption and improved performance in embedded
systems.
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