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In this paper, we propose an advanced high-level cache management policy based
on the processor access information, named as L1VPAI (L1 plus Victim cache with
Processor Access Information). The L1VPAI is a cache replacement policy that uses the
frequency of the specific cache line. In this policy, conflicted lines in the L1 cache are
placed selectively in the victim cache or the level 2 (L2) cache based on previous mem-
ory access patterns. In this manner, the L1VPAI policy can make the frequently used
address of cache locations reside longer in the high-level caches. We simulate our policy
with RSIM, the event-driven simulator, and analyze the simulation results. The smula-
tion results show that the average execution time of the L1VPAI outperforms the simple
victim cache (L1V) by up to 6.44%. Moreover, performance gain is expected to increase,
in the case of multiprocessor systems.

Keywords: hierarchical memory system, L1 cache, victim cache, cache replacement pol-
icy, processor access information

1. INTRODUCTION

In recent years, the speed gap between microprocessors and dynamic memories has
steadily increased. The key reason for this is that improvements in processor perform-
ance have outpaced that of the main memory performance. Further, processor technolo-
gies like pipelining and superscalar reduce the CPI significantly, but the reduction of
average memory access time is meager. Therefore, there is a processor memory per-
formance gap that computer architects must try to close[1].

To reduce the speed gap between processor cycle time and memory access delay,
the hierarchical memory system was proposed. An L1 cache in its hierarchy is very ef-
fective in reducing average memory access time. Due to temporal or spatia locality, the
small and fast L1 cache is able to satisfy most memory requests issued by the processor,
and there is no need to wait for slow a main memory response in most cases. However, a
prablem still remains. If the L1 cache does not provide enough hit rate, frequent cache
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line replacements will be generated, and this makes the memory’s response time much
slower. To support an enough hit rate without impairing access time, victim cache, an-
other high-level cache, was proposed by Jouppi [2]. The victim cache contains the blocks
that are discarded from the L1 cache, to give a second chance. On a processor’ s reference
miss, the victim cache is usually checked in parallel with L1 cache to see if it has the
desired data before going down to the next lower level cache. In this way, the victim
cache reduces the conflict misses without impairing average memory access time.

Although the victim cache is effective when frequent conflict misses occur, the vic-
tim cache does not consider whether the conflicted data will be re-accessed again or not
in the near future. Generally, there always exist frequently accessed parts in application
programs, especially in the case of recursive or loop structure. However, this is not true
in some application programs depending on the implement of their data structure. John-
son, et al. showed the main loop body of the 026.compress program from the SPEC
benchmark suite, and demonstrated the re-accessibility [3]. As shown in their research,
the original victim cache policy does not provide adequate hit rate in this case. To over-
come this problem, we propose an advanced high-level cache management policy, named
as L1VPAI, based on the Processor Access Information. The L1VPAI is a cache re-
placement policy that uses the frequency of the processor’s memory accesses and makes
the higher frequency address of cache locations reside longer in the high-level caches
than the briefer ones. This policy divides the data into frequently accessed parts and
non-frequently accessed parts, and conflicted blocks in the L1 cache are placed selec-
tively in the victim cache or the L2 cache by the previous access information of the proc-
essor.

2. BACKGROUND AND RELATED WORK
2.1 Hierarchical Memory System

A memory structure for computer systems is organized hierarchically with L1, L2,
and even L3 caches in its hierarchy. As shown in Fig. 1, memory access time can be re-
duced by adding more cache levels between the processor and the main memory. In a
cache design paradigm, the L1 cache should be small enough to match the clock cycle
time of afast processor, while L2 cache should be large enough to capture many accesses
that would go down to main memory. Thus, L1 cache is usually implemented as low as-
sociative or direct mapped method for fast hit time, whereas L2 cache is implemented as
high associative for low miss rate. Although cache that is implemented by low associa-
tive or direct mapped method is advantageous because of its fast hit time, it suffers from
high miss rate. Hence, the victim cache is used as well to reduce the miss rate of L1
cache. Fig. 2 shows ahierarchical memory system with avictim cache.

In this structure, when the processor’s reference miss occurs in the L1 cache, the
newly fetched data from the L2 cache is allocated in the L1 cache and the conflicted line
in L1 cache moves to the victim cache, not to the L2 cache. In this way, the victim cache
has the lines that are discarded by the previous conflict missesin L1 cache. Thisis very
effective because there are usually much re-referenced data in application programs, and
the victim ache plays the role of giving a second chance to the previous conflicted data
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by supplying the data directly without going down to the L2 cache. Norman P. Jouppi
found that a victim cache of one to five entries is effective at reducing conflict misses,
especially for small, direct-mapped caches. He also showed that, depending on the pro-
grams, a four-entry victim cache removes 20% to 95% of conflict misses in a 4KB di-
rect-mapped cache [4].

2.2 High-L evel Cache Management Policy

Several methods have been proposed to manage the high-level cache efficiently.
First, the STS modd [5] shows the STS cache design and formally defines the locality
type. In addition, the MAT model [6] classifies memory space into frequently referenced
areas and non-frequently referenced areas. On the other hand, Dual Cache [7] divides the
cache into split temporal and spatial cache. Selective Cache [8] is able to provide the
ability to disable a subset of ways in a set-associative cache during the period of cache
activity mode. Also, many other evaluations have been performed on the victim cache as
wdll, including Selective Victim Caching [9]. In Selective Victim Caching, the incoming
blocks of the L1 cache are placed selectively in the main cache or small victim cache by
a prediction based on past history. Interchanges of blocks between the main cache and
victim cache are also performed selectively.

3.HIGH-LEVEL CACHE MANAGEMENT WITH PROCESSOR
ACCESSINFORMATION

3.1 Cache Replacement Policy

In the hierarchical memory system which includes the victim cache, the high-level
cache management is as follows. The memory system searches L1 cache lines to find a
correct entry when a processor request is generated to the L1 cache. If the correct entry is
found, the tag and valid field are checked. If the tag does not match, the processor’s re-
guest moves down to the L2 cache. However, if the memory system includes a victim
cache, the victim cache is searched in paralel with the L1 cache to see if it has the de-
sired data or not. If the requested data is found in the victim cache, the victim cache re-
sponds to the processor’'s request and then the requested line in the victim cache is
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re-allocated in L1 cache. On the other hand, if both L1 and victim cache do not have the
requested data, the request moves down to the L2 cache, and the requested data in L2
cache (if exists) is loaded into the L1 cache. At this time, the conflicted line in the L1
cache is moved to the victim cache, and one of victim cache entries, if it isfully occupied,
moves down to the L2 cache. Fig. 3 shows the operations between L1 and victim cache.
The former shows the case of areference missin both L1 and victim cache, and the latter
shows the case of areference hit in victim cache.
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Fig. 3. Replacement policy between L1 cache and victim cache.

3.2 Cache Replacement Policy with Processor Access Information

Although the L1 cache and victim cache together increase the hit rate of frequently
re-referenced data which causes conflict misses, this structure allocates the conflicted
data to the victim cache without any concern for re-use, and even allocates data which
will not be re-referenced again. To avoid this unnecessary data alocation, we use the
processor access information to predict whether it will be accessed again or not. In this
policy, we divide cache management policy into 1) replacement between L1 and victim
cache, and 2) replacement between L1 and L2 cache. That is, the conflicted lines in the
L1 cache are replaced selectively to the victim cache or the L2 cache, based on the pre-
vious access pattern. In this section, we suggest how to obtain the access information
from the processor’s request, and propose a new high-level cache management policy,
called L1IVPAI (L1 cache plus Victim cache with Processor Access Information).

To predict whether the line will be re-accessed again, we should store the access
patterns of the previous requests. For this purpose, we add “ Access Pattern Bit (AP bit)”
to each cache line. The AP bit is similar to a counter, which stores the number of ac-
cesses for each cache line. If anew cache line is alocated, the value of the AP bit in the
requested lineis set to 0, and the counter increments when processor access occurs. The
AP bit is implemented as a saturated counter. If the counter reaches its maximum value,
it does not increase its value and just maintains the maximum value. In this way, when
the cache line is replaced, we check the counter value with a predefined threshold value
to decide whether the line is re-accessed or not. If the counter value is greater than the
threshold value, we predict that the replaced line will be accessed again in the future. Fig.
4 shows the normal cache line and the modified cache line which contains the AP bit.
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Fig. 4. Structure of L1 cacheline.

An example of the operation of the LIVPAI policy is implemented as follows. A
processor issues a data request to the L1 cache, and then the L1 cache and the victim
cache are searched in parallel to check if they have the desired data. If the requested data
isfound in the L1 cache, the requested data is transferred to a processor, with increment-
ing the counter of the requested cache line. On the other hand, if the requested data is
found in the victim cache, it is transferred to the processor, and the requested line in the
victim cache is moved to the L1 cache line. At this point, the counter value of the con-
flicted linein the L1 cache (i.e., AP bit) is checked to see whether its value is larger than
the threshold value. If the counter value is larger, the replacement occurs between the L1
and the victim cache. If the counter value is smaller, the replacement occurs between the
L1 and L2 caches. Also, if the requested datais missed in both the L1 and victim caches,
the requested data is loaded from the L2 cache and is placed in the L1 cache. Then the
counter value of conflicted line in the L1 cache is checked. If the counter value is larger
than the threshold value, the conflicted line is moved to the victim cache. If not, the con-
flicted line is moved to the L2 cache. Fig. 5 shows two scenarios which use the processor
access information: read hit in victim cache, and read missin all high-level caches.

1) read request 1) read request
. t 2b) miss
2b) hit
1 2a) missf—{ AP]
2a) miss —* AP | .
I 3) if counter is valid,
3) if counter is valid, swap. replace victim cache line
Read Hit in Victim Cache Read Miss in All Cache

Fig. 5. Replacement policy with processor access information.

However, victim cache usually plays a major role of resolving the so caled
Ping-Pong effect. In this case, reduction of frequent conflict misses in a short period of
time is critical for overal system performance. Therefore, if we focus only on the
re-access information without considering the ping-pong effect, the system performance
will not improve as we expect. Thus, we adjust our policy as follows. In case of cache
lines that cause the Ping-Pong effect, we just use the original victim cache policy. A pol-
icy adjustment is a case of “missin L1 cache and hit in victim cache.” In this case, we do
not use the access information in order to resolve the Ping-Pong effect. Instead, we just
load the requested entry of victim cache to L1 cache and the conflicted line in L1 cache
moves to victim cache. In other words, the processor access information is applied only
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when the reference miss occurs in both L1 and victim cache. Fig. 6 shows an example of
the adjusted high-level cache replacement policy

1) read request

2b) hit
2a) miss [—» AP Y

3) if victim hit, don't use
counter value. Just swap.

Fig. 6. Replacement policy adjustment in case of “Hit in Victim Cache”.
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3) if the result of FT- ANDed bit is 0,
the line is transferred to victim
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2) miss —»f AP

v

empty

Fig. 7. Management of empty victim cache.

Fig. 7 shows another adjustment for the L1VPAI policy. The FT bit is newly added
in the victim cache. The FT bit is 0 when the entry of avictim cache isavailable and is 1
when the entry of a victim cache is occupied. The output of the AND gates for each FT
bit (FT-ANDed) indicates whether there exists available victim cache entries. If the out-
put of the FT-ANDed is O, the victim cache till has available empty entries and if the
output of the FT-ANDed is 1, the victim cache is fully occupied. In this manner, we do
not use the processor access information if the output of the FT-ANDed is O. Instead, the
conflicted line in the L1 cache is just moved to the victim cache. This is for the resolu-
tion of the empty victim cache problem. That is, some parts of the victim cache may be
empty at an early execution time. Cache flushing due to the cache coherence protocol is
another factor that causes an empty victim cache line. In addition, some entries of the
victim cache may be invalidated by other processors requests or inclusion property. In
theses cases, there may be no candidate lines in the victim cache to replace the line with
L1 cache, so we just use the original victim cache policy when FT-ANDed is 0. In other
point of view, if there are available entries in the victim cache, we just use them because
the victim cache entries are currently available. It helps utilize the victim cache more
efficiently. Fig. 7 shows the scenario of an empty line management in the victim cache.
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Finally, Fig. 8 shows the overall agorithm of the L1VPAI policy. It utilizes the
processor access information in addition to the considering the ping-pong effect and the
empty victim cache management.

[ Memory Initialization, AP bit and FT bit reset
Memory_Init();

while(Processor_Request()) {

Case 1: Accessto block b, hit in main cache;
/I Increment the Counter Value
if (AP_count[b] < Access Threshold) then
AP_count[b]++;

Fetch_to_Processor(b);

Case 2: Accessto block b, hit in victim cache;
Let a be the conflicting block in main cache;

/I cache replacement without access information
interchange a and b;

reset(AP_count[b]);
Fetch_to_Processor(b);

Case 3: Accessto block b, missin both main and victim;
Let a be the conflicting block in main cache;

Fetch_from_L 2Cache(b);

/I check the result of FT-ANDed
if (! FT-ANDed) then

move ato victim cache;
move b to L1 cache;

/I compare the counter value with access threshold
elseif (AP_count[a] >= Access_Threshold) then

move ato victim cache;
move b to L1 cache;

dse
move ato L2 cache;
move b to L1 cache;
end if

reset(AP_count[b]);
Fetch_to_Processor(b);

Fig. 8. High-level cache management policy (L1VPAI).
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4. PERFORMANCE EVALUATION

In this section, we simulate and analyze the performance of the L1VPAI policy. We
use the execution driven simulator, RSIM [10], to evaluate the performance of our policy.
The RSIM, which stands for the Rice Simulator for ILP Multiprocessors, is a software
package designed to evaluate shared memory multiprocessor architectures built from
state-of-the-art processors. In the multiprocessor system features, the RSIM supports the
sequential consistency memory model, wormhole-routed mesh network, and MESI co-
herence protocol. The RSIM directory protocol and a cache controller support cache-to-
cache transfers as well. For system parameters, we assume that processor frequency is
1GHz, and system bus frequency is 100Mhz. L1 cache size is changed from 8KB to
32KB, and cache line size is 32Bytes. Victim cache is fully associative and has four en-
tries. We randomly select FFT, MP3D, RADIX, LU, and WATER from SPLASH/
SPLASH-2 [11] as workloads.

The value which gives a clear distinction when changing the cache replacement pol-
icy isthe miss rate of the cache memory system. First we determine an adequate counter
size asthe AP bit. Thisis the factor in deciding the re-access information for each cache
line. Furthermore, after selecting the appropriate counter size, we can deduce the addi-
tional hardware costs in the cache module. Fig. 9 depicts the average miss rate for each
cache size for five benchmark programs when we change a threshold value of the counter.
The candidate counter value is changed from 2 to 5, and the numbers of processors are 1,
4, and 16. CNT in this result means the threshold value. As shown in Fig. 9, the best sce-
nario is the case of “CNT = 2", and thus we use the “CNT = 2" as the threshold value to
predict the re-access of the cache line. These results additionally indicate that each ap-
plication program may in general have two parts. The two parts are a sequentia part that
is executed once and an iterative part that is executed repeatedly. The sequential part is
executed “once” and the counter value will not be 2, and the iterative parts like a loop-
structure will be executed “more than once” and the counter value will be at least “more
than 2”. Therefore, “CNT = 2" is enough to predict the processor’ s next access.

COUNT VALUE

10%

8% = e
6% [= i
4% m aPi6
2%

0% n . .

CNT=5 CNT=4 CNT=3 CNT=2

miss rate

Fig. 9. Comparison of counter size.

The miss rates for each benchmark program are shown in Figs. 10 to 12. For each
application, the x-axis is the number of processors, and the y-axis is the miss rate of the
high level cache. The comparison targets are L1V, L1VPAI, and L1VSVC. The L1V
means L1 plus victim cache in the hierarchical memory system, using the original victim
cache policy. The L1VPAI is our policy which uses the processor access information.
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Finally, the L1IVSVC is the Selective Victim Caching policy that was proposed by D.
Stiliadisand A. Varma[9].

Fig. 10 shows the percentage of miss rate when the L1 cache size is 8KB. The miss
rates are generally reduced as the number of processors increases for all applications. As
shown in Fig. 10, the L1V PAI policy outperformsthe L1V policy in all applications, and
it outperforms the L1VSVC policy as well, except LU. Compared to the L1V policy, the
miss rate enhancement is up to 2.43%. The miss rate improvement of three applications
(MP3D, RADIX and LU) is 1.72% on average. In the cases of FFT and WATER, their
miss rates are originally low, so the miss rate enhancements are relatively small com-
pared to other benchmark programs. From these results, we can infer that the miss rate
enhancement of the L1VPAI policy is especially large in cases of high miss rate applica-
tions. Compared to other applications, WATER has similar results regardless of the poli-
cies. We think that this property represents application dependent characteristics, and it
suffers from severe interference of shared data among the processors. The L1VSVC pol-
icy, on the other hand, generally outperforms the L1V policy as well. Though the result
of the L1VSVC palicy has the lowest miss rates in LU, the miss rate of the L1VSVC
policy is higher than the L1VPAI in other applications. Further, the miss rates of
L1VSVC are even higher than the L1V policy in the cases of FFT and WATER.

Fig. 11 shows the 16KB case cache. Compared to Fig. 10, the miss rate in all
benchmark programs is reduced due to the larger cache size. The miss rate reduction of
P16 in all applicationsis especialy large. Thisis due to the enough amounts of cache and
their sizes for each 16-processor. Except for the facts mentioned above, the result of all
applications are similar to the 8KB cache. The L1V PAI policy outperformsthe L1V pol-
icy in all applications, and it outperforms the L1VSVC policy as well, except the LU.
However, the miss rate difference in LU is reduced between the L1VPAI policy and the
L1VSVC policy. In case of FFT, the L1VSVC policy still has the worst result.

Fig. 12 shows the case of 32KB cache. Compared to Figs. 10 and 11, the miss rate
in 32KB cache is reduced more, and the miss rate reduction of P16 is greater than the
16KB case as well. These results are due mainly to the large cache size. For the 32KB
cache, the L1VPAI policy outperforms the L1V policy and it outperforms the L1VSVC
policy as well. The performance improvement is 1.87% on average. Compared to Figs.
10 and 11, the miss rate of LU in the L1VPAI policy is now amost the same as that of
the L1VSVC palicy. From the above, the results of the L1V PAI policy are mostly better
than other cases, and the performance gain is expected to increase as the number of
processors increases in the MP3D, RADIX, and LU cases.

The average execution times of five application programs for each policy are shown
in Fig. 13. In these graphs, the execution times are normalized to those of the L1V policy,
and each execution time is an average value for each cache size. As shown in Fig. 13, the
results are similar to those of the miss rate. Generaly, the L1V PAI policy requires less
time than the L1V policy in all cases, and its enhancement is 6.44% at the most and
2.81% on average. The performance improvements of average execution times are more
than those of the miss rate, especially in P4 and P16. This is due to the miss penalty.
Within our survey and knowledge, our research is the first to evaluate the performance
improvement of the average execution time with the victim cache policy in parallel sys-
tems. In parallel systems, the miss penalty requires local bus transactions and, sometimes,
global network transactions. In the latter case, the miss penalty is larger than the case of
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single processor systems and it becomes much larger if it requires long-distance global
network transactions. The results of our L1VPAI policy are especialy good in cases of
MP3D, RADIX, and LU. For these three applications, the performance improvement is
4.18% on average.

5. CONCLUSIONS

The hierarchica memory system is a general solution to reduce the time gap be-
tween processors and main memories. In this paper, we proposed a new high-level cache
management policy with the processor access information (L1VPALI). Inthe LIVPAI, we
used the access pattern bit (AP bit) to trace memory access patterns. As a result, we
showed the possibility of changing the high-level cache replacement policy with this
information. In addition, we can resolve the empty victim cache problem and the
Ping-Pong effect by suggesting use of the FT bit and some adjustments. Our advanced
high-level cache management policy (L1VPAI) showed better average execution time up
to 6.44% compared to the previous simple high-level cache management policy (L1V). It
also outperformed the Selective Victim Caching policy (SVC). Moreover, the perform-
ance gain is expected to increase in case of multiprocessor systems.
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