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Due to the ease of implementation and the alleviation of memory bottleneck effect,
NUMA system with Remote Access Cache (RAC) has dominated multiprocessor sys-
tems for the past several years. In this paper, we suggest a Multi-Grain RAC to adap-
tively control the RAC line size for each application behavior. We simulate the NUMA
systems with the Multi-Grain RAC using MINT, an event-driven memory hierarchy
simulator, and analyze the performance of Multi-Grain RAC. At first, with a pro-
file-based determination method, we verify the best RAC line size for each application
and then we compare and analyze the performance differences among NUMA systems
with difference RAC line size. The simulation result shows that the worst case can be
mostly avoided in Multi-Grain RAC and, in addition, the results are very close to the
best case with any combination of application and RAC format.

Keywords: NUMA system, remote access cache, cache line size, application behavior,
multi-grain

1. INTRODUCTION

To provide an enough level of parallelism, many multiprocessor systems have been
developed. One of the most representative types among them is the distributed shared
memory (DSM) multiprocessor system [1]. The DSM multiprocessor system can be gen-
erally classified into UMA and NUMA with respect to whether the memory access time
is identical or not. Although UMA is simple and easy to construct, it has some drawbacks
in its scalability, availability, and memory bottleneck effect. To alleviate these problems,
NUMA distribute its memory across each processing node. In NUMA, each processing
node is usually connected via an interconnection network, thus the processor request
which communicates with remote memory far from its local location has a longer re-
sponse time than the request which communicates with the closer one. Therefore, the
reduction of remote memory access delay is critical for overall performance in NUMA
[2]. To resolve this problem, we have additionally used the Remote Access Cache (RAC)
in the NUMA. The RAC is used to cache the data originated from other processing nodes
and is shared by all processors on a local node. Therefore, the NUMA architecture which
contains the RAC is superior to other DSM multiprocessors [3].
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Besides, although the system types are superior to others, the memory performance
is usually affected by memory access patterns, degrees of sharing, and the locality of
application programs, and these characteristics have a close relationship with proper
cache line size. That is, if the cache line is a coarse grain, it is advantageous in applica-
tions having a spatial locality or a sequential memory access pattern. However, if the
grain is too coarse, it may cause many false sharings and unnecessary cache line invali-
dations. The false sharing is the ill effects of poor spatial locality within the cache line
itself. On the contrary, if the cache line is a fine grain, it is advantageous in the reduction
of many unnecessary cache line invalidations which are caused by the false sharings.
However, if the application program has a sequential memory access pattern, the fine
grain approach generates more transactions than the coarse grain one, in order to fetch
the whole requested data [4].

After all, the problem is the mismatch between adequate cache line sizes and the
application behaviors. However, there is no single cache line size that always satisfies the
best performance for all applications and, moreover, even though we find and use the
exact cache line size by profiling the application, it does not always guarantee the best
result throughout the whole executions. Therefore, we propose the Multi-Grain RAC to
adaptively control the cache line size for each application behavior. It can dynamically
analyze the memory reference patterns in program execution time and change the line
size within the predefined cache line sizes. We are especially focused on the RAC, be-
cause the RAC has high miss rates and huge miss penalties, compared to processor
caches. The followings show the main contributions of our proposal.

e Multi-Grain RAC is the first try to apply the dynamic cache line management to RAC
in NUMA system.

e Multi-Grain RAC does not require any modification of cache coherence protocols.

e Multi-Grain RAC can manage the different grain size for specific memory addresses
at the same time.

e Multi-Grain RAC can control the prefetching data size dynamically. It can increase
the cache line size and moreover it can decrease the line size more adaptively, result-
ing in the efficient reduction of false sharing. Moreover, Multi-Grain RAC manages
the inter-cache blocks, not the intra-cache blocks, and this allows to handle the larger
size granularity, resulting in more efficient prefetching for the continuous sequential
access data.

2. RELATED WORK

In the NUMA system, the miss penalty for the remote memory could be several or-
ders of magnitude higher than the local cache access time. Therefore, memory allocation
or data placement in the NUMA systems is one of main issues in designing the NUMA
systems. There have been several literatures to ensure the efficient memory management.
Wilson et al. [5] show the dynamic page placement scheme to maximize the memory
performance by improving the locality in the NUMA systems. Bhuyan et al. [6] show the
impact of CC-NUMA memory management on the application of multistage switching
networks. Several studies have been proposed to manage the dynamic cache access block.
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Stride-based prefetching is an example of adaptive cache block management by the
hardware implementation [7]. Sub-block placement is another example [1]. The former
technique is for reducing the miss rate by the detection of memory request stride in hard-
ware, and the latter one is for reducing the miss penalty by the division of the cache
block into sub-cache blocks. Adjustable block management [8] and adapting cache line
size algorithm [9] are also proposed. However, [8] should modify the cache coherence
protocol and this factor critically impacts on implementation complexity of the multi-
processor system design. The concept of [9] is similar to sub-block placement, which
manages sub-cache lines within a physical cache line.

3. MULTI-GRAIN REMOTE ACCESS CACHE

Before designing the Multi-Grain RAC, we first choose 32 byte, 64 byte, and 128
byte as candidate RAC line sizes and each size is used as the Minimum (32 byte), Initial
(64 byte), and Maximum (128 byte) data transfer between RAC and remote memory. Fig.
1 shows the basic idea of Multi-Grain RAC. The shaded rectangle in Fig. 1 shows the
referenced cache line (32 byte), and four referenced cache lines make one virtual cache
line. The algorithm for deciding RAC line size is as followings. The system first begins
the analysis of the processor’s memory reference pattern and checks the referenced cache
line status with the initial 64 byte cache line size. When the reference miss occurs in the
RAC, the system analyzes the previous reference patterns, and decides how many lines
are fetched in next time. With this operation, the system makes the state transition into
the Minimum Line or Maximum Line. Generally, if reference patterns are continuous or
sequential, the transition moves gradually to the Maximum Line, and if reference pat-
terns are scattered across cache modules, the transition moves to the Minimum Line.

Other Patterns

Initia]

vte
Other Patterns Other Patterns

Fig. 1. State transition diagram for multi-grain RAC.

The hardware model of Multi-Grain RAC is shown in Fig. 2. The basic structure of
the Multi-Grain RAC is similar to existing RAC, but the Multi-Grain RAC requires four
consecutive cache modules. The RAC is implemented as a direct-mapped cache to ensure
the address continuity. Another difference in Multi-Grain RAC is the R bit in each cache
module. R bit specifies whether the cache line is re-referenced or not and it indicates an
additional reference of the processor, after firstly being placed in each module. And then,
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when the cache line is replaced, four R bit combination is used as the state transition of
cache line size. Finally, the Granularity Determinator, which interfaces with Processor
Local Controller (PLC), decides the state of cache line size. As shown in Fig. 2, the tag
bits and R bit in each module are transferred to the Granularity Determinator. The inter-
nal structure of the Granularity Determinator is shown in the second diagram of Fig. 2. It
is composed of a Granularity Specifier, a Reference Pattern Table, and a Split & Merge
Counter. The goals of these sub-modules are for changing the state and deciding the next
fetch size, when the reference miss of the processor occurs.

Fig. 2. The multi-grain RAC and granularity determinator.

In Multi-Grain RAC, the memory address is transferred from the PLC. For this ad-
dress, the RAC returns the requested data to the PLC and sets the R bit in each referenced
cache block. When any RAC line is replaced in the future, the RAC examines four R bits
in four consecutive cache modules which include the replaced cache block, and then
these R bits are transferred to the Reference Pattern Table. If the same R bit combination
is found in the Reference Pattern Table, the matched Action field is produced, and this
output initiates the G&C (Grain & Counter) field of Granularity Specifier in the Split &
Merge Counter. G&C field has current granularity of specified address and Split &
Merge Counter with new state and old state. In the Counter, the old state and the current
input produce a new state, and this makes the granularity change. Finally, the counter
stores a new grain into the G&C field and line size is transferred to PLC.

Table 1 shows the Reference Pattern Table. The table produces one of four actions.
“SPLIT” or “MERGE” are transferred to the Split & Merge Counter with proper state
transitions. “No Action” produces null-output, i.e., it does not change the state. In case of
“INIT”, it acts as “SPLIT” when the state of current line is Maximum Line, “MERGE”
when the state of current line is Minimum Line, and “No Action” when the state of the
current line is Initial Line.

Fig. 3 shows the state transition diagram of the Split & Merge Counter. If the state
transition changes the state into DIVIDE, the 64(128) byte cache line size is changed into
the 32(64) byte. If the current line size is already 32 byte, the line size does not change.
Similarly, if the state transition changes the state into COMBINE, the 32(64) byte line
size is changed into the 64(128) byte, and if current line size is 128 byte, the line size does
not change. After the counter changes its state, the adjacent four R bits are reset.
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Table 1. Reference pattern table.

The Value of Adjacent R bits Action
1 0 0 0 SPLIT
0 1 0 0 SPLIT
0 0 1 0 SPLIT
0 0 0 1 SPLIT
1 0 1 0 SPLIT
1 0 0 1 SPLIT
0 1 1 0 SPLIT
0 1 0 1 SPLIT
1 1 1 1 MERGE
1 1 0 0 INIT
0 0 1 1 INIT

Other Patterns NO ACTION

@

Fig. 3. The state transition diagram of SPLIT & MERGE counter.

The states, Div_Trans and Comb_Trans, are a means for prohibiting the frequent state
changes and ignoring partial or short temporal granularity change, e.g., job distribution
or synchronization.

Let’s consider the following two code examples. If we assume that the array is
stored in row major order, the first code accesses all the words in sequential and con-
tinuous. On the contrary, the second code skips memory in distances of 1,000 words.
That is, memory access of the second code is scattered across the cache lines about the
distances of 1,000 words. If we assume that the array does not fit in the cache, these two
examples may cause frequent cache misses. However, once recognized by the Granular-
ity Determinator in Multi-Grain RAC, the miss rate in the first code can be reduced by
improving spatial locality through the increase of granularity in the memory address of
the array cont. In case of second code, the memory access pattern is scattered across the
cache lines and the Granularity Determinator reduces the size of granularity in the mem-
ory address of the array scatt.

for (i=0;i<5,000;i=i+1) for i=0;i<1,000;i=i+1)
for (j=0;;7<1,000;j=j+1) for (j =0,/ <5,000;;=7+1)
cont[{][j] =2 * cont[{][/]; scatt[][i] = 2 * scatt[/][{];
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Table 2 shows the additional hardware costs of the Multi-Grain RAC for each RAC
size. By Eq. (1), we calculated the number of required transistors based on the overall
roadmap technology characteristics [10].

Multigrain _ Control _ Portion
SRAM _ Portion + Control _ Portion

Additioinal ~ Cost(%) = x100(%) @9)]

Table 2. Additional hardware cost of multi-grain RAC (Unit: required Tr.).

Cache | Tag- Data- | Valid | Dirty | R Tag- | Grain | Counter | Additional
Size | Arrays | Arrays | Field | Field | bit | Arrays | Field Field Cost (%)

64K 8 128 0.5 0.5 0.5 8 1 1.5 8.02
128K 7.5 128 0.5 0.5 0.5 7.5 1 1.5 7.69
256K 7 128 0.5 0.5 0.5 7 1 1.5 7.35
512K 6.5 128 0.5 0.5 0.5 6.5 1 1.5 7.01

In Table 2, the hardware requirement of conventional RAC is the field from Tag-
Arrays to Dirty Field, and the additional hardware cost that is required in the Multi-Grain
RAC is the field from the R bit to Counter Field. As shown in Table 2, the additional
hardware cost is mostly less than 8.02% and the cost ratio gradually decreases as the
cache size increases. Thus, the hardware cost of Multi-Grain RAC is modest and it may
be trivial as the cache size increases.

4. PERFORMANCE EVALUATION

In this section, we simulate and analyze the relationship between cache line sizes
and the application behaviors and further evaluate the performance of the Multi-Grain
RAC. We use the execution-driven simulator, MINT [11], to evaluate the performance of
the Multi-Grain RAC, and we select FFT, LU, OCEAN, BARNES, RADIX, and WA-
TER from SPLASH-2 [12] as workloads. We conduct our simulation in ring-based eight
4-processor SMP node (i.e., 32 processors) NUMA system.

4.1 The Results of Profile-Based Determination

At first, we find the best cache line size for each application. Then we compare the
results of the Multi-Grain RAC with that of the best cache line size. The miss rates of the
profile-based determination are shown in Fig. 4. The cache size was changed from 64K
to 512K, and the cache line size was changed from 32 byte to 128 byte. As shown in Fig.
4, the miss rates (%) of FFT, LU and OCEAN decrease as the cache line size increases.
On the other hand, the miss rates of BARNES and RADIX increase as the cache line size
increases. From the results, we can infer that FFT, LU, and OCEAN are coarse grain
applications, and BARNES and RADIX are fine grain applications. Compared to other
programs, WATER has a unique result. It is a medium grain application. In case of
WATER, the miss rate decreases as the cache line size increases from 32 byte to 64 byte,
whereas the miss rate increases as the cache line size increases from 64 byte to 128 byte.
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Fig. 4. The miss ratio for each application.

In addition to these results, we can infer another fact; the relationship between the
cache size and the cache line size. In Fig. 4, we can see that the miss rate of FFT with
128 byte line size in 64K RAC is lower than that of FFT with 32 byte line size in 512K
RAC. This result indicates that, although the cache is one of key resources and its size
decision is important, the adequate cache line size decision is sometimes more critical.
On the other hand, the miss rate of LU is much more affected by the actual cache size,
not by the cache line size. It means that, although LU has a sequential memory access
pattern, LU requires much more working sets than FFT, thus LU is more affected by the
actual cache size, not cache line size. We can find similar results in other applications.
RADIX, which is shown in the miss rate of 32 byte line size with 256K RAC and 128
byte line size with 512K RAC, is much more affected by cache line size. BARNES, on
the other hand, is much more affected by the actual cache size. From these results, we
can infer the followings. LU and BARNES require a large working set, whereas FFT and
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RADIX require a small working set, despite their different memory access patterns.
These results additionally show that the adequate cache line size decision is more impor-
tant when the applications require a small working set. From the results, we can confirm
that there is no single “optimal” cache line size for all applications. Therefore, we should
use the Multi-Grain RAC and dynamically change the cache line size for each applica-
tion at the execution time. Anyway, we conclude that, in addition to the fact that the
cache line size is sometimes more critical than the actual cache size, the best cache line
size for FFT, LU, and OCEAN are 128 byte, BARNES and RADIX are 32 byte, and
WATER is 64 byte.

4.2 The Results of Dynamic Determination

In this section, we evaluate the performance of Multi-Grain RAC by the dynamic
determination. We first analyze the “Normalized Miss rate Difference (NMD)” for each
application, with the data presented in section 4.1. To describe the NMD, we use the fol-
lowing equation.

(MRyc ~MRye) o

NMD(%) = 0 )
MRy
100
20 @64 KB [
5 so m 128 KB
Q 0256 KB
g 70 |m512 KB~
ﬁ 60
4 50
2
E 40 |
’ 30
E 20
10
o
FFT LU OECAN BARNES RADIX WATER
Benchmark Program

Fig. 5. Normalized miss ratio difference (NMD).

In Eq. (2), MR stands for Miss Rate, and the subscript BC and WC stands for the
Best Case and the Worst Case results in Fig. 4. Fig. 5 shows the NMD (%). As shown in
Fig. 5, miss rate differences between the best case and the worst case in FFT and LU are
more than 75% and 40% respectively, and OECAN, BARNES, RADIX, and WATER
are more than 20% in average. Furthermore, as the RAC size increases, the percentage of
NMD is generally increased. For the trend of today’s cache size increase, this result in-
dicates that the NMD becomes larger and larger as time goes on, and it emphasizes the
importance of the adequate cache line size decision.

The simulation results of Multi-Grain RAC are shown in Fig. 6. The cache size was
changed from 64K to 512K, and comparison targets are the Worst Case, Profiled Case,
and Multi-Grain. The Worst Case is the worst results line size in profile-based determi-
nation and Profiled Case is the best case result. Multi-Grain is the result of dynamic de-
termination which uses the Multi-Grain RAC.
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Fig. 6. The miss ratio of multi-grain policy.

As shown in Fig. 6, Multi-Grain RAC in FFT outperforms about 21% in average,
compared to the Worst Case. BARNES has the similar result pattern with FFT. Although
the Multi-Grain RAC in BARNES slightly inferior to Profiled Case, it avoids the Worst
Case as well. The Multi-Grain RAC in LU also outperforms the Worst Case for every
RAC size, and in cases of 64K and 512K, the results of Multi-Grain RAC are very simi-
lar to the Profiled Case, or even outperform the Profiled Case. The result patterns of
OCEAN are similar to those of LU. It avoids the Worst Case and sometimes outperforms
Profiled Case. The reason of these results is that the Multi-Grain RAC can control and
adjust the exact change of the granularity, during the specific period of the execution
time. Further, we can also infer that the best results presented in section 4.1 are not true
optimal results for the whole program execution time. From these results, we can con-
clude that the Multi-Grain RAC can trace the temporal change of a working set or local-
ity due to the job distribution or synchronization, and it can reflect these effects as well.
The results of Multi-Grain RAC in RADIX and WATER are generally similar with each
other. They naturally avoid the Worst Case and the miss rates of Multi-Grain RAC are
very similar with those of Profiled Case.

Fig. 7 shows the average execution time for all cache sizes. In Fig. 7, we break each
result down into following categories: Remote Data, Remote Overhead, and Local Data.
Remote Data is the traffic caused by all data transferred between nodes, and Remote
Overhead is the traffic related with remote data request messages. Local Data is data
transmitted by processor requests. Remote Data can be broken further down into Remote
shared, Remote cold, Remote capacity, and Remote writeback. The results are normalized
to those of the Worst Case. As shown in Fig. 7, the result patterns of execution time
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Fig. 7. The breakdown of average execution time.

are similar to those of miss rate results. It means that the miss rates of RAC are critical
for system performance, due to the huge miss penalty of RAC. In the breakdown charts,
the performance improvement in the Profiled Case is mainly originated from the reduc-
tion of Remote Data and Remote Overhead. Compared to other categories, these two
catagories are generally reduced and this makes the overall performance improvement. In
case of Multi-Grain, it avoids the Worst Case for all applications due to its dynamic
cache line size management, and it even outperforms the Profiled Case in LU. In cases of
OCEAN and RADIX, they slightly outperform the Profiled Case as well. Although the
multi-grain results of FFT, BARNES, and WATER require more execution time than
Profiled Case, they are better than Worst Case, and the multi-grain results are very near
to Profiled Case. In summary, the results of this study indicate that the Multi-Grain RAC
generally avoids the worst case, and the miss rate and the execution time are similar to,
or sometimes better than, those of the Profiled Case, for any application programs with
any cache sizes and any cache line sizes.

5. CONCLUSION

To achieve the best match between cache line sizes and application behaviors, we
proposed the Multi-Grain RAC to adaptively control the RAC line size, for each applica-
tion behavior in program execution time. Multi-Grain RAC can control not only the
granularity of each application program but also can change the granularity even in spe-
cific parts of memory address within one application program. The hardware require-
ments of our scheme are modest, and it can be further improved by changing candidate
cache line size. In the simulation, with the profile-based determination, we found the best
cache line size for each application and discussed the relationship between cache size and
cache line size. In addition, we obtained the NMD and it shows the importance of proper
cache line size selection, once more. Then, we evaluated the performance of the Multi-
Grain RAC. The result shows that the worst case can be avoided mostly and the results
are very close to the best case with any combination of application and RAC format.
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