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9.5% additional speedup
over Mergeable cache while running 8 copies of an applicatig
with an overhead of less thanl1.34% in area.

I. INTRODUCTION

As the difficulties of uniprocessor performance scaling have
proven economically daunting, designers have turned to band-
width (parallelism), rather than latency, to scale performance
in future microprocessors. This approach has led to two
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computation where same program is run multiple times, but
with different input data or parameters, as “multi-execution.”
We believe that multi-execution could become a useful model
of execution as multicores scale, because it is already used in
many domains, and because no software changes are necessary
to take advantage of a multicore system.

Note that an alternative to multi-execution is to write an
explicitly parallel program that takes many instances of an ap-
plication and explicitly shares redundant data. This approach,
however, is labor intensive, difficult to get correct, often
requires source access to libraries and copyrighted/proprietary
codes, and can miss substantial data similarity that can only
be discovered with an efficient dynamic mechanism.

We explore the characteristics of several example appli-
cations from simulation, optimization, database, and learning
domains. We find that the similarity of multi-execution work-
ing sets can be quite high, but careful design is needed to
profitably exploit this similarity in a memory system. Our
previous work used a Mergeable cache, which dynamically
merges cache lines containing identical data from different
instances of the same program running under multi-execution
[3]. While highly successful when data is successfully merg

ffer
from increase in conflict misses.

The remainder of the paper is organized as follows. We
motivate our approach in section II, and explain the chal-
lenges and techniques of implementing hybrid Mergeable
cache architecture in section III. We illustrate the experimental
methodology in section IV and show results in section V. In
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(a) Experimental setup for determining
similarity

Fig. 1.

(b) Data cache similarity

Cache size (Megabyte)

(c) Cache performance vs. size

In order to determine the similarity between two executions we compared cache contents of two cache simulation for two different input sets as

shown in (a), and we observed that there exists high similarity across two execution of the same application. Figure 1(b) and 1(c) are borrowed from [3].
In (b) we show the similarity of cache content for four applications where cache snapshots are taken at an interval of 10M instructions for all runs while
simulating 1 MB direct-mapped cache. Similarity is computed using line-by-line comparison of the caches and taking the ratio of identical lines to total lines.
By merging identical cache blocks from different processes we can increase the effective cache capacity per core and thereby, improve cache performance.
As cache performance has a non-linear relationship with cache size, merging duplicate cache lines to reduce cache requirements has the potential to improve
cache performance substantially, even with small increases in effective cache capacity.

II. MOTIVATION

Today processor manufacturing industry has stepped into the
multicore and manycore domain as scaling processor clock
speed stumbled against power density wall. One easy way
to use these cores effectively without writing efficient and
explicitly parallel program, as stated in our prior work [3]
is by running multiple instances of the same application with
different input sets. This model of computation is already in
use in several domains such as simulations, security etc. In
a set of experiments, similar to one showed in Figure 1(a),
they observed that there exists high data similarity across the
executions of the same application (Figure 1(b)). We proposed
a Mergeable cache design that identifies identical data blocks
dynamically and keeps a single copy of them, increasing the
cache space and thereby, improving application performance
as shown in Figure 1(c).

The Mergeable cache[3] shows significant potential in iden-
tifying and merging identical data in order to reduce off-chip
traffic. By reducing the L2 miss rate and merging writebacks
to DRAM, the Mergeable cache experiences an average of
2:5x speedup with minor power and area overhead. Despite
these benefits, the Mergeable cache has one disadvantage. The
addressing scheme, which is the key to tractable merging,
can lead to an increase of conflict misses in sets with little
data similarity. Because all cache lines with the same virtual
address belonging to different processes are mapped to the
same set in the cache, in regions of low data similarity, this
can lead to an increase in conflict misses for this set as each
cache block from different processes will be placed in different
cache line, thereby, increasing capacity pressure on the cache.
As the processes are run using the same application, it is
highly likely that all processes will be using the same virtual
addresses at the same time, and as the number of processes
grows, the pressure on the associativity increases, magnifying
this problem. This effect is most obvious in vortex, where
there is a slight slowdown when the Mergeable cache is used.
This phenomenon is observed in more than just vortex. An
application may have low data similarity either temporally

or spatially. Temporally-low data similarity would be phases
where a low percentage of the current working set is identical,
and spatially-low data similarity would mean that while some
sets in the cache have high similarity, another nontrivial
number of sets in the cache do not have high similarity,
leading to conflict misses in specific sets in the cache. So even
applications that benefit overall from the Mergeable cache may
have portions of the data that would incur fewer misses in a
conventional cache.

We illustrate this phenomenon in Figure 2(c). In this graph,
the two addressing schemes are compared, without the benefit
of merging. The graph shows that for vortex, the addressing
scheme used in the Mergeable cache, in which the PPID is
not used in the index, would lead to more than 3% as many
L2 cache misses if it were not for some merging. Even more
surprising is that in twolf, the addressing scheme would lead to
11> more L2 cache misses, yet this is not a poorly performing
application using the Mergeable cache. It is only the high
degree of merging in twolf that leads to speedups. Thus,
several applications could benefit even more from a hybrid
scheme that dynamically divides the cache into two segments
- one that performs merging and another that uses conventional
addressing. The conventional segment of the cache is used as a
victim cache to Mergeable segment to reduce conflict misses.

III. DESIGN

We observed in Figure 2(c) that dissimilarity in data leads
to an increase in conflicts as page coloring enforces mapping
blocks with the virtual address to the same cache set. This
conflict can be avoided if the same virtual address from all
processors are not mapped to same cache set. However, this
addressing scheme is required to keep merging candidates in
the same cache set as the goal of reducing conflict misses and
grouping merging candidates are conflicting.

We resolve this conflict by using a hybrid Mergeable cache
where a Mergeable cache is assisted by a small conven-
tional victim cache. Data lines which can be merged reside
in a Mergeable segment, and lines with dissimilar content
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Type Banks | Area(mm?) | Latency(ns) | Dyn Rd Pow(mw) Dyn Wr Pow(mw)
Conventional 8 33.65 2.62 1173.69 1343.28
Mergeable 8 3391 2.63 1168.99 1342.81
VA-Mergeable 8+2 33.91+0.19 2.63, 1168.99+ 69.8829/4 | 1342.81 + 74.0376/4
=34.10 0.65 (victim) = 1186.46 =1361.32
TABLE 11

ASSUMING 8 PROCESSORS SHARING A 4MB-8WAY SET ASSOCIATIVE CACHE, WE CALCULATED OVERHEAD OF TAG ARRAYS AND BIT VECTORS IN A
MERGEABLE, VA-MERGEABLE AND CONVENTIONAL CACHE USING CACTI 5.3. AS USING PPID AS BITVECTORS INSTEAD OF BITS IN TAG ARRAY
REDUCES THE CAM, THE OVERHEAD IN AREA AND POWER ARE 1:34% AND 1:21% (AVERAGE OF READ AND WRITE POWER) RESPECTIVELY. THESE
NUMBERS DO NOT INCLUDE THE OVERHEAD FOR THE CAM USED FOR MERGING CACHE BLOCKS.

Processors 2-8 Branch Penalty 3 Cycles
Issue/Commit Width 8/8 DRAM Latency 200 Cycles
I-Fetch Q 8 Mem Ports 2
LSQ Size 64 System Bus Transfer Rate 8GB/s
RUU Size 128 L2 Cache 4MB, 8 way, 32 byte lines
16 KB, 16 way victim cache
ALU/FPU/Mult/Div 4/4/1/1 L2 Latency 6 Cycles
Branch 2-level, 1024 Entry L1 I-Cache 32KB + 32 KB, Direct Mapped
Predictor History Length 10 L1 D-Cache 32 byte lines
BTB size 2048 L1 I,D-Cache Ports 4
RAS entries 8 L1 Latency 1 Cycle
TABLE III

CONFIGURATION OF THE SIMULATED PROCESSORS. WE DO NOT INCREASE THE SIZE OF THE L2 CACHE WITH THE NUMBER OF PROCESSORS SHARING
IT. THE PARAMETERS USED IN SIMULATIONS ARE CHOSEN JUDICIOUSLY FROM STATE OF THE ART PROCESSORS.

Benchmark Description Input Modi cation Run Footprint
Length Sz vsz
175.vpr FPGA Place and Route | routing-channel-width 33B 2.67 1.35
255.vortex Database random insert, lookup | 5.85 B 15.71  14.38
300.twolf Place and Route intercell gaps 4.13B | 11.60 10.35
TABLE IV

BENCHMARKS AND INPUT DESCRIPTIONS. THE OBSERVED MEMORY FOOTPRINT SIZES (IN UNITS OF MEGABYTES) REPORTED ARE AVERAGE OF 20
RUNS WHERE RESIDENT MEMORY SIZE AND VIRTUAL MEMORY SIZE ARE ABBREVIATED AS rsz AND vsz RESPECTIVELY.

m Conventional Conventional+Victim m Mergeable m Mergeable+Victim
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Fig. 4. Speedup for all benchmarks simulated with 4-MB, 8-way L2-cache with 32B blocks running 8 instances of each application. Mergeable cache show
speedup in all benchmarks, but suffers from alignment of dissimilar data in the same cache set resulting in increased conflict misses. VA-Mergeable cache
addresses this problem and improves performance by 9:5% on average.

level speculation[4][12] using compiler and architectural sup- demand for memory bandwidth is also increased. Several
port speeds up application execution by spawning specula- cache optimization schemes have been proposed for reducing
tive threads. Though these techniques speed up execution memory access. Chang et al. proposed cooperative caching
significantly, with increasing number of cores in a chip, the technique[5] in a multiprocessor to reduce off-chip access
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