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ABSTRACT

With the expected increase in the number of on-chip cores
the demand for off-chip bus, memory ports, and chip pins
increases. This makes off-chip bandwidth a very scarce re-
source and can severely hurt performance. Off-chip band-
width is mainly generated by the on-chip cache hierarchy
(cache misses and cache writebacks), which depends on the
replacement policy. There is a huge body of research on
enhancing the cache replacement policy to reduce the num-
ber of misses of a cache. Bandwidth requirement has always
been of secondary importance. In the multicore and many-
core era this is no longer the case. Replacement policy must
take into account both the cache performance and the traffic
generated by the cache, which is the topic of this paper.

In this paper we study several dynamic replacement policies
with the aim to reduce the traffic generated from last level
cache to main memory while not increasing the number of
misses. We show that we can do better than a traditional
LRU policy with very little hardware overhead.

1. INTRODUCTION

One of the major constraints to multicore and manycore ar-
chitecture performance is the tremendous increase of band-
width requirements, especially off-chip bandwidth. Software
applications are becoming more sophisticated with large mem-
ory footprint. This means there will be an increase in cache
memory misses and more accesses to off-chip memory. This
in turn will put a lot of pressure on memory ports, memory
bus, socket-pins, and so on, and can severely affect overall
performance. The fundamental question is how to deal with
the tremendous increase in off-chip bandwidth requirements
for multicore and manycore chips in a way that sustains high
performance.

Most of the work in academia/industry focuses on increasing
the number of cores, the interconnection network, reducing
power consumption, or memory system design. However,
off-chip bandwidth has always been thought as a technolog-
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Benchmark Ratio

Barnes 3533239,/9943689= 0.355
Cholesky 6240219/7561266 = 0.825

fft 58261/96910 = 0.6011

fmm 450362/516111 = 0.872
Radiosity | 1653286/1808682 = 0.9140
Radix 205613/231387 = 0.8886

Raytrace 203368,/4899164 =0.415

Table 1: Ratio of Dirty LRU to Total L2 Cache Ac-
cess

ical problem not an architectural problem, unlike on-chip
bandwidth requirement.

Any cache miss is a potential for a lot of traffic, not only for
bringing the missed block but also writing back victimized
dirty blocks. Table 1 shows the percentage from the number
of cache accesses when the LRU block of the accessed set
is found dirty for some SPLASH-2 benchmark suite on a
multicore chip of four cores. From the table we can see that
on average whenever the L2 cache is accessed, 69.5% of the
time the LRU block of the accessed set is dirty. This means
a high chance of generating a writeback, which leads to off-
chip traffic.

The contribution of this paper is threefold. First, it shows
the importance of off-chip traffic as a main design param-
eter that must be tackled as early in the design process as
possible. Second, it proposes several dynamic techniques
for reducing off-chip traffic with little or no performance
loss. Third, it evaluates the proposed techniques using the
SPLASH-2 multithreaded benchmark suite and shows that
the traditional LRU may not be the best way to go for such
programs which are expected to be the mainstream in the
multicore era.

2. A QUICK LITERATURE SURVEY

Off-chip bandwidth is a bottleneck of performance and can
be a limiting factor for the number of the on-chip cores. To
mitigate this bottleneck, computer architecture researchers
have taken four different paths. The first is to enhance the
performance of on-chip cache hierarchy. This leads to a de-
crease in the number of cache misses and hence a reduction
in off-chip traffic. The second path is to use compiler op-
timizations to make software application more bandwidth



friendly [1, 2, 3]. The third path taken by researchers is to
use compression for the data sent off-chip. The last path is to
hide the latency resulting from off-chip bottleneck through
multithreading [4, 5, 6, 7).

Cache replacement policies greatly impact the performance
of many applications. Since these policies choose which lines
to evict from the cache, they have a direct effect on miss
rates and writebacks, which is usually directly related to
performance. Over the decades, there has been a large body
of work on basic replacement policies.

The most commonly used replacement policy is the Least
Recently Used (LRU) replacement policy. The LRU mech-
anism uses the application’s memory access patterns to es-
timate cache line that has been least recently used and that
should be replaced by the cache controller. Although the
LRU replacement is relatively efficient, it requires a number
of bits to track when each block is accessed, and relatively a
complex logic. Another problem with the LRU is that each
time the cache hit or miss occurs the block comparison and
LRU stack shift operations require time and power. Also the
LRU does not exploit frequency of the block usage and does
not work well with working sets larger than the available
cache size.

To reduce the cost and complexity of the LRU replacement
policy, other simpler policies like random policy, can be used,
but at the expense of performance. Random replacement
policy chooses its victim randomly from all the cache lines
in the set. Round Robin (or FIFO) replacement heuristic
simply replaces the cache lines in a sequential order, replac-
ing the oldest block in the set. Each cache memory set is
accompanied with a circular counter which points to the
next cache block to be replaced; the counter is updated on
every cache miss.

The LRU was further improved upon by proposing schemes
such as LRFU (Combining LRU and LFU), LRU-k (replace-
ment decision based on the time of the Kth-to-last refer-
ence)[8], 2Q (use two queues to quickly remove cold blocks),
LIRS (Low Inter-reference Recency Set)[9], [10], CRFP [11]
(a self-tuning replacement policy that can switch between
different cache replacement policies adaptively and dynam-
ically in response to the access pattern changes) etc. These
techniques require to be tuned to the optimal replacement
and the tunable parameters depend on the workload and
cache size. Dynamic insertion policy (DIP) [12] is a replace-
ment policy that depends on the fact that many blocks are
brought into the cache and used only once or very few times,
and therefore do not deserve to come to the MRU position.
DIP tends to place an incoming block into the LRU position
until it gets accessed a second time. The authors reported a
better performance than LRU, but no study has been done
on its effect on bandwidth. There is still a large gap be-
tween the LRU and the optimal replacement policy (OPT,
a replacement algorithm selects the block in a set that will
be accessed farthest away into the future). This requires
further research on replacement policies in order to bridge
this gap.

Compressing off-chip traffic is a path taken by researchers
to make the best usage of the available bandwidth [13]. This

method reduces the amount of data sent on the bus. How-
ever it suffers from two main drawbacks. The first is the
extra hardware required for the compression and decom-
pression. The second is the extra penalty involved in these
operations.

Victim cache [14] has been introduced as a way to decrease
conflict misses. It can reduce bandwidth requirement if the
block to be evicted is dirty. It differs from the scheme pre-
sented in this paper. First, victim cache needs more hard-
ware, a small fully associative cache, and more sophisticated
mechanisms to control its interaction with the cache. Sec-
ond, it has more effect on on-chip bandwidth. For off-chip
bandwidth it must be associated with last-level-cache which
is usually of larger size and can causes contention at the vic-
tim cache. The scheme we present in this paper can be used
together with victim cache in any system.

All the above techniques have reached varied degrees of suc-
cess. However none of them tried to rethink the validity of
LRU replacement in multithreaded applications and use it
to reduce off-chip bandwidth, which is what we are trying
to do in this paper.

3. PROPOSED TECHNIQUES

Moore’s law allows us to pack many cores on-chip. These
cores need to be fed with data and instructions. In order to
do so, they need to access off-chip memory. This includes
accessing chip pins, accessing the bus, and finally accessing
the memory. In each one of these steps there are walls.

In this section we introduce several dynamic schemes where
the victim block chose to be replaced is not necessarily the
LRU. The victim is chosen based on several criteria that
balances bandwidth and performance. The main idea of
the proposed schemes is that LRU is not always the best
replacement policy. And therefore, we do not always need
to victimize the LRU block, especially when it is dirty.

3.1 Is LRU The Way to Go?

LRU replacement policy always victimizes the LRU block.
This is acceptable if the application at hand is LRU friendly.
That is, the LRU block has high chance of not being used
in the near future. This may be true for a single application
running on a single core. And even in that case, some appli-
cations are not LRU friendly, which is why there is always
a flow of papers on how to enhance replacement policies.

When we talk about multithreaded applications, the prob-
lem of non-LRU friendly is more obvious. There is interfer-
ence in the shared cache from the different threads. These
threads have their own important blocks, and hence their
own LRU stack. When they all share a cache (for example
a shared L2 in a four core design like the one we use for this
paper), the LRU stack of that cache is not really very useful,
as the results of this paper will show. Therefore we do need
to victimize the LRU block. As we have seen from Table 1
this may lead to a lot of unnecessary traffic.

Table 2 is an evidence that violating LRU strategy does not
always lead to severe performance loss. The Table shows the
total number of cycles of the whole execution of SPLASH-2
benchmarks for several non-LRU schemes normalized to the



LRU scheme. LRU-n means we always victimize the M'"
element from the LRU stack. For an 8-way set associative,
which is the one we use in this paper, LRU-7 is the MRU
block. As we see from the table, even when we always vic-
timize the MRU block the performance loss can be as little
as 6%.

Our next motivational experiment is to try to victimize a
non-dirty block irrelevant of performance. Table 3 shows a
comparison between LRU and another scheme that chooses
a non-dirty block starting from the LRU position. So it looks
at all the LRU stack and chooses the closest non-dirty block
to LRU. The non-dirty scheme is better than LRU in most
of the benchmarks. However, some programs like raytrace
and Barnes suffers some performance loss. Some other pro-
grams, radix and radiosity have unchanged performance
but a decrease in number of writebacks. This means that a
purely static way in determining the victim is not the best
way to go. A dynamic scheme is needed here.

3.2 Proposed Dynamic Scheme

Our dynamic techniques are based on the non-dirty LRU
presented above. But instead of looking for a victim at all
LRU stack we search in the bottom M blocks. When M is
high, we have higher chance of reducing traffic but higher
chance of affecting performance. The proposed techniques
change M dynamically in order to reduce traffic while not
affecting performance. The new value of M will be used the
next time a victim is to be picked. This technique is as-
sociated with shared L2 cache only, and by cache miss and
writebacks we mean in L2 cache only. All the techniques pre-
sented in this paper are targeting only the L2 cache shared
by four cores, but it can be applied to any last level cache.

We have four different dynamic schemes.
WriteBack-Based Global: M is incremented when there
is a cache miss with writeback, and is decremented when
there is a miss without writeback.

WriteBack-Based Local: Same as above but there is an
M for each cache set.

LRU-Based Global: M is incremented when the LRU
block becomes dirty, and is decremented when there is a
cache miss.

LRU-Based Local: Same as LRU-based global but with
M for each set.

4. EXPERIMENTAL SETUP

We have modified SESC simulator [15] to implement the
proposed techniques. SESC is a cycle-accurate simulator
that implements a multipcorcessor and multicore architec-
ture. Table 4 shows the cache hierarchy parameters. These
parameters are similar to many state-of-the-art processors.
Inclusion property is not enforced which is similar to most
of the current processors. We use seven programs from the
SPLASH-2 benchmark suite [16]. The reason we have cho-
sen a multithreaded benchmark suite over a multiprogram-
ming environment is to put our techniques in test when there
are coherence and communication overheads. We have cho-
sen SPLASH-2 because it has been used for over a decade
now and its behavior has been studied deeply so we can un-
derstand how our techniques interact with these programs.
Currently we have not yet been able to cross-compile PAR-
SEC suite [17], which is a more recent benchmark suite from

Component Parameter
Processor Model Out of Order
L1 I-Cache Size/Associativity | 32KB/2-way
L1 D-Cache Size/Associativity | 32KB/2-way
L1 D-Cache Write Policy Write Back
L1 Cache Block Size 648
L1 I-Cache Replacement Policy LRU
L1 D-Cache Replacement Policy LRU
L2 Cache Size/Associativity 1MB/8-way
L2 Cache Block Size 648
L2 D-Cache Write Policy Write Back

Table 4: Cache Hierarchy Parameters

Princeton, on SESC.

SPLASH-2 consists of 12 applications and kernels. We have
picked up the seven programs with the highest number of
writebacks, as they represent the most interesting scenarios
for the studies presented in this paper. We run the seven
programs till completion in all the experiments.

S. EXPERIMENTS AND DISCUSSION

Our main goal in this paper is to find a technique that re-
duces off-chip traffic going toward the memory. This means
we want to reduce the number of writebacks while not af-
fecting the total number of cycles needed to execute the
multithreaded program.

Figures 1, 2, and 3 summarize the results. These results
show that the dynamic schemes, both global (i.e. single
counter for the whole cache) and local (i.e. a counter per
cache) are better than the traditional LRU in all aspects:
performance, L2 misses, and number of writebacks, but with
different degrees of success. Policies depending on write-
backs are in general performing better than policies depend-
ing on LRU. Policies depending on whether LRU becomes
dirty are more conservative as they try to decrease potential
traffic. On the other hand, policies depending on writebacks
are dealing with actual traffic.

Figure 1 shows the total number of cycles of the whole execu-
tion of each benchmark, normalized to the traditional LRU.
We notice that the dynamic scheme did not hurt the overall
performance in any benchmark. Barnes, fmm, and radix did
not benefit from the dynamic schemes. This is due to several
factors. First, these three benchmarks are among the high-
est in number of writebacks as indicated above from Table
2. This means that M has a tendency to increase. Second,
these benchmarks are LRU friendly, as indicated by Table
1. This means that the higher the M the lower the expected
performance. However, the other factors of decreasing M
in case of misses, offset this phenomena but results in no
performance gain.

Figure 2 shows the total number of writebacks normalized to
LRU. Here all the schemes are doing a good job in decreasing
off-chip traffic. Although in some cases local schemes are not
justifying the extra hardware over the global ones.

In order to show that our scheme did not affect the perfor-



Scheme/Bench | Barnes | Cholesky | Fft | Fmm | Radiosity | Radix | Raytrace

LRU 1 1 1 1 1 1 1

LRU-1 1 1.03 1.01 1 1.01 1 1.02
LRU-2 1 1.06 1 1 1.01 1.04 1.06
LRU-3 1 1.15 1.01 1 1.03 1.07 1.12
LRU-4 1.02 1.23 1.01 | 1.03 1.03 1.09 1.21
LRU-5 1.04 1.37 1.02 | 1.06 1.03 1.12 1.36
LRU-6 1.13 1.55 1.04 | 1.12 1.05 1.18 1.63
LRU-7 1.46 1.69 1.06 | 1.21 1.09 1.25 2.05

Table 2: Normalized Values of Number of Cycles for Victimizing a Non-LRU Block

Scheme Benchmark Cycles Bus Accesses | L2 WriteBacks | L2 ReadMisses

LRU FFT 9387058 198469 65759 132695
Radix 16160296 17392 1184 16208

Raytrace 235260001 683761 5856 677104

Radiosity | 378950664 976546 465226 511207
Fmm 70273861 22543 3457 19084

Barnes 576681542 1164635 399366 763696

Cholesky 269020265 2584732 1141150 1439349

non-dirty policy FFT 8246494 152307 39891 111364
Radix 16151120 16535 707 15818

Raytrace 240549924 733882 0 733789

Radiosity | 377554002 957059 443185 511428
Fmm 70549168 25327 3235 21917

Barnes 619991031 1548476 280623 1198674

Cholesky 249562396 2109534 720558 1236621

Table 3: Comparison of Traditional LRU scheme with non-Dirty LRU Policy

mance of the cache itself, Figure 3 shows the total number
of read misses. Write misses are considered read misses fol-
lowed by write hits. Here also most of the techniques are
performing better than LRU in all benchmarks except fmm.

Finally, Figure 4 shows the average traffic, measured as the
number of bus accesses, over the whole execution, normal-
ized to LRU average traffic. The importance of such mea-
surement is that it links price (in terms of bus accesses due
to read or write misses) to performance (in terms of total
number of cycles) and is a good indication of bandwidth re-
quirement. The WB sensitive techniques, local and global,
have better price performance for most of the benchmarks.
But for some others, like fmm, radix, and raytrace, the LRU
sensitive techniques are better. The main conclusion is that
the dynamic techniques are better than traditional LRU for
these benchmarks.

6. CONCLUSIONS

In this paper we tackled the problem of off-chip bandwidth.
We argued that this problem will be the next bottleneck
in the multicore era. We proposed several dynamic tech-
niques to deal with this problem, with several variations
in each. The techniques exploit the fact that LRU is not
always the best choice and hence we can violate the LRU
policy in favor of less off-chip bandwidth. We concluded
that off-chip bandwidth can be decreased with minimal ef-
fect on performance and with very little hardware for the
SPLASH-2 benchmarks. Techniques based on writebacks

are performing better than techniques based on dirty LRU.
Moreover, global techniques are better than local ones in
terms of price/performance.
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