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Abstract

Recently reconfigurable devices such as FPGA
have improved performance (gate speed and the
number of gates) and reconfiguration time. To-
day, a reconfigurable device can integrate a large-
scale processor and complex hard-wired logic.
System designers found that they need a high-
performance processor for their reconfigurable
device based systems. To improve processor per-
formance, a multithreaded architecture has been
introduced; however, performance decreases dras-
tically because of cache misses for shared cache
among threads. Moreover, each program that a
multithread processor executes may have very dif-
ferent cache access pattern, so that cache op-
timization for a multithread processor becomes
much more complex compared to conventional su-
perscalar processors. In this paper, we propose a
new cache design which reconfigures cache con-
figuration for each program on reconfigurable de-
vice. We found out optimal configuration for
each program from designed cache configurations,
and estimated improvement rate of reconfigurable
cache. The result shows performance gains of
15.12％ higher than fixed cache design.

Keywords: Reconfigurable Device, Cache Memory，Multi-

threaded Processor, SMT

1 Introduction

Reconfigurable devices such as an FPGA have im-
proved spec numbers (e.g. gate speed, and gate
count) drastically recently. In addition, reconfig-
uration time of a device has improved. Such im-
provement allows system designers to implement
a large scale processor or a complex System-on-
a-Chip (SoC) with processors in a reconfigurable
device. Soft-core processors are offered by numer-
ous companies. ARM core and MIPS cores are
most widely used soft-core processor today. Also re-

cently, venders of reconfigurable devices offer soft-
core processors for SoC system designers. MicroB-
laze of Xilinx [1] and Nios of Altera [2] are notable
example. Although performance of these soft-core
processors has improved, their performance is still
far less than high performance processors such as
Pentium of Intel [3]. Demand of high-performance
processor soft-core for reconfigurable devices has
grown recently to realize much complex SoC.

Multithread architecture is one of the prominent
architectures to improve processor performance.
Multithread architecture uses Thread Level Par-
allelism (TLP). A Simultaneous MultiThreading
(SMT) processor is one of the multithread archi-
tectures. The SMT shares resources such as exe-
cution units and cache memories. It performs two
or more threads simultaneously. It improves com-
putation performance with far less hardware than
a Chip Multi processors (CMP) do. Effectivity of
an SMT is shown in [4]. Today, Pentium4 Hyper-
Threading and Xeon of Intel [3] are commercially
available SMT architecture processor.

SMT is very effective, however, cache contention
and depletion deteriorate performance, as SMT
shares caches among threads. In addition, since
an SMT processor executes multiple thread pro-
grams simultaneously, memory access behavior be-
comes much more complicated compared to a sin-
gle threaded processor. Therefore, cache mem-
ory configuration could affect the performance of
SMT per each executing thread. Usually, the cache
configuration of a processor is static and cannot
be changed so that realizing SMT with such fixed
cache configuration could deteriorate actual perfor-
mance quite drastically.

In this paper, we propose a new cache design
for an SMT processor in a platform of a reconfig-
urable device. This design aims to solve bad point
on cache of multithreaded processor and to improve
performance. In the generality, the cache memory



should suppress the chip area of cache on reconfig-
urable device because it is implemented with both
many dedicated circuits and a processor on a sin-
gle reconfigurable device. This design stimulates
effective utilization of chip area and repression of
cache capacity increase because it does not increase
cache capacity, only change configuration of cache
for performance gain.

Section 2 describes proposed reconfigurable
cache memory. Section 3 shows performance eval-
uations, and we consider memory access pattern of
multithreaded benchmarks in Section 4. Section 5
describes related work, and we conclude in Section
6.

2 Reconfigurable cache mem-
ory

In this section, we briefly review the background
and preliminary study of our proposed cache de-
sign. Then, we introduce the outline of the reconfig-
urable cache memory and actual implementation.

2.1 Background of reconfigurable
cache memory

Memory access pattern is dependent of run-time
behavior of program and data accesses, so that the
optimal cache configuration varies with programs
and data. As a multithread processor executes
different programs simultaneously, memory (cache)
access patterns for a multithreaded processor be-
comes much different from a single threaded pro-
cessor. And sharing cache blocks in threads occur
in cache. Share cache blocks helps using cache effi-
ciently as several threads use same cache block at
regular intervals. Therefore, we consider the opti-
mal configuration of cache that is different between
single threaded processors and multithreaded pro-
cessors.

We have performed a preliminary study to iden-
tify the difference between the optimal cache config-
urations of a single threaded processor and a multi-
threaded processor. We used our execution driven
simulator, MUTHASI (MUlti THreaded Architec-
ture SImulator)[5][6] for the preliminary study.
It simulates an ChiMuS (on Chip Multi SMT)
PE[5][6] and provides a straightforward settings of
processor parameters. We explain the parameters
of MUTHASI in section 3. We executed 64x64 ma-
trix multiplication program while changing cache
parameters. However, the capacity of the cache is

Figure 1: Performance comparison between a single
threaded processor and a multithreaded processor.

fixed to 4KB. Fig.1 depicts the performance com-
parison.

In the figure, the horizontal and vertical axes in-
dicate the number of ways and the number of cycles
respectively. The par chart of the figure shows the
block size of the cache we changed from 16 Bytes
to 256 Bytes. As shown, the multithreaded pro-
cessor performs better at all cache configurations.
Also the graph shows that optimal cache config-
uration for the single threaded processor and the
multithreaded processor is different. In this exper-
imental test, we see that direct map is the best for
both processors, however, the block size of 16 is
best for the single threaded and 256 for the multi-
threaded.

Focusing on this feature of multithreaded pro-
cessor, we consider performance improvement by
the configuration of cache changes each program.

2.2 Outline of reconfigurable cache
memory

In this subsection, we propose a reconfigurable
cache memory that provides the optimal cache
configuration for each simultaneous executing pro-
grams.

Total cache size is fixed, while the number of
ways and the block size are configurable parame-
ters for this cache. As known, number of ways in-
crease suppresses the conflict misses, and stimulates
improvement of performance. But it causes decre-
ment of performance that access time increases.
And increasing block size suppresses the compul-
sory misses, and stimulates improvement of perfor-
mance. However cache miss penalty increases at
the same time as transfer block data between cache
and memory increases. Considering this trade-off,
we propose the reconfigurable cache memory.

Changing tag and addition of multiplexers occur



Table 1: The Parameters of designed cache mem-
ory.
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when number of ways and block size has changed,
so that amount of hardware changes. But this influ-
ence is very little, because the majority of amount
of hardware for cache is cache capacity [7].

Only data cache (D-cache) is reconfigured since
the locality of instruction cache (I-cache) is high
enough comparing with D-cache.

There are two possible schemes to reconfigure
the data cache: before execution of program or be-
tween program switching. Reconfiguration is ini-
tiated by system software such as operating sys-
tems. Reconfiguration may require longer time, if
we use conventional reconfigurable devices such as
commercially available an FPGA. In this case, to
avoid time loss, we reconfigure the cache once be-
fore executing programs. However, recently more
true dynamic reconfigurable devices [8] have been
available. These devices offer pseudo real time re-
configuration performance. Therefore, we think the
time loss for reconfiguration will not become se-
rious issue in the near future. In addition, if we
use partial reconfiguration [9], we can change only
configuration of cache, and reconfigurable time is
shortened more.

2.3 Design of proposed cache mem-
ory

To evaluate the proposed reconfigurable cache
memory, we have designed various reconfigurable
caches shown in Table.1. The cache memory is im-
plemented in an execution-driven simulator such as
MUTHASI. The cache structure is that separated
L1 instruction cache and data cache, and shared
L2 instruction and data cache. LRU is adopted for
cache replacement. All caches are write-back. As
mentioned previously, each thread has dedicated
L1 instruction cache. L1 data cache is, however,
shared among all threads.

The cache capasity is fixed. Within the restric-

Table 2: The increment of lantency.
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Table 3: An environment of simulation.
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tion, we varied the number of ways and the block
size of L1 data caches to find the optimal cache
configuration for each program (Table.1). In our
experiment, we also varied the cache size though it
is not a part of reconfigurable parameters.

In general, an increasing number of ways brings
long cache access time, and an increasing block size
causes cache miss latency between L1-cache and L2-
cache. We have set amount of cache access time and
latency shown in Table.2 when we change number
of ways and block size. The cache access time and
latency are important parameter in this study, so
that, we have set the cache access time and latency
shown in Table.1 and Table.2 referring [7], [10], [11]
and [12].

3 Performance evaluation

In this section, we show the result of our experi-
ments. We measured the performance of the recon-
figurable caches using the MUTHASI [6] and the
cache memory simulator we designed. The param-
eter on evaluation is shown in Table.3.

We developed 3 different thread configurations
for our study. 1AT (Architecture Thread) is a
single threaded processor, 2AT and 4AT are multi-
threaded processor. We run three programs; among
them LU and Radix are taken from SPLASH-2
benchmark[13].

- 128× 128 LU matrix decomposition (LU)



Table 4: Optimal configuration, cycles, speed up
rate and hit rate of 4KB.
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��������� 	�
���
���� ��� ������� ��� ����������
���� 
��!� "#� �$� 
��!�

% ���&�('*)�+,
��.-/)10 %�2 )&3�04)65�7�3�7 398 3�3�: 5�5�8 3�;�:
< �����=�$'?>�+@
A�.-#>�790 %�2 )�)&7�>�B�3�>�7 CED�8 ;�7�: 5�5�8 04)�:

>GFIH % ���&�('*)�+,
��.-/)10 %�2 0�J�7K)&J�D�J 0�D�8 >�3�: 5�;�8 0�56:
BGFIH % ���&�('?B�+,
��.-L0�B %�2 7�5�5�J�3�>�5 D�D�8 >�3�: 5�5�8 >K)�:

)=FIH

- 64× 64 Matrix multiplication (Matrix)

- Radix sort, cardinal number：8 (Radix)
However, in this paper, due to the page restric-

tion we omit results of Matrix and Radix. We cre-
ated a parallel macro for all programs to suit mul-
tithreaded architecture.

3.1 Evaluation result

The evaluation result of LU is shown in Fig.2. As
for the graph, the vertical axis of the bar graph (left
side) shows number of cycles, and the vertical one
of the line chart (right side) shows the hit ratio.
The horizontal axis of the bar graph shows cache
capacity and the number of ways. And the pattern
of the bar and line shows block size of 16 Bytes ～
256 Bytes.

LU improves its performance with increasing
AT. On the whole, improvement of performance is
realized by 2AT compared with 1AT. And improve-
ment of performance is realized by 4AT compared
with 2AT. In addition, if we multithread a proces-
sor, the optimal configuration of cache changes sig-
nificantly.

3.2 Optimal configuration of cache
memory

From the evaluation result, Table.4 summaries the
optimal configuration of cache of our experiments.
It shows the hit rate of the cache configurations
and performance improvement, where speed up rate
based on performance of 1AT (single threaded pro-
cessor).

　 (a) 1AT

　 (b) 2AT

　 (c) 4AT

Figure 2: Evaulation result of LU.

As shown, multithreading improves performance
significantly, especially for LU and Radix. To ex-
ecute LU, 2AT improved performance by 51.54
％, and 4AT achieved 79.46 ％ improvement. On
Radix, the best configuration of 2AT improves by
67.70 ％ comparing with 1AT, and 4AT is 77.20
％ higher than 1AT.

Also shown in the table, the optimal cache
configuration for multithreading becomes different
from a single threaded processor. Moreover, the



Table 5: Optimal configuration of 4KB on 2AT.
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best configuration depends on the program to be
executed. In our experiment, we found that for LU

a : (the number of ways = 2, the number of block size
= 64Bytes) for 1AT,

b : (the number of ways = 4, the number of block size

= 128Bytes) for 2AT.

derive the best performance. For Radix ex-
periement, we found

a :(the number of ways = 1, the number of block size
= 16Bytes) for 2AT,

b :(the number of ways = 4, the number of block size

= 64Bytes) for 4AT.

are the best cache parameters.
Based on Table.4, we show the optimal config-

uration of 2AT for each benchmarks in Table.5.
We can state that the cache configuration affects
the performance of multithreaded processor signif-
icantly. To reconfigure the data cache, we can
achieve much better performance while fixing the
cache size and the number of threads. The opti-
mal configuration in LU and Matrix is 128 Byte in
block size. But, this configuration causes perfor-
mance decrement in non-continuous access, which
does not employ in general cache of static device.
However, these particular kind of configuration is
effectively in the specific program. Thus the ef-
fectivity of the reconfigurable cache memory which
can actualize the particular configuration is much
higher.

3.3 Performance improvement of re-
configurable cache memory

This subsection shows the performance improve-
ment rate of reconfigurable cache memory. For
example, we consider executing LU, Matrix and
Radix continuously in 4KB in cache capacity and
2AT. Here, we have named four configuration of
cache (A), (B), (C) and (RECONF) respectively.

(A) : The configuration is fixed with 4-way/128Bytes

(B) : The configuration is fixed with 1-way/128Bytes

Figure 3: Performance comparison of cache config-
urations.

Table 6: Improvement of reconfigurable cache
memory.
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(C) : The configuration is fixed with 1-way/16Bytes

(RECONF) ：The reconfigurable cache memory

The performance comparison of cache configura-
tions is shown in Fig.3. And the rate of improve-
ment of reconfigurable cache memory is shown in
Table.6.

From Fig.3, (RECONF) improves the perfor-
mance compared with the fixed configuration. And
from Table.6, the rate of improvement is 15.12％
compared with (B).

We have studied the performance comparison in
three benchmarks and four configurations of cache.
However the reconfigurable cache memory is effec-
tive in another condition. Especially, we expect
the reconfigurable cache memory can gain much
higher performance when programs needing partic-
ular configuration are executed.

4 Memory access pattern of
multithreaded benchmarks

In this section, we analyze the algorithms further to
assess how multithreaded approach improves per-
formance, and the cache optimization contributes
performance improvement.

4.1 LU matrix decomposition

LU from the SPLASH2 divides matrix into small
block of B×B (shaded area on Fig.4) and calculates
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by this small block. The processing of LU is divided
into four processing of lu0, bdiv, bmodd and bmod
such as Fig.4. Due to space limitation, we explain
only the bdiv.

The bdiv performs vector subtraction of k-th row
from j-th row as aj − dj,kak such as Fig.5 (j＜ k),
where the block of processing object is matrix A
(ay,x), and the block of diagonal is matrix D (dy,x).

By multithreading, the bdiv allocates a thread
into the matrix A of subject to processing object,
to do thread parallelization. And by the subtrac-
tion of vectors, the memory access works on the
direction of rows.

In LU, the spatial locality is high because the
access of rows direction is requested. By multi-
threading, it is parallelized, and the spatial local-
ity becomes much higher. Therefore, block size in-
crease achieves hit rate improvement. When cache
capacity is small, index conflict happens, and the
hit rate is improved by the increasing number of
ways.

4.2 Matrix multiplication

The Matrix is a benchmark programmed by the
authors. In thread parallelization, the matrix of
this study divides the column of matrix B into M
equal parts, where M is number of threads doing
parallelization. Memory access pattern is shown in
Fig.6. The matrix A accesses to row direction, and
the matrix B accesses to column direction.

In this case, the spatial locality is high, because
the row access is linear. By multithreading, the
spatial locality becomes higher because multiple
threads use one row. The hit rate is improved by
the increasing block size such as LU.

A B C

Thread  0
Thread  1

Thread  2
Thread  3

...........

...........

Figure 6: Memory access pattern of Matrix.

Thread 0 Thread 1 Thread 2 Thread 3

Xn=0 Xn=1 Xn=2 Xn=3 Xn=4 Xn=5 Xn=6 Xn=7

Xn+1=0 Xn+1=1 Xn+1=2 Xn+1=3 Xn+1=4 Xn+1=5 Xn+1=6 Xn+1=7

Thread1
Start

Thread1
Start

Thread1
Start

Thread1
Start

From

To

Thread0 Thread1 Thread2 Thread3

Figure 7: Memory access pattern of Radix.

4.3 Radix sort

The main processings of Radix are data sort and
data access.

The main processings of Radix are data sort and
data access. The array“From”in Fig.7 had sorted
until n-th digit in octal notation. Fig.7 shows the
memory access pattern to store the data, sorted by
n+1-th digit, in the array“To.”And each zone in
the array“ To” is further divided into ATs.

The Radix accesses linearly in each zone of the
data array“From.”But the working-set of Radix is
diffusive because the distributed access in the data
array“To.”Therefore, the locality of memory ac-
cess pattern is small, and the area of the data array
increases by large cardinal number. The memory
access pattern of Radix is similar to random access,
so that, Radix is improved the performance by mul-
tithreading, but the optimal configuration of cache
does not change compared with single-thread pro-
cessor.

5 Related work

In this section, we highlight related works in our
study.

Ranganathan et al have proposed the design of
dividing cache in [11]. This design divides a set as-
sociative cache into several caches as usage. Ran-
ganathan have employed this design for a media
processing, and Tanaka have applied this design to
the multi-threaded processor [14]. Suh et al who



has focused on the temporal locality of a thread in
a multi threaded processor, divides L2-cache into
each thread [12]. These studies use a fundamental
configuration of cache, and divide cache. There-
fore, they propose designs of dividing cache rather
than reconfiguring cache.

Kim et al has proposed the design which re-
configures cache to dedicated circuit using recon-
figurable device as with our study [15]. Kim has
focused on an unallocated portion of a cache in
a media processor. This design releases an unal-
located portion of a cache on an FPGA, and re-
configures its LUT (Look Up Table) to dedicated
circuit such as FIR filter. In contrast, the recon-
figurable cache memory of our study is the design
which focuses on cache only, so that, the recon-
figuration becomes simpler, and general versatility
is higher. And this design stimulates effective for
utilization of chip area and repression of cache ca-
pacity increase because it does not increase cache
capacity, only changes number of ways and block
size for performance gain.

6 Conclusions

In this paper, we proposed a new cache design
to optimize cache performance for a multithreaded
processor. As we examined in section 3 and 4, cache
access pattern varies for each program and data.
Under the constraint of the cache capacity of a pro-
cessor, to adapt the parameters of a cache memory,
the number of ways, and the size of block, we found
that we can achieve more than 15.12％ performance
gain.

In this paper, we found the optimal configuration
of cache by the evaluation. When it’s used for real,
there are two presumable ways to find out optimal
configuration. The one hand, the way to find by
statistics with data of cache performance. Or the
other hand, the way to find by scheduling of cache
configuration by admission test.

Although the evaluation presented with
OChiMuS PE in this paper, the proposals made in
this research are not limited to this architecture.
For example, the reconfigurable cache memory is
applicable easily on commercial multi-threaded
processor implemented on a reconfigurable device.
And the optimal configuration of cache is also
changed by a program on 1AT (single threaded
processor) in the evaluation. Therefore, we con-
sider our cache design is available not only on
multithreaded processor but also single threaded
processor.

We plan to estimate strategy of block replace-
ment as configuration parameter. After that, we
will develop a reconfigurable cache memory, and
will consider a new model of reconfigurable cache
memory.
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