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Chip Multiprocessors (CMPs) are here to stay for the foreseeable future. In

terms of programmability of these processors what is different from legacy multi-

processors is that sharing among the different cores (processors) is less expensive

than it was in the past. Previous research suggested that sharing is a desirable

feature to be incorporated in new codes. For some programs, more cache leads to

more beneficial sharing since the sharing starts to kick in for large on chip caches.

This work tries to answer the question of whether or not we can (should) write code

differently when the underlying chip microarchitecture is powered by a Chip Mul-

tiprocessor. We use a set three graph benchmarks each with three different input

problems varying in size and connectivity to characterize the importance of how we

partition the problem space among cores and how that partitioning can happen at

multiple levels of the cache leading to better performance because of good utilization

of the caches at the lowest level and because of the increased sharing of data items



that can be boosted at the shared cache level (L2 in our case) which can effectively

be a prefetching effect among different compute cores.

The thesis has two thrusts. The first is exploring the design space represented

by different parallelization schemes (we devise some tweaks on top of existing tech-

niques) and different graph partitionings (a locality optimization techniques suited

for graph problems). The combination of the parallelization strategy and graph

partitioning provides a large and complex space that we characterize using detailed

simulation results to see how much gain we can obtain over a baseline legacy paral-

lelization technique with a partition sized to fit in the L1 cache. We show that the

legacy parallelization is not the best alternative in most of the cases and other par-

allelization techniques perform better. Also, we show that there is a search problem

to determine the partitioning size and in most of the cases the best partitioning size

is smaller than the baseline partition size.

The second thrust of the thesis is exploring how we can predict the best com-

bination of parallelization and partitioning that performs the best for any given

benchmark under any given input data set. We use a PIN based reuse distance

profile computation tool to build an execution time prediction model that can rank

order the different combinations of parallelization strategies and partitioning sizes.

We report the amount of gain that we can capture using the PIN prediction relative

to what detailed simulation results deem the best under a given benchmark and

input size. In some cases the prediction is 100% accurate and in some other cases

the prediction projects worse performance than the baseline case. We report the dif-

ference between the simulation best performing combination and the PIN predicted



ones as well as other statistics to evaluate how good the predictions are. We show

that the PIN prediction method performs very well in predicting the partition size

compared to predicting the parallelization strategy. In this case, the accuracy of the

overall scheme can be highly improved if we only use the partitioning size predicted

by the PIN prediction scheme and then we use a search strategy to find the best

parallelization strategy for that partition size.

In this thesis, we use a detailed performance model to scan a large solution

space for the best parameters for locality optimization of a set of graph problems.

Using the M5 performance simulation we show gains of up to 20% vs. a naively

picked baseline case. Our prediction scheme can achieve up to 100% of the best

performance gains obtained using a search method on real hardware or performance

simulation without running at all on the target hardware and up to 48% on average

across all of our benchmarks and input sizes.

There are several interesting aspects to this work. We are the first to devise

and verify a performance model against detailed simulation results. We suggest and

quantify that locality optimization and problem partitioning can increase sharing

synergistically to achieve better performance overall. We have shown a new utiliza-

tion for coherent reuse distance profiles as a helping tool for program developers

and compilers to a optimize program’s performance.
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Chapter 1

Introduction

In this chapter, we introduce and motivate the research problem addressed in

this thesis. We first discuss the prevalence of CMPs. Then, we discuss the challenges

facing CMPs. We also briefly discuss CMP memory hierarchies. Then, we introduce

the research problem addressed in this thesis. We end this chapter by articulating

the contributions of the thesis. Finally, we outline a roadmap for the rest of this

thesis.

1.1 Motivation

1.1.1 Single Chip Multiprocessor

A multi-core processor (also known as a Multiprocessor Microprocessor or a

single-chip multiprocessor) [16, 72, 128, 134–137] is a single computing component

with at least two independent actual central processing units (“cores”), which are

the units that execute a program’s instructions. Manufacturers integrate the cores

onto a single die (a chip multiprocessor or “CMP”), or onto multiple dies packaged

together in a single package. The hydra project is one of the pioneers in this idea

[72, 128, 134–137].

Chip Multiprocessors, or CMPs, have been advocated since the early 90s by

the Hydra group [72, 127, 128, 134–137]and others [16]. Chip-multiprocessing is
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clearly “the solution” to the unavoidable hit of diminishing returns [5, 6, 71, 151]

on superscalar uniprocessors.

Processors were originally developed with only one core. Cores of a CMP

might share caches, and inter-core communication can happen either using message

passing, shared memory, or a hybrid of the two. Network topologies to interconnect

cores can be buses, rings, two-dimensional meshes, crossbars, etc.Multi-core systems

may include identical cores (homogenous CMP), or non-identical (non-homogenous

CMP). Cores in a multi-core system can implement any architecture. Some are

superscalars, VLIWs, vector processing, SIMD, multithreading, and often times a

combination of these. CMPs are widely used across a variety of application domains

including, but not limited to, general-purpose, embedded, network, digital signal

processing (DSP), graphics, medical, mobile, gaming, etc˙.

The industry has also agreed with academia on this particular solution. Intel

has a large lineup of Chip Multiprocessor products in all markets from the Server to

the desktop to the mobile and embedded markets and their commitment to CMPs

in the foreseeable future is undeniable [31, 85, 90]. Other chips from vendors like

IBM’s Cell Processors [48, 69], Power7+ [131], Sun’s Niagra [101] and Sparc64

series [67], Tilera’s TILE-Gx72 [2, 87, 171], Qualcomm’s Snapdragon processors

[143], and ARM’s Cortex processors [8] are ubiquitous in real hardware market

applications with several other processors in research and development.

The predictions of the Hydra project and others are now in almost all the

electronics that we use in our daily lives. This fact highly underscores the importance

of research that addresses the problems that are facing or expected to face CMPs
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in the near, medium, and distant futures.

1.1.2 Chip Multiprocessor Challenges

Unless the programmer is implementing clever software algorithms and tech-

niques that cover most of the code base allowing it to run in parallel for most of the

execution time, no significant gains can be achieved. The fraction of the software

that cannot be run in parallel simultaneously on multiple cores can dominate the

execution time and thus diminish the utility of a CMP. A best case scenario would

be with embarrassingly parallel problems which can achieve gains near the number

of cores. Larger than the number of cores gain can be achieved if the problem fits

within the collective caches of the cores, avoiding use of main system memory. More

commonly however, applications will not achieve such gains without the programmer

investing significant amounts of time and effort in re-organizing the whole program

to avoid pitfalls and squeeze as much performance as is possible. The successful

parallelization of software for performance is a significant ongoing topic of research.

One of the goals of programmers and compilers is to try to optimize programs’

use of the caches. This requires understanding the tradeoffs existing in the under-

lying hardware that will run the program specifically and a general understanding

of the underpinnings of existing caches in current CMPs. In many of the contempo-

rary and current CMPs, there is some private cache and some shared caches. The

private caches are closer to the execution units, normally at level-1 and sometimes

level-2 as well. Below these two levels, there is another level consisting of a much
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larger shared cache. There are tradeoffs in designing caches in terms of the number

of levels and the size of each cache level. Some other CMPs have private caches in

all of the levels but such architectures are not as common as the mixed private and

shared CMPs.

There are many questions that need to be answered for CMPs. One of these

questions is the type of coherence and consistency protocols for CMPs as well as

their scalability. Scalability for CMPs in general is a daunting question for all

aspects of CMP microarchitecture. Research on novel techniques for coherence and

consistency [170] such as transactions [7, 73, 117, 146], token coherence [113],

or memory models [35]. These research projects are solving the coherence and

consistency problem among other questions for the new paradigm of processors

[78, 192].

Research on power and thermal management of CMPs [46, 79, 88, 106, 107,

123] is also another big area of interest and unanswered questions. Power efficiency

is a daunting problem that caused the cancelation of some processors. Thermal and

energy efficiency is a significant area of research. In general, research on exploring

the design space of CMP [53] and the caches – especially the Last Level cache, its

organization and issues – are also important areas with significant on-going research

[15, 45, 50, 86, 162, 196].

Many exciting areas of research are arising nowadays due to the issues designers

are facing with very small feature sizes and smaller transistors with each technology

generation. One major issue is power as indicated above but also soft errors [125,

200] and reliability [14, 63, 138, 164].
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1.1.3 Chip Multiprocessor Limits

Academia and industry [17, 31, 101, 133] expect in the next decade or so

as many as tens or even hundreds of cores per chip. For example, Tilera has an-

nounced TILE-Gx72 with 72 advanced 64-bit cores [171]. For these large multicore

CPUs, a significant portion of the chip die-area will be devoted to the memory hi-

erarchy. Managing this on-chip memory will be extremely important to achieving

high performance and power efficiency.

CMPs have more limits compared to uniprocessor. The power wall is a major

hurdle that can prevent scaling. The memory wall for CMPs is not far away either.

It takes hundreds of cycles to access off-chip memory. With more cores on chip,

the rate of requests for cache blocks will go up as the number of cores increases.

This will lead to even more contention at the off-chip buses and pins. Currently,

the average access latency for off-chip DRAMs is hitting 200–300 cycles per access.

Minimizing the number of off-chip accesses is crucial in order to reduce the demand

on pin-bandwidth [62, 65, 165, 191, 199]. This means that careful optimization of

off-chip bandwidth usage is very important to get the most out of the scarce resource

for the system which is the off-chip bandwidth.

Even though performance is an important issue that we address directly in

this thesis but for CMPs power efficiency is a crucial issue that might be even

more important than performance. It is beyond this thesis to go into details about

the power efficiency problems and their solutions even though there is a myriad of

significant research on the topic. But we indirectly affect energy consumption and
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usage of hardware which affects power efficiency. Locality optimizations work first

and foremost on enhancing performance of the benchmarks running on the specific

hardware but they also improve the utilization of the hardware itself and can enhance

power efficiency. They enhancement of the power efficiency stem from the fact that

the main premise of graph partitioning – which is the locality optimization technique

we are using this thesis – is that it makes all the uses of the graph nodes and edges

happen close in time by the cores accessing it. Furthermore, we utilize techniques

that enhance sharing and reduce the working set of the running benchmark by

making the cores work on a smaller part of the problem all together. The overhead

that is introduced by locality optimizations when spread over a large number of

iterations would be negligible compared to the gain achieved. Also, the better usage

of the data to the caches makes the dynamic energy consumed at the caches smaller

but it would not decrease the leakage component. Thus, Locality optimization

work on both performance and conserving energy unlike other techniques such as

prefetching which would increase energy expenditure due to the extra instructions

in case of software prefetching or extra hardware in case of hardware prefetching

i.e.extra silicon area for the hardware prefetcher. We have to note also that not all

prefetches would be useful or arrive on time. On the contrary, locality optimizations

data are rearranged and are computed upon after it has been adjusted to improve

temporal and spatial locality. Furthermore, the techniques we adopt in this thesis to

increase sharing would also improve both inter-processor locality and intra-processor

locality.
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1.1.4 Chip Multiprocessor Memory Hierarchy

Figure 1.1: Changes in the memory hierarchy from uniprocessor to various CMP
designs. Adapted from [133].

Figure 1.1 shows the changes to the memory hierarchy of different CMP designs

compared to a uniprocessor memory hierarchy. In a uniprocessor, the CPU’s caches

are dedicated to a single processing core. In a CMP, depending on the design used,

each core might see a different image of the memory hierarchy from what it would

see in a uniprocessor chip. If each core in the CMP chip has its own L2 cache as

7



in Figure 1.1(b), this is called a simple CMP. This is in some sense taking several

conventional microprocessors and putting them together on one single chip without

any sharing of resources. Figure 1.1(c) is an implementation where the L2 caches of

all the cores in Figure 1.1(b) are merged together to form a unified shared L2 cache.

This is a fundamental change to the memory hierarchy compared to Figure 1.1(b).

Now, the sharing point – defined as the point where the cores are connected together

and data can flow from a core to another – has moved to become on chip which gives

new opportunities for memory performance optimization. Communication costs for

shared data among cores is cheaper. Bandwidth on chip is very high compared to

the pin-bandwidth limitations. Figure 1.1(d) shows another alternative to CMP

implementation. This implementation employs SMT cores instead of simple cores

as in Figure 1.1(c) and (b), and is similar to SUN’s Niagara [101] (SUN coined

the term CMT “Chip MultiThreading” [163] for this implementation). In this

thesis, implementation (c) is the implementation of choice for its simplicity and

representation of a good base case. Yet, the work in this thesis can be applied with

no to minimal change to the rest of the CMP implementations in Figure 1.1.

Private caches across all of the hierarchy allow the same data to be replicated

in multiple caches, whereas a shared cache keeps a single copy of data in cache.

Private versus shared caches provide two extreme cases of the design spectrum. If

cache is shared at all levels, then a data item will have only one instance (copy) in

each cache level of the shared cache. This makes for the best utilization of the cache

space since there is no replication whatsoever in such a cache. However, shared

caches exhibit higher access latency compared to private caches since they cannot
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keep all the shared data close to every core. On the other hand, if we look at

private caches at all cache levels, access latency will be better, whereas replication

of data that is contemporaneously used by different cores will make cache space

utilization not as good as the shared cache case. As we explained already, these

are the two extremes of the spectrum. Contemporary CMPs exploit the benefits of

both by using a hybrid system. The system has private caches at levels closer to the

cores and shared caches at levels closer to the external DRAM system as is shown

in Figure 1.1. This hybrid system which results in better performance and power

efficiency makes optimizing locality for the caches a more complex problem.

1.1.5 This Thesis

Due to the importance of the memory hierarchy to CMP architecture, and

the increasing scarcity of off-chip bandwidth, proper management of on-chip re-

sources in CMPs will become an important research area over the next several

years. Specifically, optimizing locality of access for on-chip memories in CMPs will

become critical.

Although locality has been heavily researched in the past, it needs to be re-

visited at a fundamental level since the underlying architecture of CMPs compared to

both uniprocessors and traditional multiprocessor machines is significantly different.

We have published on locality optimizations and software prefetching in the

context of uniprocessors [12, 13]. One major conclusion of that work is that locality

optimizations are a fundamental optimization that cannot be ignored, especially
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given growing memory latencies and the scarcity of the off-chip bandwidth.

We believe that CMPs will benefit from locality optimizations even more than

uniprocessors. Therefore, we have began looking at the kernels and benchmarks

studied in our previous work in the context of CMPs. One fundamental difference

that we think needs to be reconsidered in the context of locality optimizations for

CMPs is the fact that sharing, which was normally looked at as having a negative

effect on performance in the context of traditional multiprocessors can actually have

a positive impact in CMPs due to the low cost of communication among cores on-

chip.

The idea of promoting more sharing on-chip in CMPs has been suggested in

many research works [45, 82, 91]. The whole premise is that data that can be

accessed or computed upon are brought in the caches by one core and then used

within a short time period will have a prefetching effect that will cut the latency of

getting the data to the cores that access the data after its first access. The trade-off

here is in bringing data all the way from memory to the L1 cache as opposed to

bringing data from a shared cache or from another core’s private cache depending

on the protocol and the access type of the data.

In the proposal that preceded this thesis, we proposed a sharing scheme to

boost sharing. The idea was simply to divide the problem space to P parts (where

P is the number of cores in the processor) and then each part of the P parts is to be

worked upon using all P cores. This idea was published by Shen and his students

at The College of William and Mary [193–195].

We came to a conclusion after some experimental runs that for the benchmarks
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that locality optimizations have a large leverage in achieving better performance.

The above idea was easily beaten in performance by utilizing the proper cache local-

ity optimizations techniques. We took a step further and combined both techniques.

We did locality optimizations and then did the P partitions where all cores work on

one of these while there is locality optimizations on top of it.

1.2 Contributions

Our work is focused on graph problems where the locality optimizations are

done through graph partitioning. We use Metis [97] as the partitioning tool. We thus

show better results than what is suggested by Shen and his students by using locality

optimization (graph partitioning). We use a detailed M5 simulator to find the best

optimization by searching different number of partitions for different machines where

we acheive gains of up to 20%.

We use multicore Reuse distance profiles as in [181, 182, 184–187] to analyze

the graph benchmarks we study in this thesis. We collect profiles using a tool based

on Intel PIN [10, 111, 141]. We develop a performance model similar to the model

developed in [184]. We use the model to predict the performance of machines upon

which profiling was not performed. We are able to predict perfect performance gains

that match the M5 performance or very close to the M5 performance numbers. On

average, we were able to get 48% of the maximum performance gain across all the

machines simulated which are machines with L1 caches with sizes of 4kB, 16kB,

and 32kB and L2 caches with sizes of 128kB, 256kB, 512kB, 1MB, 2MB, and 4MB.
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This is a total of 18 machines. Each machine is simulated with a workload of three

benchmarks each with three different inputs. This accounts for nine simulations

per machine. The total simulations verified is 162 simulations per parallelization

strategy. We have four different parallelization strategies. This makes the total

number of simulations reach 648 simulations. This number should be multiplied by

the number of partitions we try for each input size which is around 12 different sizes,

we will explain how to choose these sizes in a later chapter. Thus, the total number

of simulation is 7776 simulations. The PIN performance model is verified against

the M5 simulations results. The model also predicts with good accuracy the best or

close to the best partitioning for each input data set for each benchmark.

Our work is unique in its use of a detailed performance simulation in com-

bination with a reuse distance based performance model that is validated against

the detailed simulation results. We use graph problems as a case study yet our

methodology should be applicable to any optimizations that requires the compiler

or the programmer to search for a specific value for the optimization among a large

set of values.

We verified that sharing among cores can be beneficial if used properly and

locality optimization in contrast to sharing optimizations alone is the clear winner.

The best solution is to use both sharing optimizations with locality optimizations

when possible. The graph problems are unique; these problem are not analyzable

at compile time and there has to be analysis done after the input is known.

We have shown that using a rule of thumb computation for a baseline op-

timization according to the L1 cache size only in many cases does not score the
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highest marks in terms of performance. We have shown that we can see gains above

this baseline by up to 20% in some instances.

Using several modeling iterations based on the performance numbers we get

from the performance simulation, we were able to come up with a model that can

predict execution time using only information from the Cache Miss Count (CMC)

of the CRD and PRD profiles and the instruction count of the program running.

Our reuse distance performance model is unique in how it is derived since we

have used the simulation results to guide its creation. This makes the model a bit

better than the model(s) in the literature.

We can predict the best locality optimization, parallelization method, and

their combination. The accuracy for predicting partition sizes which is the locality

optimization. The accuracy of choosing the parallelization is not quite as accurate

though. This accuracy can be pushed higher if the programmer can try two to three

choices suggested by the model which would raise the accuracy.

Our work, to our knowledge, is the first work that verifies against performance

simulations the utility of multicore reuse distance performance models for deriving

optimizations like how reuse distance profiles were used in the past.

1.3 Roadmap

In this Chapter, we have motivated the importance of CMPs, the challenges

and the limitations that CMPs face, and the memory hierarchy of CMPs. We also

articulated the contributions of the thesis.
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The rest of this thesis is organized as follows: Chapter 2 discusses the related

work in detail. Chapter 3 discusses the necessary background and methodology used

for the work such as multicore reuse distance, the simulation infrastructure for both

M5 and PIN. We also discuss the simulation parameters used in our experiments and

we end the chapter with an introduction to the set of benchmarks and the input data

sets used. Chapter 4 discusses the techniques used in the thesis. We also discuss

the parallelization techniques for the benchmarks as well as the locality optimization

techniques for them as well. In Chapter 5, we present the design space exploration

results conducted using the M5 simulator. In Chapter 6, we discuss the multicore

reuse distance performance modeling results. We will show the performance model

we have developed on top of the multicore reuse distance profiles and we compare

its results in choosing the parallelization technique and the locality optimization.

In Chapter 7, we summarize and conclude the thesis.
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Chapter 2

Related Work

In this chapter, we discuss the related work. Our work spans several areas

therefore, we cover several areas of related work. We will discuss locality optimiza-

tions in the context of multiprocessors and uniprocessors as well as locality opti-

mizations for different access patterns and for graph (indexed array) benchmarks.

We also discuss works that promote sharing in the context of CMPs. We discuss

compile time and run time techniques introduced to capture and foster more sharing

among cores. We also cover related work that use multicore reuse distance profiles.

And we end with a discussion of work that introduced models for performance pre-

diction. Finally, we show what our model builds upon and outline the drawbacks of

the RD profile based models.

The literature is split into two categories of locality optimizations. First,

there is the legacy multiprocessor locality optimizations and the uniprocessor local-

ity work. The major multiprocessor locality work is Monica Lam’s work in the early

90s [4, 56, 119, 121]. Although that work was ground breaking, the underlying

architectural assumptions makes it different compared to our work. The most sig-

nificant difference is the role of sharing. In Lam’s work, sharing was avoided due to

the high cost of inter-processor communication in conventional multiprocessors. In

contrast, we seek to increase sharing if it can reduce the number of off-chip accesses
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in a CMP.

Second, there is the uniprocessor locality optimizations research. Researchers

have attacked the memory bottleneck problem by improving data locality. Com-

putation reordering transformations such as loop permutation and tiling are the

primary optimization techniques [180]. Loop fission (distribution) and loop fusion

have also been found to be helpful [118].

Data layout optimizations such as padding and transposing have been shown

to be useful in eliminating conflict misses and improving spatial locality [148].

Several cache miss estimation techniques have been proposed to help guide data

locality optimizations [68, 180]. Tiling has been proven useful for linear algebra

codes [52, 104, 180] and multiple loop nests across time-step loops [161]. Rivera

et al. in [149, 150] studied existing tiling techniques and extended them to tile

3D scientific computations. We have used Rivera’s technique for tiling 3D stencil

codes in our previous work [11–13]. We have studied how locality optimization

and software prefetching compare to each other and how they can be combined for

maximum performance gain rather than just naively and blindly combining them.

Researchers have examined irregular computations mostly in the context of

parallel computing, using run-time [54, 74, 75] and compiler [110] support to

support accesses on message-passing multiprocessors. Many have also looked at

techniques for improving locality [4, 56, 119, 121].

Metrics such as reference affinity have been used to guide algorithms for split-

ting data structures and regrouping arrays to improve spatial locality [203]. Strout

et al.have examined models for determining which combination of run-time data
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and iteration reordering heuristics will result in the best locality for a given data set

[166, 167]. Once again, our take on this issue is different in the sense that the tech-

nology point is different, the underlying architectural assumptions are also different,

and most importantly, communication costs and the shared on-chip L2 cache we are

assuming here would make the optimizations different. A partitioner like Metis [97]

or GPART [77] can be modified to take into account the fact that sharing is not

harmful anymore like it was once before in conventional legacy multiprocessors.

There has been research efforts trying to parallelize and optimize graph parti-

tioners. Karypis et al. , the authors of Metis, have an MPI implementation of Metis

called ParMetis [98] which has shown non-linear speed up over Metis’s partitioning

time but the quality ParMetis partitions is below those of the serial Metis. Karypis

et al.have developed algorithms that can address the partitioning requirements of

scientific computations, and can correctly model the architectural characteristics of

emerging hardware platforms [124].

Chan et al. [43] propose a hierarchical framework for resource-aware graph

partitioning on heterogeneous multi-core clusters. Their evaluation demonstrates

the potential of the framework and motivates directions for incorporating application

requirements into graph partitioning. Very recently, Karypis et al.have published

a new OpenMP based implementation of the Metis algorithms and compared it

against MPI based partitioners on three different multi-core architectures. The

multi-threaded implementation achieves greater than a factor of two speedup over

the other partitioners and also uses significantly less memory [105].

Our work benefits from the optimized, parallelized, and fine tuned graph par-
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titioner discussed above. Parallel partitioners provide speedup over the existing

serial or parallel MPI partitioners with less memory requirements. MPI ParMetis

provides lower quality partitions compared to the regular serial Metis. We are yet to

compare the quality of the partitions of the OpenMP partitions compared with MPI

partitions or serial partitions. Effectively this will make the overhead cost of using

the partitioners smaller, thus the number of iterations needed to acheive break-even

will be much smaller than that of regular serial Metis.

Some researchers have investigated data layout transformations for pointer-

based data structures [172, 198]. Chilimbi et al. investigated allocation time and

run time techniques to improve locality for linked lists and trees [49]. Further

extensions were proposed in [11–13].

Recent dynamic memory allocators [66] have been devised to improve dynam-

ically allocated data locality at both the cache level and the page level more than

Linux and FreeBSD allocators do.

Calder et al. use profiling to guide layout of global and stack variables to

avoid conflicts [36]. Carlisle et al. investigate parallel performance of pointer-based

codes in the Olden [41].

Carter et al. have studied hierarchical tiling [122]. They proposed a hi-

erarchical tiling algorithm spanning multiple levels of the memory system. We are

influenced by the main idea, and we are suggesting transformations that would make

use of the locality that can be exploited at the shared L2 cache and at the L1 caches

of each core. Carter et al. implemented a compiler framework for the techniques.

We are performing optimizations by hand but a compiler framework to automate
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the process given that the input data is known is planned for future work.

We are proposing two techniques based on the idea of hierarchical locality op-

timizations. Our proposition for changes in the order the computation is happening

is most related to Kandemiret al. in [47, 93, 95] and in their compile time technique

that boasts sharing among cores by a search technique.

Kandemir et al. [93] propose and evaluate a compiler-based solution to opti-

mize inter-processor data locality on embedded chip multiprocessors. This work is

primarily focused on data shared across processors on the same chip. This is where

our proposed work intersects with theirs. They re-organize loop iterations assigned

to processors in a coordinated fashion so that the reuse distance to shared data is

minimized. We are optimizing the shared data in the shared L2 cache and also the

L1 cache as opposed to their work. We are also looking at non-stencil codes whereas

their work was concerned with stencil codes only. We are using graph partitioners to

maximize reuse for graph problems whereas they do not optimize for the maximum

reuse at the L1 caches nor the L2 caches. They have achieved a gain of 15% for the

case of a CMP with four cores.

In [94, 95], they propose a compiler algorithm that solely rearranges the

iterations and assigns them to cores according to how much sharing can be sustained

among the cores while doing the iterations close by in time. One major difference

between our work and theirs is that our benchmarks cannot be analyzed at compile

time. The analysis needs to happen at run-time. Our work and their will introduce

overhead. Our overhead lies in the analysis time and the cost of partitioning and

the instructions added, while their overhead is in significant increase in instruction
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count and normally compile-time cost is considered a drawback among compiler

experts. Both of us justify the overhead with the gain running the benchmarks long

enough to amortize the overhead on many iterations.

There is related work on the idea of adapting software to shared resources.

The first work that we know of that tried this idea is the SMT compiler optimiza-

tions [108, 109] work. SMT processors [173–175] have some shared resources on

the processor core, while some other resources are replicated i.e.are private. The

Register file and the program counter are replicated while the functional units, the

fetch hardware, the reorder buffer and cache ports are all shared. Normally, the L1

cache is also shared.

The SMT-Compiler [108, 109] assumed a shared L1 cache and up to an 8-way

SMT. They looked at the sharing of a single tile of a tiled affine-array benchmark

that was chosen to fit in the L1 cache on the SMT processor. The different SMT

contexts would cooperate to compute that tile of computation together. The paper

did not outline the algorithm chosen to pick the tile sizes although they varied the

tile sizes and they concluded that SMT is tile size insensitive.

We are looking at a relatively similar problem but the underlying architecture

is different; we have a CMP not an SMT. Also, the sharing point is at the L2 cache

level and not the L1 cache as in the SMT case. The problem is different due to

the cache sizes. Moreover, we are looking at a different access pattern and program

types than just only affine arrays where only tiling is applicable.

There is other work [129, 130] that looked in particular at an Intel Xeonr

hyperthreaded multiprocessor machine running Linux. This work tried to customize
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tiling optimizations at the L1-cache level only in a way that would be aware of the

sharing or even detect sharing at run time. Sharing was detected at run-time using

either OS status bits to check if two processes are co-scheduled on the same physical

processor i.e.each on one way of a Xeon SMT. They also discussed the optimizations

while there is sharing by having conditional code depending on whether there is

multiple threads assigned to the same core or not. If there is sharing, i.e.multiple

threads scheduled on the same core, then they tile for the L1 Cache Size divided by

the number of SMT ways per core ((L1 cache size)/(No. of SMT ways per core))

to avoid conflicts induced by the fact that each context assumes it has exclusive

ownership of the entire L1 cache. In our work, we search for the best partition size

and we consider partitionings that would fit in a smaller cache size than the L1

cache and we did find significant performance improvement (in some cases up to

20%) than the baseline partition that is sized to fit in the L1 cache.

Mattson et al. [115] were the first to introduce reuse distance analysis. Re-

searchers have applied RD analysis to study and predict cache performance, model-

ing program locality, providing hints during code generation, and helping in struc-

turing code and data to improve locality for uniprocessors [21–26, 59, 201–203].

In recent years, there has been a lot of interest in multicore reuse distance.

It has become a very interesting tool to study program performance and predict

performance of future systems and to guide architecture exploration efforts [181–

184, 186, 187].

Suh et al. [168] have developed a model capturing the reuse distance dilation

effect i.e.the effect that the reuse distance of a memory reference is increased by
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memory reference accesses from other threads.

Chandra et al. [44] have looked at thread co-scheduling and the impact of

cache sharing on it. They calculated the relative execution speed between threads

and computed how many unique memory blocks from the second thread should be

inserted into the reuse distance profile of the co-running thread. The benchmarks

used were multi-programmed workloads.

Ding and Chilimbi [58] extended Chandra’s techniques and present tech-

niques to construct CRD profiles for multi-threaded programs. CRD profiles are

constructed using memory traces to extract statistics on per-thread locality and

data sharing. Their approach can handle non-symmetric threads unlike the PINtool

we are using in this work. The algorithm incurs exponential time due to investigat-

ing combinatorial interleaving possibilities of the memory references.

Ding and Chilimbi [57] developed a measurement of the footprint of concur-

rently executing applications. Xiang et al. [189, 190] followed in the footsteps

of Ding and Chilimbi and proposed an efficient model using the footprint of each

program in order to predict its cache interference with other programs. The work

is limited to multi-programmed workloads only.

Shi et al. [160] used a simulated stack to study the performance of multiple

cache organizations in one run. They used a shared stack among all cores and a

private per core stack to compute the reuse distance profiles. They organize shared

and private stacks as groups similar to [100], and these groups can represent various

cache sizes.

Schuff et al. [157] investigated the accuracy of RD analysis for multicore
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processors. They predicted the miss-rate of shared and private caches. They used

multicore RD analysis and communication analysis to model memory systems [103].

Both Shi et al. [160] and Schuff et al. [103, 157] predict cache performance at

different cache sizes.

Jiang et al. [92] proposed a probabilistic model for deriving CRD profiles using

traces of individual threads. The model requires knowing traces of each individual

thread.

Our work uses the framework developed by Wu et al. [181–184, 186, 187].

Their framework can analyze any parallel program provided that it is a loop-based

parallel program. They have studied design space exploration, cache hierarchy de-

sign, and both strong and weak scaling. Their work lacks cross validation of the

relative performance among benchmarks like the what we do in the performance

model we use in this thesis. They cannot do such a validation since their design

space is huge and some of it cannot be simulate in a reasonable time frame. One

cannot easily simulate significant workloads running on a simulator of a 1000 or

more cores. The advantage of their approach is that they can explore design spaces

too large to simulate. They fully validated the profiles themselves by cross check-

ing profiles obtained from the M5 simulator and the PIN tool. They also cross

validated MPKIs obtained from M5 and the PIN tool. In [186], they did some

validation against M5 simulations.

Hill and Marty [84] built a CMP cost model using Amdahl’s law [5, 6, 71, 151].

The cost model was then utilized to study the speedups for symmetric, asymmetric,

and dynamic – cores that change the architecture depending on the benchmark
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running – CMPs. They did not consider the impact of cache organizations.

Rogers et al. [152] developed an analytical model in order to study the

memory bandwidth wall problem for CMP systems. They found that the memory

bandwidth wall problem can severely limit core scaling.

Ho et al. [132] studied the trade-offs between cache organization, capacity, and

core counts. They employed the square root rule to model the cache miss rate. They

estimated the trade-offs among private, shared, and hybrid cache organizations.

They found that different cache organizations have different optimal core counts

and cache capacities. They predicted that shared caches can sustain more cores

than private caches at its peak performance point.

Wentzlaff et al. [179] developed an IPC model at the system level. They used

it to evaluate a large range of core counts and cache configurations. They assumed a

workload running independent SPEC Int 2000 programs on each core in an effort to

model cloud computing applications. They did not consider sharing among threads.

They found that the increased area provided by technology advances is better used

for cache due to the off-chip bandwidth constraints. They suggested that embedded

DRAM should be used as L2 caches.

Esmaeilzadeh et al. [64] modeled multicore scaling and showed that multicore

systems are doomed by power first and foremost. They predicted that regardless

of the microarchitecture, the cache organization, or any other design parameter,

multicore scaling will be limited by the power budget. They estimated that 21%

of the die area of a fixed-size chip must be powered off at 22nm, and this number

grows to more than 50% at 8nm.
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Sun et al. [169] developed a model to optimize, under power constraints, the

cache hierarchy. They applied the 2-to-
√

2 rule [83] which suggests that if the cache

size is doubled, the miss rate drops by a factor of
√

2.

Krishna et al. [102] extended the model in [179] taking into account sharing

for multithreaded benchmarks. They found that data sharing can improve system

throughput significantly compared to applications with no data sharing but the

benefits from data sharing is diminished with constraints on the off-chip bandwidth.

Multicore Reuse Distance profiles both shared and private (CRD and PRD)

provide detailed memory behavior capturing effects due to interference and data

sharing at varying cache capacities using one single run of the binary as long as the

input did not change given the same assumed number of cores.

The performance model we use only needs the CRD, the sPRD, and the num-

ber of executed RISC instructions. The PINtool lacks the translation model for the

CSIC instruction of the x86 architecture to x86 micro ops (the equivalent of RISC

instruction). Therefore, we use the M5 Alpha instruction count since it is readily

available and we have past experience that suggests that the number of micro ops

follows the alpha instruction count.

Our model extended the model developed by Wu and Yeung in [181, 184].

The model developed there was not verified against a cycle accurate simulator, did

not compute execution cycles for the program, and was used mainly for making

architectural decisions for the cache hierarchy design in terms of private vs. shared

and, given a fixed total die area budget for the entire cache, the breakdown of that

area among the different cache levels.
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The major drawback for models built using RD profiles is that the CRD and

sPRD profiles are idealistic. They do not account for associativity, timing, and

conflicts. Qasem and Kennedy have a cache conflict model [142]. We do not expect

much changes to the results if we included it in the computation of the CRD and

PRD profiles. After all, it cannot capture pathological conflicts.
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Chapter 3

Background and Methodology

This chapter describes the necessary concepts, background, and simulation

infrastructure used in this thesis. We will also discuss reuse distance (RD) analysis

and the methodology used to acquire multicore reuse distance profiles. Section 3.1

introduces the graph benchmarks and their inputs. We present the M5 simulator

that we use to collect the performance results. Section 3.2 introduces reuse distance

including multicore reuse distance. Finally, we introduce the Intel Pin tool which

we use to profile our set of benchmarks and we build our performance model using

these collected profiles.

3.1 Methodology

In this section, we will provide a detailed description of the tools, simulators,

and benchmarks that we use in this thesis. We introduce the M5 cycle-accurate

performance simulator, and we end with a detailed description of the benchmarks

and their different problem sizes.

3.1.1 M5 Architecture Simulation Infrastructure

In recent years, many simulator infrastructures have been developed for study-

ing microprocessors. One of the most popular simulators is SimpleScalar [9, 34]

27



which modeled sequential machines. Unfortunately, there was no follow up mul-

tiprocessor simulator that was built on top of SimpleScalar. A large ensemble of

multiprocessor simulators exist. RSIM is one of those simulators [89]. RSIM was

not meant to be distributed to others and hence was not maintained and heavily

used. But this has changed quite substantially in the past few years.

Many multiprocessor and Chip-Multiprocessor simulators are being developed,

such as RASE [55], SimFlex [80, 178], GEMS [114], DRAMsim [177], M5 [29,

30], SESC [147], Graphite [120], and Gem5 [27]. GEMS is no longer under

active development. The Gem5 simulator system combines both the M5 and Gems

platforms. It is a fully open-source software. Graphite is another simulator that

is gaining a lot of acceptance since one of its goals is running simulations across

multiple machines and utilizing multiple cores that exist in contemporary processors.

Many of the simulators that are available publicly that have been used in

the recent past were based on SIMICS [112] which is a commercial product that

simulates many aspects of computer systems in great detail such that it can boot

the full Solaris operating system.

M5 is from the University of Michigan [29, 30]. M5 is a full system simulator

capable of booting Linux. Now, it has become integrated into Gem5. Our research

group at the University of Maryland have modified and used the M5 simulator before

the merger with Gems.

Originally, M5 has only supported a cache coherence protocol which was a

bus-based snoop protocol. Lately, a point-to-point protocol became available. Our

group was able to scale the number of processors simulated in the stand-alone (non-
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full system mode) simulator beyond 128 processors. The point-to-point protocol

allowed scaling beyond the bus based protocol limits.

The instruction set that is simulated is the alpha instruction set. Our research

group has built an x86-Linux-based cross-compiler to build alpha binaries on a Linux

based x86 box to run on the stand-alone simulator. Our group have extensively

utilized M5 to run lots of benchmarks on it.

L2
(LLC)
Slice

L2
(LLC)
Directory

Core

L1

Switch

Figure 3.1: The simulated Tiled CMP architecture.

Many of our modifications to M5 enable simulation of tiled CMPs. A tiled

CMP, illustrated in Figure 3.1, consists of several identical replicated tiles. A tile

consists of a processor core, a multi-level cache hierarchy, and a switch for a 2D mesh

network. The switch connects to its four neighbors (North, South, East and West).
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When a node sends a request to a distant non-neighboring node, the request goes

through multiple hops. Different configurations can be achieved easily by replicating

a variable number of tiles. As a result, tiled CMPs are regarded as a scalable

CMP organization [81, 197]. Tiled CMPs are an extensible, easily replicated and

extended design that has been used in many architecture research and we think it

is a representative architecture.

We use the M5 simulator [28] to model a tiled CMPs. Our simulator simu-

lates in-order, single issue cores executing one instruction per cycle in the absence

of memory stalls. Each core has its own private caches, and the last level of cache

(LLC) is shared. We allow data to be replicated in each tile’s private caches. Coher-

ence across local caches is maintained via a directory-based MESI cache coherence

protocol. In a directory-based system, data that is being shared is placed in a com-

mon directory that maintains coherence between caches. The directory acts as a

filter through which the processor must ask permission to load an entry from the pri-

mary memory to its cache. When an entry is modified, the directory either updates

or invalidates the other caches with that entry. We utilize the MESI protocol to

maintain cache coherence. Scalable cache coherence protocols are being researched

heavily in academia [61, 144, 145].

The last-level shared cache we are simulating is partitioned among tiles. Each

tile has its own partition, called a slice. No migration or replication is allowed

among LLC slices. Each cache block resides in a fixed LLC slice which is known as

the cache block’s home tile. Each cache block’s directory entry is also co-located

with its associated data. Cache block homes are page-interleaved using 8kB page
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sizes across the LLC slices according to their physical address.

We assume each cache block’s directory entry is co-located with its associated

data, i.e.on the cache block’s home tile. We also assume full-map directories, with

each slice of the directory containing an entry for every cache block in its associated

LLC slice. We also assume full-map directories. This can lead to large directories.

Scalable directory schemes can reduce the directory size.

Old [3, 42, 70, 126] and new [1, 139, 153, 154] research on scalable directory

schemes can reduce the directory size and make its implementation more scalable and

feasible for large systems. Although the directory design is an important processor

design decision investigating the directory design is beyond the scope of our research.

3.1.2 Simulation Parameters

Our simulator’s core model is very simple, with each core executing one in-

struction per cycle (with no memory stalls) in program order. The simulator assumes

a machine with an ideal CPI. Contrary to the processor model, the memory system

model is very detailed. A detailed directory-based MESI cache coherence protocol

and a two dimensional point-to-point mesh network are implemented.

The M5 simulator was also modified to support multiple DRAM channels, each

connected to memory controllers on special memory tiles. The simulator accurately

models cache access, hops through the network, and DRAM access. It also models

queuing at the on-chip network and the memory controller(s).

All of our experiments simulate application code only without any operating
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system code. The OS effects are emulated and it is not a full system simulation

infrastructure. The simulator can record the directly-measured whole-program CRD

and PRD profiles for the pre-L1 memory reference stream across all cores. CRD

and PRD are computed at the granularity of 64 bytes, the block size for the caches.

Table 3.1: Simulator parameters used in the performance experiments.

Cores 4 core, Alpha ISA, CPI = 1, clock speed = 2GHz
IL1/DL1 4/8/32KB, 64B blocks, 4-way, 16 MSHRs, 1 CPU cycle
L2 Cache Size 128kB, 256kB, 512kB, 1MB, 2MB, 4MB
L2 Slice size 32kB, 64kB, 128kB, 256kB, 512kB, 1MB
L2 parameters 64B blocks, 8-way, 512 MSHRs, 16 Write Buffers, 10 CPU cycles
2-D Mesh 3 CPU cycles per-hop, bi-directional channels, 500Gbps, 2GHz
Memory 4GB, 200 cycles latency, 16GB/sec BW

Table 3.1 lists the parameters used in the M5 simulations. As Table 3.1 shows,

we use a two-level cache hierarchy. Each core has its own private split L1 instruction

and data caches. Also, the parameters and sizes of a physically distributed and

logically unified L2 cache are also given. We simulate processors with four cores,

4kB – 32kB IL1/DL1 private cache and 128kB – 4MB Shared L2 cache.

The machine combinations we run include 18 different machine configurations

for each optimization (12 optimizations) for each input data set (three data sets)

for each benchmark (three benchmarks) for each parallelization strategy (four par-

allelizations strategies). The overall number of M5 simulations is 7, 776. This same

number of simulation runs are accompanied by the same number of PIN tool runs to

compute the CRD and PRD profiles for each benchmark, data set, parallelization,

and optimization scheme. The overall number of simulations for both M5 and PIN

is 15, 552 simulations.
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3.1.3 Benchmarks

Table 3.2 lists the benchmarks and their input data sets that we simulate in

this work. The three applications employ perform indexed array accesses and data

access can be viewed as a graph and can be optimized as such.

Table 3.2: Total data footprint in MB for each benchmark for each Input size.

Benchmark 144.graph m14b.graph auto.graph Benchmark Type

Irreg 10.40MB 16.09MB 32.1MB iterative PDE solver

NBF 10.96MB 16.91MB 33.85MB molecular dynamics kernel

Moldyn 18.13MB 27.56MB 56.1MB non-bonded force kernel

Irreg is an iterative Partial Differential Equation (PDE) solver for an ir-

regular mesh. Moldyn is abstracted from the non-bonded force calculation in

CHARMM [32, 33]. CHARMM is an acronym for “Chemistry at HARvard Macro-

molecular Mechanics” computer program package. CHARMM is a key and highly

flexible program which uses empirical energy functions to model macromolecular

systems. CHARMM is used at the NIH to model macromolecular systems.

NBF (Non Bonded Force kernel) is a molecular dynamics simulation. NBF is

taken from the GROMOS software package [51, 176]. GROMOSTM is an acronym

for “GROningen MOlecular Simulation” computer program package, which has been

developed since 1978 for the dynamic modeling of (bio)molecules, until 1990 at the

University of Groningen, The Netherlands, and since then at the ETH, the Swiss

Federal Institute of Technology, in Zurich, Switzerland.

The three benchmarks can run similar data sets. Only Moldyn needs an

extra data file containing the cartesian coordinates for nodes in the graph data files.
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Table 3.3: Benchmarks and Input summary.

Benchmark 144.graph m14b.graph auto.graph

Irreg
144649 nodes 214765 nodes 448695 nodes
1074393 edges 1679018 edges 3314611 edges

NBF
144649 nodes 214765 nodes 448695 nodes
1074393 edges 1679018 edges 3314611 edges

Moldyn

144649 nodes 214765 nodes 448695 nodes
1074393 edges 1679018 edges 3314611 edges
xyz coordinates xyz coordinates xyz coordinates
for each node for each node for each node

Tables 3.3 and 3.2 show the three data input files, named 144.graph, m14b.graph

and auto.graph, respectively. Table 3.3 shows the total data size footprint of the

graphs in each input data set for all three benchmarks. The footprint sizes of the

input data sets are between 10MB – 57MB. Even though the data set sizes are not

extremely large, they are consistent with the size of the simulated systems’ caches.

Thus, even though the input data is limited in size, the results we obtain in this

thesis are representative of the results one would obtain for larger inputs running

on CPUs with larger caches.

In the next Chapter, we will discuss the different parallelization techniques

for the benchmarks. We will also discuss the locality optimizations possible for

the applications as well. We apply the locality optimizations by hand. The lo-

cality optimizations for the parallel version of the benchmarks will draw from the

optimizations for the serial versions of the benchmarks we have already studied in

[11–13].
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3.2 Reuse Distance

More than 40 years ago, Mattson et al. [115] introduced reuse distance anal-

ysis (also called stack distance analysis) as a method for characterizing application

memory access behavior without being tied to a specific memory hierarchy. Later,

researchers applied RD analysis for studying, validating, and predicting cache per-

formance, modeling program locality, providing hints during code generation, and

helping in structuring code and data to improve locality for uniprocessor [21–

26, 59, 201–203]. And in recent years, there has been a lot of interest in multicore

reuse distance. We will discuss this in the next section.

We can measure Reuse Distance (RD) by counting the number of unique data

blocks referenced between two references to the same data block in a Least Recently

Used (LRU) stack. If a never before seen data block is accessed by the running

program, this data block gets pushed on the top of the aforementioned LRU stack.

When a data block that was accessed previously is accessed again, we search the

LRU stack for its position in the stack. The reuse distance is represented by the

number of entries in the LRU stack between the referenced data block and the top

of the stack.

A reuse distance profile for a certain program is simply the histogram of the

RD values for all references in the program. Given a cache that implements an LRU

replacement policy with total capacity C, we can estimate the total number of cache

misses as the sum of all reference counts with reuse distance equal to or larger than

C in the RD profile.
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Since sequential uniprocessor benchmarks only have a single non-varying mem-

ory reference stream, RD profiles for sequential uniprocessor benchmarks are both

architecture independent and cache size independent. We can compute RD profiles

on one particular machine, and later use these profiles for whatever purpose on a

different cache size and different machine as long as the memory reference stream

remains the same.

3.3 Multicore Reuse Distance

Core 
1

L1

Shared Last Level Cache (Ln)

Core 
2

L1

Core 
3

L1

To DRAMs

L2 L2 L2

Core 
P

L1

L2

Private 
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Cache 
levels

Figure 3.2: Chip Multiprocessors with multiple levels of private cache and a shared
last level cache

With the prevalence of CMPs, it is highly desirable to extend reuse distance to
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handle parallel programs. Researchers have devised ways to compute reuse distance

profiles for parallel programs on multiprocessors. We use the reuse distance profiling

techniques introduced by Wu and Yeung in [182, 186, 187].

As we have explained earlier in Chapter 1, most contemporary multicore

processors contain some levels of private caches, normally a level or two and a

shared level of cache. Figure 3.2 shows a generalized multicore processor with P

cores, n− 1 levels of private caches and backed by a single shared Last-Level cache

(LLC) Ln.

Threads interact very differently given a private or a shared cache. For each

type of cache, there has to be a different locality profile representing the particular

cache type. Shared caches react differently to shared data. Data sharing reduces

the size of the aggregate working set of the running program. This makes the cache

effectively larger since the pressure on the cache is smaller. On the contrary for

private caches, shared data causes replication of data in multiple cores’ private caches

and causes communication among cores to send data across the private caches.

Replication reduces the effective cache size due to having multiple copies of data in

the caches.

Normally as Figure 3.2 suggests, there are some levels of private cache and

some shared cache. Therefore, we have to have profiles that account for the private

caches. To model shared caches and private caches, we use Private-stack Reuse

Distance (PRD) for private caches and Concurrent Reuse Distance (CRD) for shared

cache. Intra-thread data locality and inter-thread data locality dictate the memory

behaviour of multicore cache systems. CRD and PRD profiles capture the different
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thread interactions in shared and private caches.

3.3.1 Concurrent Reuse Distance

Initially, reuse distance analysis was extended for shared caches. This version

of reuse distance is computed from the stream of interleaved memory references from

all the system cores using a single LRU stack. The profile that we obtain from this

is called the concurrent reuse distance (CRD) profile [58, 92, 156, 157, 160].

There are several effects due to memory interleaving that are captured by

CRD profiles. One of these effects is dilation. Dilation happens because references

from separate cores interleave and disrupt each other’s locality. This causes CRD

values to be larger than RD values collected for single core profiles because of the

interleaved private references from each core.

Data sharing on the other hand reduces dilation. If multiple cores reference

the same item, the reuse distance experienced by each core can be reduced because

of the reuse of the shared data by the different cores. This tends to offset the impact

of dilation, and can even result in a smaller CRD value compared to the single core

RD value.

3.3.2 Private-stack Reuse Distance

While Concurrent Reuse Distance (CRD) profiles are computed using only a

single LRU stack, Private-stack Reuse Distance (PRD) profiles are computed by

having as many LRU stacks as there are cores in the system. The references of each
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core is fed into its own LRU stack. This happens while coherence among the cores is

observed across the per-thread LRU stacks [156, 157, 160]. Maintaining coherence

is done by invalidating data that is write shared. Read sharing causes replication

of data among the caches or the LRU stacks of cores that access the same data

block. These replications make the effective cache size smaller in the case of private

caches. Cache misses to cache blocks that were invalidated because of write sharing

are quantified as cache coherence misses.

3.3.3 Cache Miss Count (CMC)

Using the Concurrent Reuse Distance (CRD) and Private-stack Reuse Distance

(PRD) profiles, we can estimate the cache miss count (CMC) for a cache of capacity

i by using a simple summation formula. CMC is defined as the number of cache

misses incurred at capacity i in a CRD or an sPRD profile as given in Equations 3.1

and 3.2 respectively, where N is the total number of reference count bins in each

profile. CRD[Inf] and sPRD[Inf] are the compulsory misses a cache must suffer no

matter how big the cache is.

CRD CMC[i] =
N−1∑
j=i

CRD[j] + CRD[Inf ] (3.1)

sPRD CMC[i] =
N−1∑
j=i

sPRD[j] + sPRD[Inf ] (3.2)

Using CRD CMC and sPRD CMC, we can compute the number of misses

in a shared cache of a certain size and a private cache of a certain size, respectively.
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We will use these equations to build a performance model predicting execution time

in Section 6.1

3.3.4 Pin-based Profiling Tool

In this section, we introduce the profiling tool that is developed in-house in

our group on top of the Intel Pin toolkit that can acquire CRD and PRD profiles.

This profiling tool is used to profile and analyze three graph benchmarks running

three different problem sizes on different L1 and L2 cache sizes on four cores.

Intel’s Pin is a dynamic binary instrumentation framework for the IA-32 and

x86-64 instruction-set architectures enabling the creation of dynamic program anal-

ysis tools [20, 99, 141]. The tools created using Pin, called “PINtools”, can be

used to perform program analysis on user space applications on both Linux and

Windows. As a dynamic binary instrumentation tool, instrumentation is performed

at run time on the compiled binary files. Thus, it requires no recompiling of source

code and can support instrumenting programs that dynamically generate code.

Pin provides a rich API that abstracts away the underlying instruction-set and

allows context information such as register contents to be passed to the injected code

as parameters. Pin automatically saves and restores the registers that are overwrit-

ten by the injected code so the application continues to work. The instrumented

binary runs natively on the hardware, so it provides much higher performance and

compatibility than simulators. We use a PINtool developed in our group. The tool

has been used in several research studies. Wu et al. [181, 182, 186, 187] explain the
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framework the tool offers in much deeper and greater detail. Our main goal from

using the PINtool is to acquire the CRD and PRD profiles for the benchmarks, input

data sets, parallelization techniques, and locality optimizations we are investigating

in this thesis.

The tool implements a controlled context switch in the OS scheduler to simu-

late simultaneous thread execution, faithfully mimicking how a CMP would execute

the threads. The fine-grain context switch method proposed by McCurdy and Fis-

cher [116], as illustrated in Figure 3.3, is what is used in the tool. In this scheme,

a centralized master scheduler control passes an active signal to the thread that

should be activated in a round-robin fashion, thus only one thread is active at any

given time. The rest of the threads wait for their turn to run after the active signal

from the master scheduler is sent signaling their turn. Since the active signal is

passed in a round-robin fashion, the memory accesses are interleaved in a known

consistent order across all threads. One last important point is that the scheduler

simulates the synchronization mechanisms of Pthreads.

Several assumptions are made when acquiring the CRD and PRD profiles.

The first is that the Pin tool like its toolkit performs only functional execution,

context switching between threads every memory reference. Hence, the memory

references from each thread are interleaved uniformly in time with a known order.

In the tool memory interleaving model, there is no particular cache hierarchy or

CMP architecture built-in the developed tool on top of PIN. So, there are no timing

interactions or considered in the CRD and PRD profiles. The assumption of uniform

memory interleaving is accurate enough to acquire profiles for loop-based parallel
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Figure 3.3: Thread interleaving scheme.

programs as Wu and Yeung have shown in their work [181, 182, 186, 187]. No

interrupts are thrown by the OS to the threads. The benchmarks run on the tool

unopposed by any other processes.
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Chapter 4

Techniques for Graph Problems:

Locality Optimizations & Parallelizations

In this chapter, we discuss the techniques that are central to the work in this

thesis. First, we will discuss locality optimizations for graph problems. Second, we

will introduce the different parallelization choices. Finally, we show how locality

optimizations and parallelizations techniques can be combined.

4.1 Locality Optimizations

Locality optimizations are a set of techniques used to achieve better perfor-

mance through optimizing cache performance. These techniques are orthogonal to

prefetching [37–40]. Prefetching aims at hiding the latency of references by issu-

ing loads early for those references that are expected to miss in the cache. On the

other hand, locality optimizations change data layout, computations’ order of the

programs, or both so as to improve the application’s data locality [180]. Data local-

ity optimizations improve the application’s data reuse. Changing the computation

order or data layout of the program at compile or run time exposes data reuse.

There are two form of data reuse temporal reuse and spatial reuse. Tempo-

ral reuse happens when references to data go to the same location and repeats at

different times. We can exploit temporal reuse by reordering the computations to
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execute all the computations on a data item before moving on to other data.

Spatial reuse happens when references to data destined to nearby locations

in memory are performed together. We can exploit spatial reuse by reordering the

computations to perform computations on data that are close in space before moving

on to the next computation.

The compiler or run-time system of the application examines what type of data

locality can be exploited to improve the application’s cache performance. There are

different locality optimizations for different access patterns [36, 49, 52, 104, 140,

148–150, 180].

4.2 Reordering for Indexed Accesses

Borrowing from our work in [11–13], locality optimizations for indexed array

benchmarks reorder computations using graph partitioning techniques to improve

reuse, locality, and memory performance.

Many graph partitioners exist. One of the most famous is the metis library of

partitioning programs [96–98]. In the literature, many algorithms, graph partition-

ing techniques, and graph partitioners have been used for indexed array benchmarks.

We call programs that exhibit this access pattern graph problems or indexed array

problems interchangeably.

We have applied the recursive coordinate bisection rcb computation reorder-

ing algorithm for the benchmarks used in this work in our previous work [11–13].

But we are not restricted to it. Researchers have studied a lot of techniques for
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the benchmarks we are using here in [76, 77]. They have studied and compared

the different techniques to parallelize and improve locality for single threaded and

parallel versions of this set of benchmarks. They have noted that the quality of the

partitions produced by the metis library is the best but the overhead of using the

library to partition is the highest among all the investigated techniques. We will opt

to use metis for its better quality partitions and we assume that the program runs

for a number of iterations that would justify the overhead cost. In this thesis, we

will not study how many iterations are needed to ameliorate the overhead. Other

works have performed that study in detail and it is beyond the scope of this thesis

to re-perform those studies.

Indexed array accesses are difficult to optimize at compile time. Since the

analysis at compile time cannot determine the access patterns, which are only known

at run-time. Instead, indexed array accesses must be optimized at runtime [4, 56,

119, 121] or before compiling only if the input data set is known ahead of time.

Saltz et al. [54] designed a compiler which generates calls to an inspector to

process memory access patterns at run-time. This approach is called an inspector-

executor approach. This approach can be used with any benchmarks that cannot

be analyzed at compile time. An example of these programs is any computation

that computes on graphs.

Figure 4.1(a) shows an example code fragment for an indexed array compu-

tation. Figure 4.1(b) shows the relationship between the index array and the data

(indexed) array in terms of data layout and dependency. All optimization techniques

try to rearrange both the data layout and the computation order in such a way that
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// Indexed Array Accesses 
// Molecular Dynamics
float X1(M),X2(M); int index(N);
for (t = 1; t == time; t++) {

for (i = 0; i < N; i++) {
d = X1(index(i))-X2(index(i));
force = pow(d, -7) – pow(d, -4);
X1(index(i)) += force;
X2(index(i)) += -force;

}
}

(a) Indexed array access pattern example code.

Index Array

Data Array

(b) Indexed array access pattern figure representation.

Figure 4.1: Indexed array access pattern code fragment and data layout illustra-
tion.

would force the accesses to the data array to be more regular, resulting in better

cache performance.
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The reordering process is shown in Figure 4.2. This figure shows the parti-

tioning and the reordering of the data and index arrays taking place. Since almost

all molecular dynamics and electromagnetic codes interact pairs of data according to

their geometric coordinate data. The problem lends itself nicely to a directed graph.

Several data and computation locality transformations exist to solve the problem

of improving the locality of such graphs. One of these techniques is called Graph

Partitioning techniques (gpart). This technique is based on hierarchical clustering.

It generates quality partitions quickly. The main advantage of this technique is

that it has low overhead since it only considers edges between partitions. GPART

closely matches the performance of more sophisticated partitioning algorithms, with

one third of the overhead [4, 74, 119]. Yet still, we opt for metis with its higher

overhead sine it demonstrates higher partition quality across the board. We might

consider GPART for future work or if the overhead cost is critical.

In the example shown in Figure 4.2 circles represent computations (loop itera-

tions), squares represent data (array elements), and arrows represent data accesses.

Initially, memory accesses are irregular, but either computation or data may be re-

ordered to improve temporal and spatial locality. Note that each iteration accesses

two array elements. Computations can be viewed as edges connecting data nodes,

resulting in a graph. Locality optimizations can then be mapped to a graph par-

titioning problem. Partitioning the graph and putting nodes in a partition close

in memory can then improve spatial and temporal locality. Applying lexicographic

sorting after partitioning captures even more locality.

The hierarchical structure in GPART is similar to that of recursive coordinate
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bisection (rcb), which is a data reordering algorithm used when data is unevenly

distributed. RCB is based on geometric coordinate information. RCB recursively

splits each dimension into two by finding the median of the data coordinates in

that dimension. After partitioning, data items are stored consecutively within each

partition. Loop iterations are lexicographically sorted based on the data accessed

[56, 74, 121]. RCB has higher overheads than other techniques but is most likely

to work well with unevenly distributed data. Figures 4.2(d) and 4.2(e) show the

computations after the partitioning technique has been applied and show how the

computations will access the array in a different order compared to the original

access order. These algorithms are explained in more details in [74, 75].

4.2.1 Using Metis

In this subsection, we will discuss in more details the partitioning methodology

we have used for our work here.

For each benchmark, we compute an estimate of the total data that is needed

for the computation as we have reported in Table 3.2. We compute several par-

tition sizes for each input data set for each benchmark. These sizes go from a no

partitioning case i.e.the original graph to the case with as large a partition size we

can.

We use the metis METIS PartGraphKway function to partition all graphs

with all benchmarks to the proper number of partitions. The function partitions

a graph into k parts using the multilevel k-way partitioning to minimize the total
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number of edge cuts among the partitions for each graph for each problem [96–98].

No Partitions =

⌈
Input set size

Cache size

⌉
(4.1)

We use equation 4.1 to compute the number of partitions for each graph under

each benchmark.

Table 4.1 shows the partition sizes computed for all of the three input data sets

of Irreg. Table 4.2 shows a summary of the partition sizes for different relevant

L1 cache sizes for the input data sets for Irreg.

Tables 4.3 shows the partition sizes computed for all of the three input data

sets of NBF. Table 4.4 shows a summary of the partition sizes for the L1 cache

sizes simulated for the input data sets for NBF.

Tables 4.5 shows the partition sizes computed for all of the three input data

sets of Moldyn. Table 4.6 shows a summary of the partition sizes for the L1 cache

sizes simulated for the input data sets for Moldyn.

4.3 Parallelization Strategies

In this section, we will discuss the parallelization strategies that we use for

the benchmarks in this thesis. We explain the vanilla legacy SMP parallelization

and a suggested CMP parallelization and explain its draw backs and advantages of

increasing sharing. Furthermore, We show two variations on top of the vanilla CMP

parallelization strategy to optimize it to take advantage of the shared cache.
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Table 4.1: Partition sizes for the 144, m14b, and auto graphs for the Irreg bench-
mark.

144 m14b auto

# Parts Partition Size # Parts Partition Size # Parts Partition Size

1 10.4MB 1 16.087MB 1 32.1MB

4 2.6MB 4 4.02MB 4 8.03MB

11 1MB 17 1MB 33 1MB

42 256kB 65 256kB 65 512kB

84 128KB 129 128KB 129 256KB

333 32kB 515 32kB 257 128kB

666 16kB 1030 16kB 1028 32kB

1332 8kB 2060 8kB 2055 16kB

2664 4kB 4119 4kB 4109 8kB

5327 2kB 8237 2kB 8218 4kB

10654 1kB 16474 1kB 16436 2kB

23170 0.5kB 23170 0.7kB 23170 1.4kB

Table 4.2: Partition sizes for the input data sets of Irreg for different L1 sizes.

Input Graph L1=4kB L1=8kB L1=16kB L1=32kB

auto 8218 4109 2055 1028

m14b 4119 2060 1030 515

144 2664 1332 666 333

4.3.1 SMP Legacy Parallelization

Legacy parallel multiprocessor machines have each processor in a different

board where communication costs are high and normally any developer tries his

best to minimize communication among the cores except when it is mandatory and

inevitable to happen to cut the cost of going from board to board or to go across

chip pins through a board bus to another chip pins which can be prohibitive if it
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Table 4.3: Partition sizes for the 144, m14b, and auto graphs for the NBF bench-
mark.

144 m14b auto

# Parts Partition Size # Parts Partition Size # Parts Partition Size

1 10.4MB 1 17MB 1 34MB

4 2.6MB 4 4.25MB 4 8.5MB

11 1MB 17 1MB 34 1MB

44 256kB 68 256kB 85 512kB

88 128KB 336 52KB 271 128KB

351 32kB 542 32kB 679 56kB

702 16kB 1083 16kB 1084 32kB

1403 8kB 2165 8kB 2167 16kB

2806 4kB 4329 4kB 4333 8kB

5612 2kB 8658 2kB 8667 4kB

11224 1kB 17316 1kB 17332 2kB

23170 0.5kB 23170 0.75kB 23170 1.5kB

Table 4.4: Partition sizes for the input data sets of NBF for different L1 sizes.

Input Graph L1=4kB L1=8kB L1=16kB L1=32kB

auto 8667 4333 2167 1084

m14b 4329 2165 1083 542

144 2806 1403 702 351

happens often. Thus, communication minimization is one of the ultimate goals of

developing parallel codes for legacy SMP machines.

CMP machines can run out of the box SMP parallelized codes without any

modification but such codes over minimize communication. Communication costs

in a CMP system are much less than in a SMP system. Normally, for any particular

problems the problem space is divided up into P equal parts each is giving to one

of the P processors of the multiprocessor system where the communication among

51



Table 4.5: Partition sizes for the 144, m14b, and auto graphs for the Moldyn
benchmark.

144 m14b auto

# Parts Partition Size # Parts Partition Size # Parts Partition Size

1 56.1MB 1 28MB 1 18.13MB

4 14.02MB 4 7MB 4 4.6MB

57 1MB 28 1MB 19 1MB

225 256kB 111 256kB 73 256kB

449 128KB 221 128KB 146 128KB

1796 32kB 882 32kB 581 32kB

3591 16kB 1764 16kB 1161 16kB

7181 8kB 3528 8kB 2321 8kB

14362 4kB 7055 4kB 4642 4kB

23170 2.5kB 14109 2kB 9283 2kB

23170 1.25kB 18565 1kB

23170 0.8kB

Table 4.6: Partition sizes for the input data sets of Moldyn for different L1 sizes.

Problem L1=4kB L1=8kB L1=16kB L1=32kB

auto 14362 7181 3591 1796

m14b 7055 3528 1764 882

144 4642 2321 1161 581

the processors is kept to a minimum while we are dividing the problem.

In the case of the given graph problems, we first run the metis partitioning

process to partition the graph into m parts where m is defined as we have shown in

previous sections. On top of these partitions, we partition the number of edges of

the graph and the number of nodes by the number of processors in the system which

is P. We note here that each the P cores works on its own 1/P part that consists

of multiple smaller parts of the m parts that were partition using metis. Figure ??

52



illustrates this parallelization strategy.

4.3.2 CMP Parallelization

What we call CMP parallelization is a technique that partitions the input

graph into “m” parts using metis according to the sizes computed an shown in

Section 4.2.1. Each of these m partition is computed upon using all the P cores i.e.

each of the m partitions divided into P further parts each of these parts is computed

using one of the P cores thus, at any given time during the execution time all cores

are computing one only one of the m parts. This technique makes all the cores share

the data of the part they are computing upon. When the number of parts become

large enough i.e.part size is too small then we are working on a very small amount

of data and we have to bring much of the data to processing cores multiple times.

This techniques does perform relatively good in the smaller partition sizes when

compared to similar partition sizes if compared to SMP parallelization with the same

partition sizes but as m increases sharing and communication becomes unreasonable

and becomes counterproductive. Figure ?? illustrates this parallelization strategy.

4.3.3 Variation on the CMP Parallelization

The CMP parallelization idea which revolves around sharing of a partition

among all the cores is a good idea that we can use or develop further to reap the

gain of good L1 cache utilization and sharing benefits in the upper levels of the

cache (L2 cache in our case).
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4.3.3.1 CMP − P Parallelization

We call this variation of the CMP parallelization “CMP − P”, where P is

the number of core in the multicore system. In this technique, we use metis and

partition the problem into m parts as we have explained above in section 4.3.1.

After that we divide the entire problem space into P parts and in the computation

each of the P is computed upon using all of the P cores in the system. We note that

the size of each of these P parts is even with the smallest input data sets larger than

the largest L2 cache that we simulate which is 4MB. This means that the L2 cache

cannot fit one of these P parts. The idea here is that metis partitioned m parts

that would fit in the L1 cache and we boost sharing by having a smaller working

set even though it cannot fit into the L2 cache, when all the cores compute on one

of the P parts during any given time. Each of the P parts would contain a few of

the m parts that metis has partitioned. Thus, we have a hierarchical partitioning

at the cost of running metis on the problem only once. We proposed this in the

proposal that preceded this thesis in 2006 yet it was published first by Shen et al.

of the College of William and Mary [193–195]. Our parallelization here adds the

partitioning trying to fit in the L1 cache on top of the idea published by shen et al. .

4.3.3.2 CMP −K Parallelization

We call this variation of the CMP parallelization “CMP −K”, where K can

be any size that we can arbitrarily choose for some purpose. The first variation

which we call “CMP − P” partitions the problem into P parts. For the smallest
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input data set, each partition is larger than 4MB which is the largest L2 cache we

simulate. We try to make the partition size smaller than the size of the partition if

we partition it P ways. We have chosen to partition the problem into K parts where

each part would be equal to or less than 1MB. The interesting finding that we have

found when we ran this parallelization is that it did not perform the best among all

the parallelizations all the time on the contrary in some instances the CMP − P

or the Legacy SMP parallelizations would achieve better performance. We have to

also note that each of the K parts is computed upon by all of the P cores exactly

like the “CMP − P” case. This is another technique that is hierarchical in nature

where we try to make the problem to fit in the L1 cache and the L2 cache.

4.3.4 Discussion on the Parallelization Strategies

What we have learned as we will show in the results chapters of the thesis is

that the design space we have to find the best combination of the parallelization

strategy and locality optimization (graph partitioning) is very complex. We learnt

from that design space exploration that fitting in the lowest levels of the cache (L1

cache in our case) should be the utmost top priority for developers and compilers

then comes any attempts to fit in the upper levels of the cache (L2 cache in our

case).
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Figure 4.2: An example for an index array locality optimization.
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Chapter 5

Design Space Exploration using detailed M5 Experimental Results

In this chapter, we explore the design space consisting of the combination of

the parallelization strategies discussed in Section 4.3 and the partitionings discussed

in Sections 4.2.1 and 3.1.1 running our benchmarks and the input data sets, we

discussed in Chapter 3. We run the different partition sizes for every input data set

for each benchmark. We run the M5 simulator using the parameters presented in

Section 3.1.1. We run between 10 – 12 partition sizes for each machine as described

in Section 3.1.1. The results of this chapter will quantify how much performance

gain our proposed parallelization techniques and locality optimizations can acheive

on top of a baseline case. In particular we will show that we can get gains from a

few percent to as much as 20% across the machines, benchmarks, and input data

sets simulated.

5.1 Searching for the best Partition Size using the M5 Simulator

The problem we aim to quantify here is a design space exploration problem.

We have several dimensions that span the design space. The space is bounded by

four parallelizations strategies, 10 – 12 graph partitionings (Locality optimization

dimension), three L1 cache sizes, six L2 cache sizes, three benchmarks each with

three input data sets. This search space is comprised of 7, 776 simulations. The
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choice of the cache sizes is made in such a way that we span a decent space of cache

design.

We run varying partition sizes (Tables 4.1, 4.3, and 4.5) ranging from no

partitioning denoted by 1 to a maximum partition size of 23, 170 for each combina-

tion of L1 and L2 cache sizes using the M5 simulator with the parameters shown in

Section 3.1.1.

Each of the following sections presents the results for each of the benchmarks.

Within each section, there are three subsections, one for each input data set. In

each subsection, there are three figures each with six sub-figures. Each figure is for

the three simulated L1 cache sizes and each of the six sub-figures will present the

results for each of the six L2 cache sizes simulated. Each sub-figure shows the results

for all four parallelization strategies as shown in Section 4.3 in conjunction with

the different locality optimizations (partition sizes).

All results are normalized to a baseline performance point. The baseline per-

formance point in each figure is labeled with a “*b”. The baseline is defined as the

partition size selected for a partition that is estimated to fit in the L1 cache sim-

ulated. Thus, in each of the three figures for each subsection, the baseline is fixed

since the L1 cache is fixed. The baselines are shown in Tables 4.2, 4.4, and 4.6.

Each sub-figure shows relative performance sorted in ascending order. Data points

with relative performance below 1 represent improvements relative to the baseline

case. After each set of three figures and before the conclusion of each section there

is a table that summarizes the performance in the three figures and an average per-

formance gain number is shown. Each of the parallelization techniques that will
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be mentioned below is explained in details in Section 4.3. In each sub-figure, the

x-axis can be deciphered according to one of the four cases as follows:

1. “SMP.4kB.32kB.10654” means the parallelization is SMP, the L1 cache sim-

ulated is 4kB, the L2 cache slice per core for each core is 32kB, and the number

of partitions is 10, 654.

2. “CMP.4kB.32kB.10654” means the parallelization is CMP, the L1 cache sim-

ulated is 4kB, the L2 cache slice per core for each core is 32kB, and the number

of partitions is 10, 654.

3. “CMP.4kB.32kB.10654−4” means the parallelization is CMP-4, the L1 cache

simulated is 4kB, the L2 cache slice per core for each core is 32kB, and the

number of partitions is 10, 654. Note that four here is the number of cores.

4. “CMP.4kB.32kB.10654 − 11” means the parallelization is CMP-11, the L1

cache simulated is 4kB, the L2 cache slice per core for each core is 32kB,

and the number of partitions is 10, 654. Note that 11 here represents the

maximum partition size that can fit in a 1MB cache. This changes according

to each input data set.

The results of each benchmark with an input data set is summarized in a

Table similar to Table 5.1. The reported gains “%Gain M5” are relative to the

baseline case which is the legacy SMP parallelization strategy with a partition size

that is estimated to fit into the simulated L1 cache and are in percentage. For

each benchmark there is a table similar to Table 5.10 which summarizes the results
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across all input data sets for each particular benchmark. The reported numbers are

gains in percentage from the baseline cases.

5.2 Irreg Results

In this section, we present the results of the M5 simulator for the Irreg

benchmark with all of the input data sets; 144, m14b, and auto. We simulate the

cross product of machines with 4kB, 8kB, and 32kB L1 caches and 128kB, 256kB,

512kB, 1MB, 2MB, and 4MB L2 caches. All the results are with 4 cores.

5.2.1 Irreg with 144 input data set

In this section, we present the results of the M5 simulator for the Irreg

benchmark with the 144 input data set. Figures 5.1, 5.2, and 5.3 show in detail

the results for the three L1 caches. We clearly see that there is a large spectrum

for the values relative to the baseline. We see that in some cases the unmodified

vanilla benchmark can sometime be larger than the baseline by a factor of from 5.4

to 3.4. This clearly shows that there is a large gain to be captured if we compare

to the unmodified benchmark. The gains relative to the baseline are summarized in

Table 5.1. The range of gains for the 4kB simulated machines ranges from 1.34% to

2.36% and the average is 1.88%. The range of gains for the 8kB simulated machines

ranges from 1.38% to 4.36% and the average is 3.56%. The range of gains for the

32kB simulated machines ranges from 2.09% to 11.20% and the average is 4.96%.

The overall average for the 144 input data set for all L1 caches is 3.47%.
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Table 5.1: Summary of the percentage gains relative to the baseline using the M5
simulator for Irreg for the 144 input data set with 4kB − 32kB L1
caches and 128kB − 4MB L2 caches.

L1 size 4kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 1.34 2.19 2.36 1.85 2.04 1.49 1.88

L1 size 8kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 3.53 4.36 3.87 4.12 4.09 1.38 3.56

L1 size 32 kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 11.20 5.65 4.05 3.57 3.21 2.09 4.96

Average across all L1 Sizes

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg. 144

%Gain M5 5.35 4.07 3.43 3.18 3.11 1.66 3.47

5.2.2 Irreg with m14b input data set

In this section, we present the results for the M5 simulator for Irreg bench-

mark with the m14b input data set. Figures 5.4, 5.5, and 5.6 show in detail

the results for the three L1 caches. We clearly see that there is a large spectrum

for the values relative to the baseline. We see that in some cases the unmodified

benchmark can sometimes be larger than the baseline by a factor from 5.8 to 3.0.

This clearly shows that there is a large gain to be captured if we compare to the

unmodified benchmark. The gains relative to the baseline are summarized in Table

5.2. The range of gains for the 4kB simulated machines are from 0.58% to 1.33%

and the average is 0.95%. The range of gains for the 8kB simulated machines are

from 1.37% to 2.38% and the average is 1.86%. The range of gains for the 32kB
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Table 5.2: Summary of the percentage gains relative to the baseline using the M5
simulator for Irreg for the m14b input data set with 4kB− 32kB L1
caches and 128kB − 4MB L2 caches.

L1 size 4kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 0.85 1.33 1.13 1.03 0.79 0.58 0.95

L1 size 8kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 2.38 2.01 1.75 2.07 1.55 1.37 1.86

L1 size 32kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 6.68 3.73 3.32 2.29 1.59 1.32 3.16

Average across all L1 Sizes

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg. m14b

%Gain M5 3.30 2.36 2.07 1.80 1.31 1.09 1.99

simulated machines are from 1.32% to 6.68% and the average is 3.16%. The overall

average for the m14b input data set for all L1 caches is 1.99%.

5.2.3 Irreg with auto input data set

In this section, we will show the results of the M5 simulator for Irreg bench-

mark with the auto input data set. Figures 5.7, 5.8, and 5.9 show in detail

the results for the three L1 caches. We clearly see that there is a large spectrum

for the values relative to the baseline. We see that in some cases the unmodified

benchmark can sometime be larger than the baseline by a factor of from 5.8 to 2.4.

This clearly shows that there is a large gain to be captured if we compare to the

unmodified benchmark. The gains relative to the baseline is summarized in Table
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Table 5.3: Summary of the percentage gains relative to the baseline using the M5
simulator for Irreg for the auto input data set with 4kB − 32kB L1
caches and 128kB − 4MB L2 caches.

L1 size 4kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 4.73 4.39 4.48 3.49 3.33 3.63 4.01

L1 size 8kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 10.00 9.08 8.73 7.65 7.01 7.21 8.28

L1 size 32kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 19.69 11.01 8.58 6.69 6.68 4.65 9.55

Average across all L1 Sizes

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg. auto

%Gain M5 11.48 8.16 7.26 5.94 5.67 5.17 7.28

5.3. The range of gains for the 4kB simulated machines are from 3.33% to 4.73%

and the average is 4.01%. The range of gains for the 8kB simulated machines are

from 7.01% to 10.00% and the average is 8.28%. The range of gains for the 32kB

simulated machines are from 4.65% to 19.69% and the average is 9.55%. The overall

average for the auto input data set for all L1 caches is 7.28%.

5.3 NBF Results

In this section, we present the results of the M5 simulator for NBF benchmark

with all of the input data sets; 144, m14b, and auto. We simulate the cross

product of machines with 4kB, 8kB, and 32kB L1 caches and and 128kB, 256kB,

512kB, 1MB, 2MB, and 4MB L2 caches. All the results are with 4 cores.
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5.3.1 NBF with 144 input data set

In this section, we will show the results of the M5 simulator for NBF bench-

mark with the 144 input data set. Figures 5.10, 5.11, and 5.12 show in detail

the results for the three L1 caches. We clearly see that there is a large spectrum

for the values relative to the baseline. We see that in some cases the unmodified

benchmark can sometime be larger than the baseline by a factor of from 5.6 to 3.8.

This clearly shows that there is a large gain to be captured if we compare to the

unmodified benchmark. The gains relative to the baseline is summarized in Table

5.4. The range of gains for the 4kB simulated machines are from 0% to 1.30% and

the average is 0.39%. The range of gains for the 8kB simulated machines are from

0.71% to 5.22% and the average is 3.41%. The range of gains for the 32kB simulated

machines are from 3.34% to 11.97% and the average is 6.44%. The overall average

for the 144 input data set for all L1 caches is 3.41%.

5.3.2 NBF with m14b input data set

In this section, we will show the results of the M5 simulator for NBF bench-

mark with the 144 input data set. Figures 5.13, 5.14, and 5.15 show in detail

the results for the three L1 caches. We clearly see that there is a large spectrum

for the values relative to the baseline. We see that in some cases the unmodified

benchmark can sometime be larger than the baseline by a factor of from 6.2 to 3.6.

This clearly shows that there is a large gain to be captured if we compare to the

unmodified benchmark. The gains relative to the baseline is summarized in Table
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Table 5.4: Summary of the percentage gains relative to the baseline using the M5
simulator for NBF for the 144 input data set with 4kB − 32kB L1
caches and 128kB − 4MB L2 caches.

L1 size 4kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 1.30 0.07 0.00 0.88 0.12 0.00 0.39

L1 size 8kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 5.22 4.41 4.00 4.04 2.05 0.71 3.41

L1 size 32kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 11.97 8.62 6.26 4.89 3.54 3.34 6.44

Average across all L1 Sizes

L2 size 128 kB 256 kB 512 kB 1 MB 2 MB 4 MB Avg. 144

%Gain M5 6.16 4.37 3.42 3.27 1.90 1.35 3.41

5.5. The range of gains for the 4kB simulated machines are from 0% to 1.24% and

the average is 0.60%. The range of gains for the 8kB simulated machines are from

0.43% to 1.83% and the average is 1.39%. The range of gains for the 32kB simulated

machines are from 0.35% to 6.16% and the average is 3.21%. The overall average

for the m14b input data set for all L1 caches is 1.74%.

5.3.3 NBF with auto input data set

In this section, we will show the results of the M5 simulator for NBF bench-

mark with the auto input data set. Figures 5.16, 5.17, and 5.18 show in detail

the results for the three L1 caches. We clearly see that there is a large spectrum

for the values relative to the baseline. We see that in some cases the unmodified
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Table 5.5: Summary of the percentage gains relative to the baseline using the M5
simulator for NBF for the m14b input data set with 4kB − 32kB L1
caches and 128kB − 4MB L2 caches.

L1 size 4kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 0.00 0.59 0.84 0.94 1.24 0.00 0.60

L1 size 8kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 1.37 1.80 1.78 1.83 1.15 0.43 1.39

L1 size 32kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 6.16 3.28 3.55 3.03 2.91 0.35 3.21

Average across all L1 Sizes

L2 size 128 kB 256 kB 512 kB 1 MB 2 MB 4 MB Avg. m14b

%Gain M5 2.51 1.89 2.06 1.94 1.77 0.26 1.74

benchmark can sometime be larger than the baseline by a factor of from 6.2 to 2.7.

This clearly shows that there is a large gain to be captured if we compare to the

vanilla benchmark. The gains relative to the baseline is summarized in Table 5.6.

The range of gains for the 4kB simulated machines are from 3.10% to 4.50% and

the average is 3.57%. The range of gains for the 8kB simulated machines are from

5.78% to 8.64% and the average is 6.74%. The range of gains for the 32kB simulated

machines are from 6.33% to 16.18% and the average is 9.81%. The overall average

for the auto input data set for all L1 caches is 6.70%.
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Table 5.6: Summary of the percentage gains relative to the baseline using the M5
simulator for NBF for the auto input data set with 4kB − 32kB L1
caches and 128kB − 4MB L2 caches.

L1 size 4kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 3.60 3.10 4.50 3.30 3.30 3.60 3.57

L1 size 8kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 8.64 6.30 7.23 6.26 5.78 6.22 6.74

L1 size 32kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 16.18 11.60 9.74 8.00 7.01 6.33 9.81

Average across all L1 Sizes

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg. auto

%Gain M5 9.47 7.00 7.16 5.85 5.36 5.38 6.70

5.4 Moldyn Results

In this section, we will show the results of the M5 simulator for Moldyn

benchmark with all of the input data sets; 144, m14b, and auto. We simulate the

cross product of machines with 4kB, 8kB, and 32kB L1 caches and 128kB, 256kB,

512kB, 1MB, 2MB, and 4MB L2 caches. All the results are with 4 cores.

5.4.1 Moldyn with 144 input data set

In this section, we will show the results of the M5 simulator for Moldyn

benchmark with the 144 input data set. Figures 5.19, 5.20, and 5.21 show

in detail the results for the three L1 caches. We clearly see that there is a large

spectrum for the values relative to the baseline. We see that in some cases the
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Table 5.7: Summary of the percentage gains relative to the baseline using the M5
simulator for Moldyn for the 144 input data set with 4kB− 32kB L1
caches and 128kB − 4MB L2 caches.

L1 size 4kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 2.43 2.11 2.32 2.55 2.28 2.32 2.34

L1 size 8kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 3.28 2.91 2.84 2.86 2.87 2.94 2.95

L1 size 32kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 8.42 5.97 4.35 4.08 3.97 3.77 5.09

Average across all L1 Sizes

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg. 144

%Gain M5 4.71 3.66 3.17 3.16 3.04 3.01 3.46

unmodified benchmark can sometime be larger than the baseline by a factor of from

2.1 to 1.4. This clearly shows that there is a large gain to be captured if we compare

to the unmodified benchmark. The gains relative to the baseline is summarized in

Table 5.7. The range of gains for the 4kB simulated machines are from 2.11% to

2.55% and the average is 2.34%. The range of gains for the 8kB simulated machines

are from 2.84% to 3.28% and the average is 2.95%. The range of gains for the 32kB

simulated machines are from 3.77% to 8.42% and the average is 5.09%. The overall

average for the 144 input data set for all L1 caches is 3.46%.
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5.4.2 Moldyn with m14b input data set

In this section, we will show the results of the M5 simulator for Moldyn

benchmark with the m14b input data set. Figures 5.22, 5.23, and 5.24 show

in detail the results for the three L1 caches. We clearly see that there is a large

spectrum for the values relative to the baseline. We see that in some cases the

unmodified benchmark can sometime be larger than the baseline by a factor of from

2.1 to 1.15. This clearly shows that there is a large gain to be captured if we compare

to the unmodified benchmark. The gains relative to the baseline is summarized in

Table 5.8. The range of gains for the 4kB simulated machines are from 0.15% to

1.14% and the average is 0.41%. The range of gains for the 8kB simulated machines

are from 0.88% to 1.18% and the average is 0.99%. The range of gains for the 32kB

simulated machines are from 1.96% to 3.58% and the average is 2.29%. The overall

average for the m14b input data set for all L1 caches is 1.23%.

5.4.3 Moldyn with auto input data set

In this section, we will show the results of the M5 simulator for Moldyn

benchmark with the auto input data set. Figures 5.25, 5.26, and 5.27 show

in detail the results for the three L1 caches. We clearly see that there is a large

spectrum for the values relative to the baseline. We see that in some cases the

unmodified benchmark can sometime be larger than the baseline by a factor of from

2.2 to 1.7. This clearly shows that there is a large gain to be captured if we compare

to the unmodified benchmark. The gains relative to the baseline is summarized in
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Table 5.8: Summary of the percentage gains relative to the baseline using the M5
simulator for Moldyn for the m14b input data set with 4kB − 32kB
L1 caches and 128kB − 4MB L2 caches.

L1 size 4kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 1.14 0.29 0.15 0.15 0.33 0.37 0.41

L1 size 8kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 1.18 1.02 0.93 0.88 0.93 0.99 0.99

L1 size 32kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 3.58 2.20 1.99 1.97 2.04 1.96 2.29

Average across all L1 Sizes

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg. m14b

%Gain M5 1.97 1.17 1.03 1.00 1.10 1.11 1.23

Table 5.9. The range of gains for the 4kB simulated machines are from 0.00% to

2.23% and the average is 0.47%. The range of gains for the 8kB simulated machines

are from 1.08% to 1.76% and the average is 1.34%. The range of gains for the 32kB

simulated machines are from 2.39% to 8.68% and the average is 4.32%. The overall

average for the auto input data set for all L1 caches is 2.04%.

5.5 M5 Results Summary & Conclusions

In this chapter, we have explored the design space of different locality optimiza-

tions (graph partitioning sizes) combined with different parallelization strategies un-

der different machines with different L1 and L2 cache sizes for each benchmark for

each input data sets. This design space exploration shows that the space is very
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Table 5.9: Summary of the percentage gains relative to the baseline using the M5
simulator for Moldyn for the auto input data set with 4kB − 32kB
L1 caches and 128kB − 4MB L2 caches.

L1 size 4kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

% Gain M5 0.12 0.00 2.23 0.30 0.17 0.01 0.47

L1 size 8kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

% Gain M5 1.19 1.76 1.08 1.26 1.33 1.42 1.34

L1 size 32kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

% Gain M5 8.68 5.70 3.55 3.00 2.59 2.39 4.32

Average across all L1 Sizes

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg. auto

% Gain M5 3.33 2.48 2.29 1.52 1.36 1.28 2.04

complex and there is gains from a few percentage points to double digit gains in

some cases. Clearly, this is a complex search problem.

The problematic issue with capturing these gains is that there is no rule of

thumb for picking the best performing combination of graph partitioning size and

parallelization given a certain machine cache structure and size. For example, it is

not the case that using the largest number of partitions results in the best perfor-

mance. In fact, sometimes the baseline is the best case. In some cases, the gains

are as large as 19.69%, which happens in one of the cache sizes and input data sets

running Irreg. We notice that as the L2 cache size increases, the gains get lower.

This suggests that if there is enough cache to hold most or a large portion of the

working set of the benchmark input data set, then locality optimizations become
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Table 5.10: Summary of the percentage Gains relative to the baseline using the
M5 simulator for Irreg for each input data sets with across all L1
cache sizes for L2 cache sizes (128kB − 4MB).

Graph 128kB 256kB 512kB 1MB 2MB 4MB Avg.

144 5.35 4.07 3.43 3.18 3.11 1.66 3.47

m14b 3.30 2.36 2.07 1.80 1.31 1.09 1.99

auto 11.48 8.16 7.26 5.94 5.67 5.17 7.28

Avg. Irreg 6.71 4.86 4.25 3.64 3.37 2.64 4.24

less beneficial. We notice that as the L1 cache size increases given a fixed L2 cache

size, the gains increase. This observation is true most of the time. This observation

is not surprising since the increased L1 cache size should , in general, translate to

better performance. The larger L1 cache allows us to search a bigger space of parti-

tioning sizes that can be accommodated in the larger L1 cache and thus would have

better performance. We also notice that the most important cache fitting is to fit

in the L1 cache first and then fitting in the L2 cache or having a smaller working

set comes next. Fitting in the private caches supersedes increasing sharing in the

L2 shared caches.

Tables 5.10, 5.11, and 5.12 are a summary of the results for each benchmark

for each input data set. Also, the tables show an overall average for each benchmark.

Table 5.10 summarizes the results for Irreg. For Irreg with the 144 data

set, on average, there is a gain of 3.47%. For the m14b data set, on average, there is

a gain of 1.99%. For the auto data set, on average, there is a gain of 7.28%. Irreg,

on average, has a performance gain of 4.24%.

Table 5.11 summarizes the results for NBF. For NBF with the 144 data set,

on average, there is a gain of 3.41%. For the m14b data set, on average, there is a
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Table 5.11: Summary of the percentage Gains relative to the baseline using the
M5 simulator for NBF for each input data sets with across all L1
cache sizes for L2 cache sizes (128kB − 4MB).

Graph 128kB 256kB 512kB 1MB 2MB 4MB Avg.

144 6.16 4.37 3.42 3.27 1.90 1.35 3.41

m14b 2.51 1.89 2.06 1.94 1.77 0.26 1.74

auto 9.47 7.00 7.13 4.97 5.37 5.37 6.55

Avg. NBF 6.05 4.42 4.20 3.39 3.01 2.32 3.90

gain of 1.74%. For the auto data set, on average, there is a gain of 6.55%. NBF,

on average, has a performance gain of 3.90%.

Table 5.12 summarizes the results for Moldyn. For Moldynwith the 144

data set, on average, there is a gain of 3.46%. For the m14b data set, on average,

there is a gain of 1.23%. For the auto data set, on average, there is a gain of 2.04%.

Moldyn, on average, has a performance gain of 2.24%.

Table 5.13 summarizes the results for all problems Irreg, NBF, and Mol-

dyn. For the 144 data set, on average, there is a gain of 3.45%. For the m14b data

set, on average, there is a gain of 1.65%. For the auto data set, on average, there is

a gain of 5.29%. Over all benchmarks and all input data sets, on average, there is a

performance gain of 3.46%. There is no correlation between problem size and gain.

Table 5.12: Summary of the percentage Gains relative to the baseline using the
M5 simulator for Moldyn for each input data sets with across all L1
cache sizes for L2 cache sizes (128kB − 4MB).

Graph 128kB 256kB 512kB 1MB 2MB 4MB Avg.

144 4.71 3.66 3.17 3.16 3.04 3.01 3.46

m14b 1.97 1.17 1.03 1.00 1.10 1.11 1.23

auto 3.33 2.48 2.29 1.52 1.36 1.28 2.04

Avg. Moldyn 3.33 2.44 2.16 1.89 1.84 1.80 2.24
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Table 5.13: Summary of the percentage Gains relative to the baseline using the
M5 simulator for all benchmarks for each input data sets with across
all L1 cache sizes for L2 cache sizes (128kB − 4MB).

Graph 128kB 256kB 512kB 1MB 2MB 4MB Avg.

Avg. 144 5.41 4.03 3.34 3.20 2.69 2.01 3.45

Avg. m14b 2.59 1.81 1.72 1.58 1.39 0.82 1.65

Avg. auto 8.09 5.88 5.56 4.14 4.13 3.94 5.29

Avg. all 5.36 3.91 3.54 2.97 2.74 2.25 3.46

144, the smallest input data set in terms of size, has the 2nd largest gain. Auto, the

largest input data set in terms of size, has the largest gain. m14b, the middle sized

problem, has the least performance gain. The conclusion here is that the gains are

input data set dependent and the connectivity of the graph, the numbers of edges,

the number of nodes, and the computation that happens in each benchmark control

the gains we get which explains the gains we get under the different data sets.

The main point here is that this is a search problem for the best performance

and unless the machine that will run the benchmark exists and the developer and

the compiler have access to it, we cannot chose a partition size unless we somehow

have a model or can somehow predict the performance given that we do not have

access to the real machine.

In Chapter 6, we will show a reuse distance based performance model that

predicts performance given the structure and size of the caches.
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(a) 128kB L2.
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(b) 256kB L2.
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Perf Model 4K L1 512KB L2

(c) 512kB L2.
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(d) 1MB L2.
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(f) 4MB L2.

Figure 5.1: M5 results for Irreg under the 144 problem with 4kB L1 cache and
128kB − 4MB L2 caches all results normalized to baseline.
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(f) 4MB L2.

Figure 5.2: M5 results for Irreg under the 144 problem with 8kB L1 cache and
128kB − 4MB L2 caches all results normalized to baseline.
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(d) 1MB L2.

0.6
1

1.4
1.8
2.2
2.6
3

3.4

C
M
P
.3
2
k
B
.5
1
2
k
B
.1
0
6
5
4
‐
4

C
M
P
.3
2
k
B
.5
1
2
k
B
.2
3
1
7
0
‐
4

C
M
P
.3
2
k
B
.5
1
2
k
B
.2
6
6
4
‐
4

C
M
P
.3
2
k
B
.5
1
2
k
B
.5
3
2
7
‐
4

C
M
P
.3
2
k
B
.5
1
2
k
B
.1
3
3
2
‐
4

S
M
P
.3
2
k
B
.5
1
2
k
B
.1
0
6
5
4

S
M
P
.3
2
k
B
.5
1
2
k
B
.2
3
1
7
0

C
M
P
.3
2
k
B
.5
1
2
k
B
.6
6
6
‐
4

S
M
P
.3
2
k
B
.5
1
2
k
B
.5
3
2
7

S
M
P
.3
2
k
B
.5
1
2
k
B
.2
6
6
4

S
M
P
.3
2
k
B
.5
1
2
k
B
.1
3
3
2

C
M
P
.3
2
k
B
.5
1
2
k
B
.3
3
3
‐
4

S
M
P
.3
2
k
B
.5
1
2
k
B
.6
6
6

C
M
P
.3
2
k
B
.5
1
2
k
B
.2
3
1
7
0
‐
1
1

C
M
P
.3
2
k
B
.5
1
2
k
B
.1
0
6
5
4
‐
1
1

C
M
P
.3
2
k
B
.5
1
2
k
B
.2
6
6
4
‐
1
1

C
M
P
.3
2
k
B
.5
1
2
k
B
.1
3
3
2
‐
1
1

S
M
P
.3
2
k
B
.5
1
2
k
B
.3
3
3
 *
b

C
M
P
.3
2
k
B
.5
1
2
k
B
.5
3
2
7
‐
1
1

C
M
P
.3
2
k
B
.5
1
2
k
B
.6
6
6
‐
1
1

C
M
P
.3
2
k
B
.5
1
2
k
B
.8
4
‐
4

C
M
P
.3
2
k
B
.5
1
2
k
B
.3
3
3
‐
1
1

S
M
P
.3
2
k
B
.5
1
2
k
B
.8
4

C
M
P
.3
2
k
B
.5
1
2
k
B
.8
4
‐
1
1

C
M
P
.3
2
k
B
.5
1
2
k
B
.4
2
‐
4

S
M
P
.3
2
k
B
.5
1
2
k
B
.4
2

C
M
P
.3
2
k
B
.5
1
2
k
B
.4
2
‐
1
1

S
M
P
.3
2
k
B
.5
1
2
k
B
.1
1

C
M
P
.3
2
k
B
.5
1
2
k
B
.1
1
‐
4

C
M
P
.3
2
k
B
.5
1
2
k
B
.8
4

C
M
P
.3
2
k
B
.5
1
2
k
B
.4
2

C
M
P
.3
2
k
B
.5
1
2
k
B
.3
3
3

S
M
P
.3
2
k
B
.5
1
2
k
B
.4

C
M
P
.3
2
k
B
.5
1
2
k
B
.1
‐
1
1

C
M
P
.3
2
k
B
.5
1
2
k
B
.6
6
6

C
M
P
.3
2
k
B
.5
1
2
k
B
.1
‐
4

C
M
P
.3
2
k
B
.5
1
2
k
B
.1
3
3
2

C
M
P
.3
2
k
B
.5
1
2
k
B
.4
‐
1
1

C
M
P
.3
2
k
B
.5
1
2
k
B
.1
1

C
M
P
.3
2
k
B
.5
1
2
k
B
.4

S
M
P
.3
2
k
B
.5
1
2
k
B
.1

C
M
P
.3
2
k
B
.5
1
2
k
B
.1

C
M
P
.3
2
k
B
.5
1
2
k
B
.2
6
6
4

C
M
P
.3
2
k
B
.5
1
2
k
B
.5
3
2
7

C
M
P
.3
2
k
B
.5
1
2
k
B
.1
0
6
5
4

C
M
P
.3
2
k
B
.5
1
2
k
B
.2
3
1
7
0

Normalized to Baseline 32kB L1 2MB L2

(e) 2MB L2.
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(f) 4MB L2.

Figure 5.3: M5 results for Irreg under the 144 problem with 32kB L1 cache and
128kB − 4MB L2 caches all results normalized to baseline.
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(a) 128kB L2.
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(b) 256kB L2.
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Normalized to baseline 4KB L1 512KB L2

(c) 512kB L2.
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Normalized to baseline 4K L1 1M L2

(d) 1MB L2.
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Normalized to baseline 4K L1 2MB L2

(e) 2MB L2.

0.6

1

1.4

1.8

2.2

2.6

3

S
M
P
.4
k
B
.1
0
2
4
k
B
.2
3
1
7
0

S
M
P
.4
k
B
.1
0
2
4
k
B
.1
6
4
7
4

S
M
P
.4
k
B
.1
0
2
4
k
B
.4
1
1
9
 *
b

C
M
P
.4
k
B
.1
0
2
4
k
B
.2
3
1
7
0
‐4

C
M
P
.4
k
B
.1
0
2
4
k
B
.1
6
4
7
4
‐4

S
M
P
.4
k
B
.1
0
2
4
k
B
.2
0
6
0

C
M
P
.4
k
B
.1
0
2
4
k
B
.4
1
1
9
‐4

S
M
P
.4
k
B
.1
0
2
4
k
B
.8
2
3
7

C
M
P
.4
k
B
.1
0
2
4
k
B
.2
0
6
0
‐4

C
M
P
.4
k
B
.1
0
2
4
k
B
.1
6
4
7
4
‐1
7

C
M
P
.4
k
B
.1
0
2
4
k
B
.8
2
3
7
‐4

S
M
P
.4
k
B
.1
0
2
4
k
B
.1
0
3
0

C
M
P
.4
k
B
.1
0
2
4
k
B
.2
3
1
7
0
‐1
7

C
M
P
.4
k
B
.1
0
2
4
k
B
.4
1
1
9
‐1
7

C
M
P
.4
k
B
.1
0
2
4
k
B
.1
0
3
0
‐4

C
M
P
.4
k
B
.1
0
2
4
k
B
.2
0
6
0
‐1
7

C
M
P
.4
k
B
.1
0
2
4
k
B
.8
2
3
7
‐1
7

C
M
P
.4
k
B
.1
0
2
4
k
B
.1
0
3
0
‐1
7

S
M
P
.4
k
B
.1
0
2
4
k
B
.5
1
5

C
M
P
.4
k
B
.1
0
2
4
k
B
.5
1
5
‐4

C
M
P
.4
k
B
.1
0
2
4
k
B
.5
1
5
‐1
7

S
M
P
.4
k
B
.1
0
2
4
k
B
.1
2
9

C
M
P
.4
k
B
.1
0
2
4
k
B
.1
2
9
‐4

C
M
P
.4
k
B
.1
0
2
4
k
B
.1
2
9
‐1
7

S
M
P
.4
k
B
.1
0
2
4
k
B
.6
5

C
M
P
.4
k
B
.1
0
2
4
k
B
.6
5
‐4

C
M
P
.4
k
B
.1
0
2
4
k
B
.6
5
‐1
7

S
M
P
.4
k
B
.1
0
2
4
k
B
.1
7

C
M
P
.4
k
B
.1
0
2
4
k
B
.1
7
‐4

S
M
P
.4
k
B
.1
0
2
4
k
B
.4

C
M
P
.4
k
B
.1
0
2
4
k
B
.5
1
5

C
M
P
.4
k
B
.1
0
2
4
k
B
.1
0
3
0

C
M
P
.4
k
B
.1
0
2
4
k
B
.4
‐1
7

C
M
P
.4
k
B
.1
0
2
4
k
B
.1
2
9

C
M
P
.4
k
B
.1
0
2
4
k
B
.1
‐1
7

C
M
P
.4
k
B
.1
0
2
4
k
B
.6
5

C
M
P
.4
k
B
.1
0
2
4
k
B
.1
‐4

C
M
P
.4
k
B
.1
0
2
4
k
B
.2
0
6
0

C
M
P
.4
k
B
.1
0
2
4
k
B
.1
7

S
M
P
.4
k
B
.1
0
2
4
k
B
.1

C
M
P
.4
k
B
.1
0
2
4
k
B
.1

C
M
P
.4
k
B
.1
0
2
4
k
B
.4

C
M
P
.4
k
B
.1
0
2
4
k
B
.4
1
1
9

C
M
P
.4
k
B
.1
0
2
4
k
B
.8
2
3
7

C
M
P
.4
k
B
.1
0
2
4
k
B
.1
6
4
7
4

C
M
P
.4
k
B
.1
0
2
4
k
B
.2
3
1
7
0

Normalized to baseline 4KB L1 4MB L2
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Figure 5.4: M5 results for Irreg under the m14b problem with 4kB L1 cache
and 128kB − 4MB L2 caches all results normalized to baseline.
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(f) 4MB L2.

Figure 5.5: M5 results for Irreg under the m14b problem with 8kB L1 cache
and 128kB − 4MB L2 caches all results normalized to baseline.
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(a) 128kB L2.
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(d) 1MB L2.
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(e) 2MB L2.
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(f) 4MB L2.

Figure 5.6: M5 results for Irreg under the m14b problem with 32kB L1 cache
and 128kB − 4MB L2 caches all results normalized to baseline.
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(a) 128kB L2.
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(d) 1MB L2.
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(e) 2MB L2.
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(f) 4MB L2.

Figure 5.7: M5 results for Irreg under the auto problem with 4kB L1 cache and
128kB − 4MB L2 caches all results normalized to baseline.
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Normalized to Baseline 8kB L1 128kB L2

(a) 128kB L2.
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Normalized to Baseline 8kB L1 256kB L2

(b) 256kB L2.
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Normalized to Baseline 8kB L1 512kB L2

(c) 512kB L2.
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Normalized to Baseline 8kB L1 1MB L2

(d) 1MB L2.
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Normalized to Baseline 8kB L1 2MB L2

(e) 2MB L2.

0.6

1

1.4

1.8

2.2

2.6

C
M
P
.8
k
B
.1
0
2
4
k
B
.1
6
4
3
6
‐4

S
M
P
.8
k
B
.1
0
2
4
k
B
.1
6
4
3
6

C
M
P
.8
k
B
.1
0
2
4
k
B
.2
3
1
7
0
‐4

S
M
P
.8
k
B
.1
0
2
4
k
B
.2
3
1
7
0

C
M
P
.8
k
B
.1
0
2
4
k
B
.8
2
1
8
‐4

S
M
P
.8
k
B
.1
0
2
4
k
B
.8
2
1
8

C
M
P
.8
k
B
.1
0
2
4
k
B
.1
6
4
3
6
‐3
3

C
M
P
.8
k
B
.1
0
2
4
k
B
.4
1
0
9
‐4

C
M
P
.8
k
B
.1
0
2
4
k
B
.2
3
1
7
0
‐3
3

C
M
P
.8
k
B
.1
0
2
4
k
B
.8
2
1
8
‐3
3

C
M
P
.8
k
B
.1
0
2
4
k
B
.2
0
5
5
‐4

S
M
P
.8
k
B
.1
0
2
4
k
B
.4
1
0
9
 *
b

C
M
P
.8
k
B
.1
0
2
4
k
B
.4
1
0
9
‐3
3

C
M
P
.8
k
B
.1
0
2
4
k
B
.2
0
5
5
‐3
3

S
M
P
.8
k
B
.1
0
2
4
k
B
.2
0
5
5

C
M
P
.8
k
B
.1
0
2
4
k
B
.1
0
2
8
‐4

S
M
P
.8
k
B
.1
0
2
4
k
B
.1
0
2
8

C
M
P
.8
k
B
.1
0
2
4
k
B
.1
0
2
8
‐3
3

C
M
P
.8
k
B
.1
0
2
4
k
B
.2
5
7
‐4

C
M
P
.8
k
B
.1
0
2
4
k
B
.2
5
7
‐3
3

S
M
P
.8
k
B
.1
0
2
4
k
B
.2
5
7

C
M
P
.8
k
B
.1
0
2
4
k
B
.1
2
9
‐4

C
M
P
.8
k
B
.1
0
2
4
k
B
.6
5
‐4

C
M
P
.8
k
B
.1
0
2
4
k
B
.1
2
9
‐3
3

C
M
P
.8
k
B
.1
0
2
4
k
B
.3
3
‐4

S
M
P
.8
k
B
.1
0
2
4
k
B
.1
2
9

C
M
P
.8
k
B
.1
0
2
4
k
B
.1
0
2
8

C
M
P
.8
k
B
.1
0
2
4
k
B
.2
0
5
5

S
M
P
.8
k
B
.1
0
2
4
k
B
.6
5

C
M
P
.8
k
B
.1
0
2
4
k
B
.2
5
7

C
M
P
.8
k
B
.1
0
2
4
k
B
.4
‐3
3

S
M
P
.8
k
B
.1
0
2
4
k
B
.3
3

C
M
P
.8
k
B
.1
0
2
4
k
B
.6
5
‐3
3

C
M
P
.8
k
B
.1
0
2
4
k
B
.1
‐3
3

C
M
P
.8
k
B
.1
0
2
4
k
B
.1
2
9

C
M
P
.8
k
B
.1
0
2
4
k
B
.4
1
0
9

C
M
P
.8
k
B
.1
0
2
4
k
B
.1
‐4

C
M
P
.8
k
B
.1
0
2
4
k
B
.6
5

C
M
P
.8
k
B
.1
0
2
4
k
B
.3
3

S
M
P
.8
k
B
.1
0
2
4
k
B
.4

C
M
P
.8
k
B
.1
0
2
4
k
B
.4

C
M
P
.8
k
B
.1
0
2
4
k
B
.8
2
1
8

C
M
P
.8
k
B
.1
0
2
4
k
B
.1
6
4
3
6

S
M
P
.8
k
B
.1
0
2
4
k
B
.1

C
M
P
.8
k
B
.1
0
2
4
k
B
.1

C
M
P
.8
k
B
.1
0
2
4
k
B
.2
3
1
7
0

Normalized to Baseline 8kB L1 4MB L2

(f) 4MB L2.

Figure 5.8: M5 results for Irreg under the auto problem with 8kB L1 cache and
128kB − 4MB L2 caches all results normalized to baseline.
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(a) 128kB L2.
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(f) 4MB L2.

Figure 5.9: M5 results for Irreg under the auto problem with 32kB L1 cache
and 128kB − 4MB L2 caches all results normalized to baseline.
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(a) 128kB L2.
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(b) 256kB L2.
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(d) 1MB L2.
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(e) 2MB L2.
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(f) 4MB L2.

Figure 5.10: M5 results for NBF under the 144 problem with 4kB L1 cache and
128kB − 4MB L2 caches all results normalized to baseline.
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(a) 128kB L2.
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(d) 1MB L2.
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(e) 2MB L2.
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Normalized to Baseline 8kB L1 4MB L2

(f) 4MB L2.

Figure 5.11: M5 results for NBF under the 144 problem with 8kB L1 cache and
128kB − 4MB L2 caches all results normalized to baseline.
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Normalized to Baseline  32kB L1 128kB L2

(a) 128kB L2.
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Normalized to Baseline 32kB L1 256kB L2

(b) 256kB L2.
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Normalized to Baseline 32kB L1 512kB L2

(c) 512kB L2.
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Normalized to Baseline 32kB L1 1MB L2

(d) 1MB L2.
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Figure 5.12: M5 results for NBF under the 144 problem with 32kB L1 cache and
128kB − 4MB L2 caches all results normalized to baseline.

86



0.6
1

1.4
1.8
2.2
2.6
3

3.4
3.8
4.2
4.6
5

5.4
5.8

S
M
P
.4
k
B
.3
2
k
B
.4
3
2
9
 *
b

C
M
P
.4
k
B
.3
2
k
B
.4
3
2
9
‐4

S
M
P
.4
k
B
.3
2
k
B
.8
6
5
8

C
M
P
.4
k
B
.3
2
k
B
.4
3
2
9
‐1
7
 *
*

S
M
P
.4
k
B
.3
2
k
B
.2
1
6
5

C
M
P
.4
k
B
.3
2
k
B
.8
6
5
8
‐4
 *
*
*

C
M
P
.4
k
B
.3
2
k
B
.2
1
6
5
‐1
7

C
M
P
.4
k
B
.3
2
k
B
.8
6
5
8
‐1
7

C
M
P
.4
k
B
.3
2
k
B
.2
1
6
5
‐4

S
M
P
.4
k
B
.3
2
k
B
.1
0
8
3

C
M
P
.4
k
B
.3
2
k
B
.1
0
8
3
‐4

C
M
P
.4
k
B
.3
2
k
B
.1
0
8
3
‐1
7

S
M
P
.4
k
B
.3
2
k
B
.2
3
1
7
0

C
M
P
.4
k
B
.3
2
k
B
.2
3
1
7
0
‐4

S
M
P
.4
k
B
.3
2
k
B
.1
7
3
1
6

C
M
P
.4
k
B
.3
2
k
B
.2
3
1
7
0
‐1
7

C
M
P
.4
k
B
.3
2
k
B
.1
7
3
1
6
‐4

C
M
P
.4
k
B
.3
2
k
B
.1
7
3
1
6
‐1
7

S
M
P
.4
k
B
.3
2
k
B
.5
4
2

C
M
P
.4
k
B
.3
2
k
B
.5
4
2
‐4

C
M
P
.4
k
B
.3
2
k
B
.5
4
2
‐1
7

S
M
P
.4
k
B
.3
2
k
B
.3
3
6

C
M
P
.4
k
B
.3
2
k
B
.3
3
6
‐1
7

C
M
P
.4
k
B
.3
2
k
B
.3
3
6
‐4

C
M
P
.4
k
B
.3
2
k
B
.5
4
2

C
M
P
.4
k
B
.3
2
k
B
.3
3
6

C
M
P
.4
k
B
.3
2
k
B
.1
0
8
3

C
M
P
.4
k
B
.3
2
k
B
.6
8
‐4

S
M
P
.4
k
B
.3
2
k
B
.6
8

C
M
P
.4
k
B
.3
2
k
B
.6
8
‐1
7

C
M
P
.4
k
B
.3
2
k
B
.2
1
6
5

C
M
P
.4
k
B
.3
2
k
B
.6
8

C
M
P
.4
k
B
.3
2
k
B
.4
3
2
9

C
M
P
.4
k
B
.3
2
k
B
.1
7

C
M
P
.4
k
B
.3
2
k
B
.8
6
5
8

S
M
P
.4
k
B
.3
2
k
B
.1
7

C
M
P
.4
k
B
.3
2
k
B
.1
7
‐4

C
M
P
.4
k
B
.3
2
k
B
.1
7
3
1
6

C
M
P
.4
k
B
.3
2
k
B
.2
3
1
7
0

C
M
P
.4
k
B
.3
2
k
B
.4
‐1
7

S
M
P
.4
k
B
.3
2
k
B
.4

C
M
P
.4
k
B
.3
2
k
B
.1
‐1
7

C
M
P
.4
k
B
.3
2
k
B
.4

C
M
P
.4
k
B
.3
2
k
B
.1
‐4

S
M
P
.4
k
B
.3
2
k
B
.1

C
M
P
.4
k
B
.3
2
k
B
.1

Normalized to Baseline 4KB L1 128KB L2

(a) 128kB L2.
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(c) 512kB L2.
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(f) 4MB L2.

Figure 5.13: M5 results for NBF under the m14b problem with 4kB L1 cache
and 128kB − 4MB L2 caches all results normalized to baseline.

87



0.6
1

1.4
1.8
2.2
2.6
3

3.4
3.8
4.2
4.6
5

5.4
5.8
6.2

S
M
P
.8
k
B
.3
2
k
B
.4
3
2
9

C
M
P
.8
k
B
.3
2
k
B
.4
3
2
9
‐1
7

C
M
P
.8
k
B
.3
2
k
B
.8
6
5
8
‐1
7

C
M
P
.8
k
B
.3
2
k
B
.4
3
2
9
‐4

S
M
P
.8
k
B
.3
2
k
B
.8
6
5
8

C
M
P
.8
k
B
.3
2
k
B
.8
6
5
8
‐4

C
M
P
.8
k
B
.3
2
k
B
.2
1
6
5
‐1
7

S
M
P
.8
k
B
.3
2
k
B
.2
1
6
5
 *
b

C
M
P
.8
k
B
.3
2
k
B
.2
1
6
5
‐4
 *
*

C
M
P
.8
k
B
.3
2
k
B
.2
3
1
7
0
‐4
 *
*
*

C
M
P
.8
k
B
.3
2
k
B
.1
0
8
3
‐1
7

S
M
P
.8
k
B
.3
2
k
B
.1
0
8
3

C
M
P
.8
k
B
.3
2
k
B
.1
0
8
3
‐4

S
M
P
.8
k
B
.3
2
k
B
.2
3
1
7
0

C
M
P
.8
k
B
.3
2
k
B
.2
3
1
7
0
‐1
7

C
M
P
.8
k
B
.3
2
k
B
.1
7
3
1
6
‐1
7

S
M
P
.8
k
B
.3
2
k
B
.1
7
3
1
6

C
M
P
.8
k
B
.3
2
k
B
.1
7
3
1
6
‐4

C
M
P
.8
k
B
.3
2
k
B
.5
4
2
‐1
7

C
M
P
.8
k
B
.3
2
k
B
.5
4
2
‐4

S
M
P
.8
k
B
.3
2
k
B
.5
4
2

C
M
P
.8
k
B
.3
2
k
B
.3
3
6
‐1
7

S
M
P
.8
k
B
.3
2
k
B
.3
3
6

C
M
P
.8
k
B
.3
2
k
B
.3
3
6
‐4

C
M
P
.8
k
B
.3
2
k
B
.3
3
6

C
M
P
.8
k
B
.3
2
k
B
.5
4
2

C
M
P
.8
k
B
.3
2
k
B
.6
8
‐1
7

S
M
P
.8
k
B
.3
2
k
B
.6
8

C
M
P
.8
k
B
.3
2
k
B
.6
8
‐4

C
M
P
.8
k
B
.3
2
k
B
.1
0
8
3

C
M
P
.8
k
B
.3
2
k
B
.2
1
6
5

C
M
P
.8
k
B
.3
2
k
B
.6
8

C
M
P
.8
k
B
.3
2
k
B
.4
3
2
9

C
M
P
.8
k
B
.3
2
k
B
.1
7

C
M
P
.8
k
B
.3
2
k
B
.8
6
5
8

S
M
P
.8
k
B
.3
2
k
B
.1
7

C
M
P
.8
k
B
.3
2
k
B
.1
7
‐4

C
M
P
.8
k
B
.3
2
k
B
.1
7
3
1
6

C
M
P
.8
k
B
.3
2
k
B
.2
3
1
7
0

C
M
P
.8
k
B
.3
2
k
B
.4
‐1
7

S
M
P
.8
k
B
.3
2
k
B
.4

C
M
P
.8
k
B
.3
2
k
B
.1
‐1
7

C
M
P
.8
k
B
.3
2
k
B
.4

C
M
P
.8
k
B
.3
2
k
B
.1
‐4

S
M
P
.8
k
B
.3
2
k
B
.1

C
M
P
.8
k
B
.3
2
k
B
.1

Normalized to Baseline 8kB L1 128kB L2

(a) 128kB L2.
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(b) 256kB L2.
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(e) 2MB L2.
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(f) 4MB L2.

Figure 5.14: M5 results for NBF under the m14b problem with 8kB L1 cache
and 128kB − 4MB L2 caches all results normalized to baseline.
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(a) 128kB L2.
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(b) 256kB L2.

0.6

1.1

1.6

2.1

2.6

3.1

3.6

4.1

4.6

S
M
P
.3
2
k
B
.1
2
8
k
B
.8
6
5
8

S
M
P
.3
2
k
B
.1
2
8
k
B
.4
3
2
9

C
M
P
.3
2
k
B
.1
2
8
k
B
.4
3
2
9
‐1
7

C
M
P
.3
2
k
B
.1
2
8
k
B
.4
3
2
9
‐4

C
M
P
.3
2
k
B
.1
2
8
k
B
.2
1
6
5
‐1
7

C
M
P
.3
2
k
B
.1
2
8
k
B
.8
6
5
8
‐4

C
M
P
.3
2
k
B
.1
2
8
k
B
.8
6
5
8
‐1
7

C
M
P
.3
2
k
B
.1
2
8
k
B
.2
1
6
5
‐4

S
M
P
.3
2
k
B
.1
2
8
k
B
.2
1
6
5

C
M
P
.3
2
k
B
.1
2
8
k
B
.1
7
3
1
6
‐4

S
M
P
.3
2
k
B
.1
2
8
k
B
.2
3
1
7
0

S
M
P
.3
2
k
B
.1
2
8
k
B
.1
7
3
1
6

C
M
P
.3
2
k
B
.1
2
8
k
B
.2
3
1
7
0
‐4

S
M
P
.3
2
k
B
.1
2
8
k
B
.1
0
8
3

C
M
P
.3
2
k
B
.1
2
8
k
B
.2
3
1
7
0
‐1
7

C
M
P
.3
2
k
B
.1
2
8
k
B
.1
7
3
1
6
‐1
7

C
M
P
.3
2
k
B
.1
2
8
k
B
.5
4
2
‐1
7

C
M
P
.3
2
k
B
.1
2
8
k
B
.1
0
8
3
‐4

C
M
P
.3
2
k
B
.1
2
8
k
B
.1
0
8
3
‐1
7

C
M
P
.3
2
k
B
.1
2
8
k
B
.3
3
6
‐4

C
M
P
.3
2
k
B
.1
2
8
k
B
.5
4
2
‐4

S
M
P
.3
2
k
B
.1
2
8
k
B
.5
4
2
 *
b

S
M
P
.3
2
k
B
.1
2
8
k
B
.3
3
6

C
M
P
.3
2
k
B
.1
2
8
k
B
.3
3
6
‐1
7

C
M
P
.3
2
k
B
.1
2
8
k
B
.6
8
‐4

S
M
P
.3
2
k
B
.1
2
8
k
B
.6
8

C
M
P
.3
2
k
B
.1
2
8
k
B
.6
8
‐1
7

C
M
P
.3
2
k
B
.1
2
8
k
B
.1
7
‐4

S
M
P
.3
2
k
B
.1
2
8
k
B
.1
7

C
M
P
.3
2
k
B
.1
2
8
k
B
.6
8

C
M
P
.3
2
k
B
.1
2
8
k
B
.3
3
6

C
M
P
.3
2
k
B
.1
2
8
k
B
.5
4
2

C
M
P
.3
2
k
B
.1
2
8
k
B
.1
0
8
3

C
M
P
.3
2
k
B
.1
2
8
k
B
.1
7

C
M
P
.3
2
k
B
.1
2
8
k
B
.2
1
6
5

C
M
P
.3
2
k
B
.1
2
8
k
B
.4
‐1
7

C
M
P
.3
2
k
B
.1
2
8
k
B
.4
3
2
9

C
M
P
.3
2
k
B
.1
2
8
k
B
.4

S
M
P
.3
2
k
B
.1
2
8
k
B
.4

C
M
P
.3
2
k
B
.1
2
8
k
B
.8
6
5
8

C
M
P
.3
2
k
B
.1
2
8
k
B
.1
‐1
7

C
M
P
.3
2
k
B
.1
2
8
k
B
.1
7
3
1
6

C
M
P
.3
2
k
B
.1
2
8
k
B
.2
3
1
7
0

C
M
P
.3
2
k
B
.1
2
8
k
B
.1
‐4

S
M
P
.3
2
k
B
.1
2
8
k
B
.1

C
M
P
.3
2
k
B
.1
2
8
k
B
.1

Normalized to Baseline 32kB L1 512kB L2

(c) 512kB L2.
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Normalized to Baseline 32kB L1 1MB L2

(d) 1MB L2.
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Normalized to Baseline 32kB L1 2MB L2

(e) 2MB L2.
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Figure 5.15: M5 results for NBF under the m14b problem with 32kB L1 cache
and 128kB − 4MB L2 caches all results normalized to baseline.
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Figure 5.16: M5 results for NBF under the auto problem with 4kB L1 cache and
128kB − 4MB L2 caches all results normalized to baseline.
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(b) 256kB L2.
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(c) 512kB L2.
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(f) 4MB L2.

Figure 5.17: M5 results for NBF under the auto problem with 8kB L1 cache and
128kB − 4MB L2 caches all results normalized to baseline.
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(a) 128kB L2.

0.6
1

1.4
1.8
2.2
2.6
3

3.4
3.8
4.2
4.6
5

5.4
5.8
6.2

C
M
P
.3
2
k
B
.6
4
k
B
.1
7
3
3
2
‐3
4

C
M
P
.3
2
k
B
.6
4
k
B
.8
6
6
7
‐3
4

C
M
P
.3
2
k
B
.6
4
k
B
.1
7
3
3
2
‐4

C
M
P
.3
2
k
B
.6
4
k
B
.8
6
6
7
‐4

S
M
P
.3
2
k
B
.6
4
k
B
.1
7
3
3
2

C
M
P
.3
2
k
B
.6
4
k
B
.2
3
1
7
0
‐3
4

S
M
P
.3
2
k
B
.6
4
k
B
.8
6
6
7

C
M
P
.3
2
k
B
.6
4
k
B
.4
3
3
3
‐3
4

C
M
P
.3
2
k
B
.6
4
k
B
.4
3
3
3
‐4

C
M
P
.3
2
k
B
.6
4
k
B
.2
3
1
7
0
‐4

S
M
P
.3
2
k
B
.6
4
k
B
.4
3
3
3

S
M
P
.3
2
k
B
.6
4
k
B
.2
3
1
7
0

C
M
P
.3
2
k
B
.6
4
k
B
.2
1
6
7
‐3
4

C
M
P
.3
2
k
B
.6
4
k
B
.2
1
6
7
‐4

C
M
P
.3
2
k
B
.6
4
k
B
.1
0
8
4
‐3
4

C
M
P
.3
2
k
B
.6
4
k
B
.1
0
8
4
‐4

S
M
P
.3
2
k
B
.6
4
k
B
.2
1
6
7

C
M
P
.3
2
k
B
.6
4
k
B
.6
7
9
‐3
4

C
M
P
.3
2
k
B
.6
4
k
B
.6
7
9
‐4

S
M
P
.3
2
k
B
.6
4
k
B
.1
0
8
4
 *
b

S
M
P
.3
2
k
B
.6
4
k
B
.6
7
9

C
M
P
.3
2
k
B
.6
4
k
B
.2
7
1
‐3
4

C
M
P
.3
2
k
B
.6
4
k
B
.2
7
1
‐4

S
M
P
.3
2
k
B
.6
4
k
B
.2
7
1

C
M
P
.3
2
k
B
.6
4
k
B
.8
5
‐3
4

C
M
P
.3
2
k
B
.6
4
k
B
.2
7
1

C
M
P
.3
2
k
B
.6
4
k
B
.6
7
9

C
M
P
.3
2
k
B
.6
4
k
B
.1
0
8
4

C
M
P
.3
2
k
B
.6
4
k
B
.8
5
‐4

C
M
P
.3
2
k
B
.6
4
k
B
.8
5

C
M
P
.3
2
k
B
.6
4
k
B
.2
1
6
7

S
M
P
.3
2
k
B
.6
4
k
B
.8
5

C
M
P
.3
2
k
B
.6
4
k
B
.4
3
3
3

C
M
P
.3
2
k
B
.6
4
k
B
.3
4

C
M
P
.3
2
k
B
.6
4
k
B
.8
6
6
7

C
M
P
.3
2
k
B
.6
4
k
B
.1
7
3
3
2

C
M
P
.3
2
k
B
.6
4
k
B
.3
4
‐4

C
M
P
.3
2
k
B
.6
4
k
B
.2
3
1
7
0

S
M
P
.3
2
k
B
.6
4
k
B
.3
4

C
M
P
.3
2
k
B
.6
4
k
B
.4
‐3
4

C
M
P
.3
2
k
B
.6
4
k
B
.1
‐3
4

C
M
P
.3
2
k
B
.6
4
k
B
.4

S
M
P
.3
2
k
B
.6
4
k
B
.4

C
M
P
.3
2
k
B
.6
4
k
B
.1
‐4

S
M
P
.3
2
k
B
.6
4
k
B
.1

C
M
P
.3
2
k
B
.6
4
k
B
.1

Normalized to Baseline 32kB L1 256kB L2

(b) 256kB L2.

0.6
1

1.4
1.8
2.2
2.6
3

3.4
3.8
4.2
4.6
5

5.4
5.8
6.2
6.6

C
M
P
.3
2
k
B
.1
2
8
k
B
.1
7
3
3
2
‐3
4

C
M
P
.3
2
k
B
.1
2
8
k
B
.8
6
6
7
‐3
4

C
M
P
.3
2
k
B
.1
2
8
k
B
.1
7
3
3
2
‐4

S
M
P
.3
2
k
B
.1
2
8
k
B
.1
7
3
3
2

C
M
P
.3
2
k
B
.1
2
8
k
B
.8
6
6
7
‐4

C
M
P
.3
2
k
B
.1
2
8
k
B
.4
3
3
3
‐3
4

C
M
P
.3
2
k
B
.1
2
8
k
B
.2
3
1
7
0
‐3
4

C
M
P
.3
2
k
B
.1
2
8
k
B
.2
3
1
7
0
‐4

C
M
P
.3
2
k
B
.1
2
8
k
B
.4
3
3
3
‐4

S
M
P
.3
2
k
B
.1
2
8
k
B
.8
6
6
7

S
M
P
.3
2
k
B
.1
2
8
k
B
.2
3
1
7
0

C
M
P
.3
2
k
B
.1
2
8
k
B
.2
1
6
7
‐3
4

S
M
P
.3
2
k
B
.1
2
8
k
B
.4
3
3
3

C
M
P
.3
2
k
B
.1
2
8
k
B
.2
1
6
7
‐4

C
M
P
.3
2
k
B
.1
2
8
k
B
.1
0
8
4
‐3
4

C
M
P
.3
2
k
B
.1
2
8
k
B
.1
0
8
4
‐4

C
M
P
.3
2
k
B
.1
2
8
k
B
.6
7
9
‐3
4

C
M
P
.3
2
k
B
.1
2
8
k
B
.6
7
9
‐4

S
M
P
.3
2
k
B
.1
2
8
k
B
.2
1
6
7

S
M
P
.3
2
k
B
.1
2
8
k
B
.1
0
8
4
 *
b

C
M
P
.3
2
k
B
.1
2
8
k
B
.2
7
1
‐3
4
 *
*

S
M
P
.3
2
k
B
.1
2
8
k
B
.6
7
9

C
M
P
.3
2
k
B
.1
2
8
k
B
.2
7
1
‐4

S
M
P
.3
2
k
B
.1
2
8
k
B
.2
7
1

C
M
P
.3
2
k
B
.1
2
8
k
B
.8
5
‐4

C
M
P
.3
2
k
B
.1
2
8
k
B
.8
5
‐3
4

S
M
P
.3
2
k
B
.1
2
8
k
B
.8
5

C
M
P
.3
2
k
B
.1
2
8
k
B
.2
7
1

C
M
P
.3
2
k
B
.1
2
8
k
B
.6
7
9

C
M
P
.3
2
k
B
.1
2
8
k
B
.1
0
8
4

C
M
P
.3
2
k
B
.1
2
8
k
B
.8
5

C
M
P
.3
2
k
B
.1
2
8
k
B
.2
1
6
7

C
M
P
.3
2
k
B
.1
2
8
k
B
.3
4
‐4

C
M
P
.3
2
k
B
.1
2
8
k
B
.3
4

C
M
P
.3
2
k
B
.1
2
8
k
B
.4
3
3
3

S
M
P
.3
2
k
B
.1
2
8
k
B
.3
4

C
M
P
.3
2
k
B
.1
2
8
k
B
.8
6
6
7

C
M
P
.3
2
k
B
.1
2
8
k
B
.1
7
3
3
2

C
M
P
.3
2
k
B
.1
2
8
k
B
.4
‐3
4

C
M
P
.3
2
k
B
.1
2
8
k
B
.2
3
1
7
0

C
M
P
.3
2
k
B
.1
2
8
k
B
.4

S
M
P
.3
2
k
B
.1
2
8
k
B
.4

C
M
P
.3
2
k
B
.1
2
8
k
B
.1
‐3
4

C
M
P
.3
2
k
B
.1
2
8
k
B
.1
‐4

S
M
P
.3
2
k
B
.1
2
8
k
B
.1

C
M
P
.3
2
k
B
.1
2
8
k
B
.1

Normalized to Baseline 32kB L1 512kB L2

(c) 512kB L2.

0.6
1

1.4
1.8
2.2
2.6
3

3.4
3.8
4.2
4.6
5

5.4
5.8

C
M
P
.3
2
k
B
.2
5
6
k
B
.1
7
3
3
2
‐4

S
M
P
.3
2
k
B
.2
5
6
k
B
.1
7
3
3
2

C
M
P
.3
2
k
B
.2
5
6
k
B
.8
6
6
7
‐4

C
M
P
.3
2
k
B
.2
5
6
k
B
.1
7
3
3
2
‐3
4

C
M
P
.3
2
k
B
.2
5
6
k
B
.8
6
6
7
‐3
4

S
M
P
.3
2
k
B
.2
5
6
k
B
.8
6
6
7

C
M
P
.3
2
k
B
.2
5
6
k
B
.2
3
1
7
0
‐4

C
M
P
.3
2
k
B
.2
5
6
k
B
.4
3
3
3
‐4

C
M
P
.3
2
k
B
.2
5
6
k
B
.4
3
3
3
‐3
4

S
M
P
.3
2
k
B
.2
5
6
k
B
.2
3
1
7
0

C
M
P
.3
2
k
B
.2
5
6
k
B
.2
3
1
7
0
‐3
4

S
M
P
.3
2
k
B
.2
5
6
k
B
.4
3
3
3

C
M
P
.3
2
k
B
.2
5
6
k
B
.2
1
6
7
‐4

C
M
P
.3
2
k
B
.2
5
6
k
B
.2
1
6
7
‐3
4

C
M
P
.3
2
k
B
.2
5
6
k
B
.6
7
9
‐4

C
M
P
.3
2
k
B
.2
5
6
k
B
.1
0
8
4
‐4

C
M
P
.3
2
k
B
.2
5
6
k
B
.1
0
8
4
‐3
4

C
M
P
.3
2
k
B
.2
5
6
k
B
.6
7
9
‐3
4

S
M
P
.3
2
k
B
.2
5
6
k
B
.2
1
6
7

S
M
P
.3
2
k
B
.2
5
6
k
B
.1
0
8
4
 *
b

C
M
P
.3
2
k
B
.2
5
6
k
B
.2
7
1
‐4

S
M
P
.3
2
k
B
.2
5
6
k
B
.6
7
9

C
M
P
.3
2
k
B
.2
5
6
k
B
.2
7
1
‐3
4

S
M
P
.3
2
k
B
.2
5
6
k
B
.2
7
1

C
M
P
.3
2
k
B
.2
5
6
k
B
.8
5
‐4

C
M
P
.3
2
k
B
.2
5
6
k
B
.8
5
‐3
4

S
M
P
.3
2
k
B
.2
5
6
k
B
.8
5

C
M
P
.3
2
k
B
.2
5
6
k
B
.3
4
‐4

C
M
P
.3
2
k
B
.2
5
6
k
B
.2
7
1

C
M
P
.3
2
k
B
.2
5
6
k
B
.6
7
9

S
M
P
.3
2
k
B
.2
5
6
k
B
.3
4

C
M
P
.3
2
k
B
.2
5
6
k
B
.1
0
8
4

C
M
P
.3
2
k
B
.2
5
6
k
B
.8
5

C
M
P
.3
2
k
B
.2
5
6
k
B
.2
1
6
7

C
M
P
.3
2
k
B
.2
5
6
k
B
.3
4

C
M
P
.3
2
k
B
.2
5
6
k
B
.4
3
3
3

C
M
P
.3
2
k
B
.2
5
6
k
B
.4
‐3
4

C
M
P
.3
2
k
B
.2
5
6
k
B
.8
6
6
7

C
M
P
.3
2
k
B
.2
5
6
k
B
.4

C
M
P
.3
2
k
B
.2
5
6
k
B
.1
7
3
3
2

C
M
P
.3
2
k
B
.2
5
6
k
B
.2
3
1
7
0

C
M
P
.3
2
k
B
.2
5
6
k
B
.1
‐3
4

S
M
P
.3
2
k
B
.2
5
6
k
B
.4

C
M
P
.3
2
k
B
.2
5
6
k
B
.1
‐4

S
M
P
.3
2
k
B
.2
5
6
k
B
.1

C
M
P
.3
2
k
B
.2
5
6
k
B
.1

Normalized to Baseline 32kB L1 1MB L2

(d) 1MB L2.
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(f) 4MB L2.

Figure 5.18: M5 results for NBF under the auto problem with 32kB L1 cache
and 128kB − 4MB L2 caches all results normalized to baseline.
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Normalized to Baseline 4KB L1 128KB L2

(a) 128kB L2.
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Normalized to Baseline 4K L1 256KB L2

(b) 256kB L2.
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Normalized to Baseline 4KB L1 512KB L2

(c) 512kB L2.
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Normalized to Baseline 4K L1 1MB L2

(d) 1MB L2.
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Normalized to Baseline 4K L1 2MB L2

(e) 2MB L2.
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(f) 4MB L2.

Figure 5.19: M5 results for Moldyn under the 144 problem with 4kB L1 cache
and 128kB − 4MB L2 caches all results normalized to baseline.
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(a) 128kB L2.

0.9
1

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2

2.1

S
M
P
.8
k
B
.6
4
k
B
.1
8
5
6
5

C
M
P
.8
k
B
.6
4
k
B
.1
8
5
6
5
‐4

C
M
P
.8
k
B
.6
4
k
B
.1
8
5
6
5
‐1
9

C
M
P
.8
k
B
.6
4
k
B
.9
2
8
3
‐4

S
M
P
.8
k
B
.6
4
k
B
.9
2
8
3

C
M
P
.8
k
B
.6
4
k
B
.9
2
8
3
‐1
9

S
M
P
.8
k
B
.6
4
k
B
.4
6
4
2

C
M
P
.8
k
B
.6
4
k
B
.2
3
1
7
0
‐4

S
M
P
.8
k
B
.6
4
k
B
.2
3
1
7
0

C
M
P
.8
k
B
.6
4
k
B
.4
6
4
2
‐4

C
M
P
.8
k
B
.6
4
k
B
.2
3
1
7
0
‐1
9

C
M
P
.8
k
B
.6
4
k
B
.4
6
4
2
‐1
9

C
M
P
.8
k
B
.6
4
k
B
.2
3
2
1
‐4

S
M
P
.8
k
B
.6
4
k
B
.2
3
2
1
 *
b

C
M
P
.8
k
B
.6
4
k
B
.2
3
2
1
‐1
9

C
M
P
.8
k
B
.6
4
k
B
.1
1
6
1
‐4

C
M
P
.8
k
B
.6
4
k
B
.1
1
6
1
‐1
9

S
M
P
.8
k
B
.6
4
k
B
.1
1
6
1

S
M
P
.8
k
B
.6
4
k
B
.5
8
1

C
M
P
.8
k
B
.6
4
k
B
.5
8
1
‐1
9

C
M
P
.8
k
B
.6
4
k
B
.5
8
1
‐4

S
M
P
.8
k
B
.6
4
k
B
.1
4
6

C
M
P
.8
k
B
.6
4
k
B
.7
3

C
M
P
.8
k
B
.6
4
k
B
.1
4
6
‐4

C
M
P
.8
k
B
.6
4
k
B
.1
4
6
‐1
9

C
M
P
.8
k
B
.6
4
k
B
.1
4
6

C
M
P
.8
k
B
.6
4
k
B
.5
8
1

C
M
P
.8
k
B
.6
4
k
B
.7
3
‐1
9

C
M
P
.8
k
B
.6
4
k
B
.7
3
‐4

C
M
P
.8
k
B
.6
4
k
B
.1
1
6
1

S
M
P
.8
k
B
.6
4
k
B
.7
3

C
M
P
.8
k
B
.6
4
k
B
.2
3
2
1

C
M
P
.8
k
B
.6
4
k
B
.4
6
4
2

C
M
P
.8
k
B
.6
4
k
B
.1
9

C
M
P
.8
k
B
.6
4
k
B
.9
2
8
3

C
M
P
.8
k
B
.6
4
k
B
.1
8
5
6
5

S
M
P
.8
k
B
.6
4
k
B
.1
9

C
M
P
.8
k
B
.6
4
k
B
.2
3
1
7
0

C
M
P
.8
k
B
.6
4
k
B
.1
9
‐4

C
M
P
.8
k
B
.6
4
k
B
.4
‐1
9

S
M
P
.8
k
B
.6
4
k
B
.4

C
M
P
.8
k
B
.6
4
k
B
.1
‐1
9

C
M
P
.8
k
B
.6
4
k
B
.1
‐4

C
M
P
.8
k
B
.6
4
k
B
.4

S
M
P
.8
k
B
.6
4
k
B
.1

C
M
P
.8
k
B
.6
4
k
B
.1

Normalized to Baseline 8kB L1 256kB L2

(b) 256kB L2.

0.9
1

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2

C
M
P
.8
k
B
.1
2
8
k
B
.1
8
5
6
5
‐1
9

S
M
P
.8
k
B
.1
2
8
k
B
.1
8
5
6
5

C
M
P
.8
k
B
.1
2
8
k
B
.1
8
5
6
5
‐4

C
M
P
.8
k
B
.1
2
8
k
B
.9
2
8
3
‐4

S
M
P
.8
k
B
.1
2
8
k
B
.9
2
8
3

C
M
P
.8
k
B
.1
2
8
k
B
.9
2
8
3
‐1
9

C
M
P
.8
k
B
.1
2
8
k
B
.2
3
1
7
0
‐4

C
M
P
.8
k
B
.1
2
8
k
B
.2
3
1
7
0
‐1
9

S
M
P
.8
k
B
.1
2
8
k
B
.2
3
1
7
0

S
M
P
.8
k
B
.1
2
8
k
B
.4
6
4
2

C
M
P
.8
k
B
.1
2
8
k
B
.4
6
4
2
‐1
9

C
M
P
.8
k
B
.1
2
8
k
B
.4
6
4
2
‐4

C
M
P
.8
k
B
.1
2
8
k
B
.2
3
2
1
‐4

S
M
P
.8
k
B
.1
2
8
k
B
.2
3
2
1
 *
b

C
M
P
.8
k
B
.1
2
8
k
B
.2
3
2
1
‐1
9

C
M
P
.8
k
B
.1
2
8
k
B
.1
1
6
1
‐4

C
M
P
.8
k
B
.1
2
8
k
B
.1
1
6
1
‐1
9

S
M
P
.8
k
B
.1
2
8
k
B
.1
1
6
1

S
M
P
.8
k
B
.1
2
8
k
B
.5
8
1

C
M
P
.8
k
B
.1
2
8
k
B
.5
8
1
‐1
9

C
M
P
.8
k
B
.1
2
8
k
B
.5
8
1
‐4

S
M
P
.8
k
B
.1
2
8
k
B
.1
4
6

C
M
P
.8
k
B
.1
2
8
k
B
.1
4
6
‐1
9

C
M
P
.8
k
B
.1
2
8
k
B
.1
4
6
‐4

C
M
P
.8
k
B
.1
2
8
k
B
.7
3
‐1
9

C
M
P
.8
k
B
.1
2
8
k
B
.7
3
‐4

S
M
P
.8
k
B
.1
2
8
k
B
.7
3

C
M
P
.8
k
B
.1
2
8
k
B
.7
3

C
M
P
.8
k
B
.1
2
8
k
B
.1
9

C
M
P
.8
k
B
.1
2
8
k
B
.1
4
6

C
M
P
.8
k
B
.1
2
8
k
B
.5
8
1

C
M
P
.8
k
B
.1
2
8
k
B
.1
1
6
1

S
M
P
.8
k
B
.1
2
8
k
B
.1
9

C
M
P
.8
k
B
.1
2
8
k
B
.2
3
2
1

C
M
P
.8
k
B
.1
2
8
k
B
.1
9
‐4

C
M
P
.8
k
B
.1
2
8
k
B
.4
6
4
2

C
M
P
.8
k
B
.1
2
8
k
B
.9
2
8
3

C
M
P
.8
k
B
.1
2
8
k
B
.4
‐1
9

C
M
P
.8
k
B
.1
2
8
k
B
.1
8
5
6
5

C
M
P
.8
k
B
.1
2
8
k
B
.2
3
1
7
0

C
M
P
.8
k
B
.1
2
8
k
B
.4

S
M
P
.8
k
B
.1
2
8
k
B
.4

C
M
P
.8
k
B
.1
2
8
k
B
.1
‐1
9

C
M
P
.8
k
B
.1
2
8
k
B
.1
‐4

S
M
P
.8
k
B
.1
2
8
k
B
.1

C
M
P
.8
k
B
.1
2
8
k
B
.1

Normalized to Baseline 8kB L1 512kB L2

(c) 512kB L2.
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(d) 1MB L2.

0.9

1

1.1

1.2

1.3

1.4

1.5

C
M
P
.8
k
B
.5
1
2
k
B
.1
8
5
6
5
‐4

C
M
P
.8
k
B
.5
1
2
k
B
.1
8
5
6
5
‐1
9

S
M
P
.8
k
B
.5
1
2
k
B
.1
8
5
6
5

C
M
P
.8
k
B
.5
1
2
k
B
.9
2
8
3
‐4

S
M
P
.8
k
B
.5
1
2
k
B
.9
2
8
3

C
M
P
.8
k
B
.5
1
2
k
B
.9
2
8
3
‐1
9

C
M
P
.8
k
B
.5
1
2
k
B
.2
3
1
7
0
‐4

C
M
P
.8
k
B
.5
1
2
k
B
.2
3
1
7
0
‐1
9

C
M
P
.8
k
B
.5
1
2
k
B
.4
6
4
2
‐4

S
M
P
.8
k
B
.5
1
2
k
B
.2
3
1
7
0

S
M
P
.8
k
B
.5
1
2
k
B
.4
6
4
2

C
M
P
.8
k
B
.5
1
2
k
B
.4
6
4
2
‐1
9

C
M
P
.8
k
B
.5
1
2
k
B
.2
3
2
1
‐4

S
M
P
.8
k
B
.5
1
2
k
B
.2
3
2
1
 *
b

C
M
P
.8
k
B
.5
1
2
k
B
.2
3
2
1
‐1
9

C
M
P
.8
k
B
.5
1
2
k
B
.1
1
6
1
‐4

S
M
P
.8
k
B
.5
1
2
k
B
.1
1
6
1

C
M
P
.8
k
B
.5
1
2
k
B
.1
1
6
1
‐1
9

C
M
P
.8
k
B
.5
1
2
k
B
.5
8
1
‐4

S
M
P
.8
k
B
.5
1
2
k
B
.5
8
1

C
M
P
.8
k
B
.5
1
2
k
B
.5
8
1
‐1
9

C
M
P
.8
k
B
.5
1
2
k
B
.7
3
‐4

S
M
P
.8
k
B
.5
1
2
k
B
.1
4
6

C
M
P
.8
k
B
.5
1
2
k
B
.1
4
6
‐4

S
M
P
.8
k
B
.5
1
2
k
B
.7
3

C
M
P
.8
k
B
.5
1
2
k
B
.1
4
6
‐1
9

C
M
P
.8
k
B
.5
1
2
k
B
.1
9
‐4

C
M
P
.8
k
B
.5
1
2
k
B
.7
3
‐1
9

S
M
P
.8
k
B
.5
1
2
k
B
.1
9

C
M
P
.8
k
B
.5
1
2
k
B
.4
‐1
9

C
M
P
.8
k
B
.5
1
2
k
B
.4

C
M
P
.8
k
B
.5
1
2
k
B
.1
9

C
M
P
.8
k
B
.5
1
2
k
B
.7
3

C
M
P
.8
k
B
.5
1
2
k
B
.1
4
6

C
M
P
.8
k
B
.5
1
2
k
B
.5
8
1

C
M
P
.8
k
B
.5
1
2
k
B
.1
1
6
1

C
M
P
.8
k
B
.5
1
2
k
B
.2
3
2
1

S
M
P
.8
k
B
.5
1
2
k
B
.4

C
M
P
.8
k
B
.5
1
2
k
B
.1
‐1
9

C
M
P
.8
k
B
.5
1
2
k
B
.4
6
4
2

C
M
P
.8
k
B
.5
1
2
k
B
.1
‐4

C
M
P
.8
k
B
.5
1
2
k
B
.9
2
8
3

C
M
P
.8
k
B
.5
1
2
k
B
.1
8
5
6
5

C
M
P
.8
k
B
.5
1
2
k
B
.2
3
1
7
0

S
M
P
.8
k
B
.5
1
2
k
B
.1

C
M
P
.8
k
B
.5
1
2
k
B
.1

Normalized to Baseline 8kB L1 2MB L2

(e) 2MB L2.

0.9

1

1.1

1.2

1.3

1.4

1.5

C
M
P
.8
k
B
.1
0
2
4
k
B
.1
8
5
6
5
‐4

S
M
P
.8
k
B
.1
0
2
4
k
B
.1
8
5
6
5

C
M
P
.8
k
B
.1
0
2
4
k
B
.1
8
5
6
5
‐1
9

C
M
P
.8
k
B
.1
0
2
4
k
B
.9
2
8
3
‐4

S
M
P
.8
k
B
.1
0
2
4
k
B
.9
2
8
3

C
M
P
.8
k
B
.1
0
2
4
k
B
.9
2
8
3
‐1
9

C
M
P
.8
k
B
.1
0
2
4
k
B
.2
3
1
7
0
‐4

C
M
P
.8
k
B
.1
0
2
4
k
B
.4
6
4
2
‐4

S
M
P
.8
k
B
.1
0
2
4
k
B
.2
3
1
7
0

C
M
P
.8
k
B
.1
0
2
4
k
B
.2
3
1
7
0
‐1
9

S
M
P
.8
k
B
.1
0
2
4
k
B
.4
6
4
2

C
M
P
.8
k
B
.1
0
2
4
k
B
.4
6
4
2
‐1
9

C
M
P
.8
k
B
.1
0
2
4
k
B
.2
3
2
1
‐4

S
M
P
.8
k
B
.1
0
2
4
k
B
.2
3
2
1
 *
b

C
M
P
.8
k
B
.1
0
2
4
k
B
.1
1
6
1
‐4

C
M
P
.8
k
B
.1
0
2
4
k
B
.2
3
2
1
‐1
9

S
M
P
.8
k
B
.1
0
2
4
k
B
.1
1
6
1

C
M
P
.8
k
B
.1
0
2
4
k
B
.5
8
1
‐4

C
M
P
.8
k
B
.1
0
2
4
k
B
.1
1
6
1
‐1
9

S
M
P
.8
k
B
.1
0
2
4
k
B
.5
8
1

C
M
P
.8
k
B
.1
0
2
4
k
B
.7
3
‐4

C
M
P
.8
k
B
.1
0
2
4
k
B
.5
8
1
‐1
9

C
M
P
.8
k
B
.1
0
2
4
k
B
.1
9
‐4

C
M
P
.8
k
B
.1
0
2
4
k
B
.1
4
6
‐4

S
M
P
.8
k
B
.1
0
2
4
k
B
.1
4
6

S
M
P
.8
k
B
.1
0
2
4
k
B
.7
3

S
M
P
.8
k
B
.1
0
2
4
k
B
.1
9

C
M
P
.8
k
B
.1
0
2
4
k
B
.4

C
M
P
.8
k
B
.1
0
2
4
k
B
.1
4
6
‐1
9

C
M
P
.8
k
B
.1
0
2
4
k
B
.7
3
‐1
9

C
M
P
.8
k
B
.1
0
2
4
k
B
.4
‐1
9

C
M
P
.8
k
B
.1
0
2
4
k
B
.1
9

S
M
P
.8
k
B
.1
0
2
4
k
B
.4

C
M
P
.8
k
B
.1
0
2
4
k
B
.1
‐4

C
M
P
.8
k
B
.1
0
2
4
k
B
.1
‐1
9

C
M
P
.8
k
B
.1
0
2
4
k
B
.7
3

S
M
P
.8
k
B
.1
0
2
4
k
B
.1

C
M
P
.8
k
B
.1
0
2
4
k
B
.1

C
M
P
.8
k
B
.1
0
2
4
k
B
.1
4
6

C
M
P
.8
k
B
.1
0
2
4
k
B
.5
8
1

C
M
P
.8
k
B
.1
0
2
4
k
B
.1
1
6
1

C
M
P
.8
k
B
.1
0
2
4
k
B
.2
3
2
1

C
M
P
.8
k
B
.1
0
2
4
k
B
.4
6
4
2

C
M
P
.8
k
B
.1
0
2
4
k
B
.9
2
8
3

C
M
P
.8
k
B
.1
0
2
4
k
B
.1
8
5
6
5

C
M
P
.8
k
B
.1
0
2
4
k
B
.2
3
1
7
0

Normalized to Baseline 8kB L1 4MB L2

(f) 4MB L2.

Figure 5.20: M5 results for Moldyn under the 144 problem with 8kB L1 cache
and 128kB − 4MB L2 caches all results normalized to baseline.
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(a) 128kB L2.
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(b) 256kB L2.
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(f) 4MB L2.

Figure 5.21: M5 results for Moldyn under the 144 problem with 32kB L1 cache
and 128kB − 4MB L2 caches all results normalized to baseline.
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(a) 128kB L2.
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(b) 256kB L2.
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(c) 512kB L2.
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(d) 1MB L2.
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(e) 2MB L2.
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(f) 4MB L2.

Figure 5.22: M5 results for Moldyn under the m14b problem with 4kB L1 cache
and 128kB − 4MB L2 caches all results normalized to baseline.
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(a) 128kB L2.
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(b) 256kB L2.
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(c) 512kB L2.

0.9

1

1.1

1.2

1.3

1.4

S
M
P
.8
k
B
.2
5
6
k
B
.7
0
5
5

C
M
P
.8
k
B
.2
5
6
k
B
.7
0
5
5
‐4

C
M
P
.8
k
B
.2
5
6
k
B
.2
3
1
7
0
‐4

S
M
P
.8
k
B
.2
5
6
k
B
.2
3
1
7
0

C
M
P
.8
k
B
.2
5
6
k
B
.7
0
5
5
‐2
8

C
M
P
.8
k
B
.2
5
6
k
B
.2
3
1
7
0
‐2
8

S
M
P
.8
k
B
.2
5
6
k
B
.1
4
1
0
9

C
M
P
.8
k
B
.2
5
6
k
B
.1
4
1
0
9
‐4

C
M
P
.8
k
B
.2
5
6
k
B
.3
5
2
8
‐4

S
M
P
.8
k
B
.2
5
6
k
B
.3
5
2
8
 *
b

C
M
P
.8
k
B
.2
5
6
k
B
.1
4
1
0
9
‐2
8

C
M
P
.8
k
B
.2
5
6
k
B
.3
5
2
8
‐2
8

S
M
P
.8
k
B
.2
5
6
k
B
.1
7
6
4

C
M
P
.8
k
B
.2
5
6
k
B
.1
7
6
4
‐4

C
M
P
.8
k
B
.2
5
6
k
B
.1
7
6
4
‐2
8

C
M
P
.8
k
B
.2
5
6
k
B
.8
8
2
‐4

S
M
P
.8
k
B
.2
5
6
k
B
.8
8
2

C
M
P
.8
k
B
.2
5
6
k
B
.8
8
2
‐2
8

C
M
P
.8
k
B
.2
5
6
k
B
.2
2
1
‐4

S
M
P
.8
k
B
.2
5
6
k
B
.2
2
1

C
M
P
.8
k
B
.2
5
6
k
B
.2
2
1
‐2
8

C
M
P
.8
k
B
.2
5
6
k
B
.1
1
1
‐4

S
M
P
.8
k
B
.2
5
6
k
B
.1
1
1

C
M
P
.8
k
B
.2
5
6
k
B
.1
1
1
‐2
8

C
M
P
.8
k
B
.2
5
6
k
B
.2
8

C
M
P
.8
k
B
.2
5
6
k
B
.1
1
1

C
M
P
.8
k
B
.2
5
6
k
B
.2
8
‐4

S
M
P
.8
k
B
.2
5
6
k
B
.2
8

C
M
P
.8
k
B
.2
5
6
k
B
.2
2
1

C
M
P
.8
k
B
.2
5
6
k
B
.8
8
2

C
M
P
.8
k
B
.2
5
6
k
B
.4
‐2
8

C
M
P
.8
k
B
.2
5
6
k
B
.1
7
6
4

C
M
P
.8
k
B
.2
5
6
k
B
.3
5
2
8

C
M
P
.8
k
B
.2
5
6
k
B
.4

C
M
P
.8
k
B
.2
5
6
k
B
.7
0
5
5

C
M
P
.8
k
B
.2
5
6
k
B
.1
4
1
0
9

C
M
P
.8
k
B
.2
5
6
k
B
.2
3
1
7
0

S
M
P
.8
k
B
.2
5
6
k
B
.4

Normalized to Baseline 8kB L1 1MB L2

(d) 1MB L2.

0.9

1

1.1

1.2

1.3

S
M
P
.8
k
B
.5
1
2
k
B
.7
0
5
5

C
M
P
.8
k
B
.5
1
2
k
B
.7
0
5
5
‐4

C
M
P
.8
k
B
.5
1
2
k
B
.2
3
1
7
0
‐4

S
M
P
.8
k
B
.5
1
2
k
B
.2
3
1
7
0

C
M
P
.8
k
B
.5
1
2
k
B
.7
0
5
5
‐2
8

C
M
P
.8
k
B
.5
1
2
k
B
.2
3
1
7
0
‐2
8

C
M
P
.8
k
B
.5
1
2
k
B
.1
4
1
0
9
‐4

S
M
P
.8
k
B
.5
1
2
k
B
.1
4
1
0
9

C
M
P
.8
k
B
.5
1
2
k
B
.3
5
2
8
‐4

S
M
P
.8
k
B
.5
1
2
k
B
.3
5
2
8
 *
b

C
M
P
.8
k
B
.5
1
2
k
B
.1
4
1
0
9
‐2
8

C
M
P
.8
k
B
.5
1
2
k
B
.3
5
2
8
‐2
8

C
M
P
.8
k
B
.5
1
2
k
B
.1
7
6
4
‐4

S
M
P
.8
k
B
.5
1
2
k
B
.1
7
6
4

C
M
P
.8
k
B
.5
1
2
k
B
.8
8
2
‐4

C
M
P
.8
k
B
.5
1
2
k
B
.1
7
6
4
‐2
8

S
M
P
.8
k
B
.5
1
2
k
B
.8
8
2

C
M
P
.8
k
B
.5
1
2
k
B
.8
8
2
‐2
8

C
M
P
.8
k
B
.5
1
2
k
B
.2
2
1
‐4

C
M
P
.8
k
B
.5
1
2
k
B
.1
1
1
‐4

S
M
P
.8
k
B
.5
1
2
k
B
.2
2
1

C
M
P
.8
k
B
.5
1
2
k
B
.2
2
1
‐2
8

S
M
P
.8
k
B
.5
1
2
k
B
.1
1
1

C
M
P
.8
k
B
.5
1
2
k
B
.1
1
1
‐2
8

S
M
P
.8
k
B
.5
1
2
k
B
.2
8

C
M
P
.8
k
B
.5
1
2
k
B
.2
8
‐4

C
M
P
.8
k
B
.5
1
2
k
B
.2
8

C
M
P
.8
k
B
.5
1
2
k
B
.4
‐2
8

C
M
P
.8
k
B
.5
1
2
k
B
.1
1
1

C
M
P
.8
k
B
.5
1
2
k
B
.4

C
M
P
.8
k
B
.5
1
2
k
B
.2
2
1

C
M
P
.8
k
B
.5
1
2
k
B
.8
8
2

C
M
P
.8
k
B
.5
1
2
k
B
.1
7
6
4

C
M
P
.8
k
B
.5
1
2
k
B
.3
5
2
8

S
M
P
.8
k
B
.5
1
2
k
B
.4

C
M
P
.8
k
B
.5
1
2
k
B
.1
‐2
8

C
M
P
.8
k
B
.5
1
2
k
B
.7
0
5
5

C
M
P
.8
k
B
.5
1
2
k
B
.1
4
1
0
9

Normalized to Baseline 8kB L1 2MB L2
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(f) 4MB L2.

Figure 5.23: M5 results for Moldyn under the m14b problem with 8kB L1 cache
and 128kB − 4MB L2 caches all results normalized to baseline.
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(a) 128kB L2.
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(c) 512kB L2.
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(d) 1MB L2.
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(e) 2MB L2.
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(f) 4MB L2.

Figure 5.24: M5 results for Moldyn under the m14b problem with 32kB L1
cache and 128kB−4MB L2 caches all results normalized to baseline.
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(a) 128kB L2.
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(b) 256kB L2.
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(c) 512kB L2.
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(d) 1MB L2.
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(e) 2MB L2.
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(f) 4MB L2.

Figure 5.25: M5 results for Moldyn under the auto problem with 4kB L1 cache
and 128kB − 4MB L2 caches all results normalized to baseline.
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(a) 128kB L2.
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(b) 256kB L2.
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(d) 1MB L2.
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(e) 2MB L2.
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(f) 4MB L2.

Figure 5.26: M5 results for Moldyn under the auto problem with 8kB L1 cache
and 128kB − 4MB L2 caches all results normalized to baseline.
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(a) 128kB L2.
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Figure 5.27: M5 results for Moldyn under the auto problem with 32kB L1 cache
and 128kB − 4MB L2 caches all results normalized to baseline.
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Chapter 6

PIN Reuse Distance Performance Model Prediction Results

In this chapter, we use the PIN Reuse Distance Profiles that we have collected

for all of our benchmarks under all input data sets to predict the performance

under the same set of machines we have simulated in Chapter 5. Recall, there

are machines consisting of 4 core with the cross product of 4kB, 8kB, and 32kB L1

caches and 128kB, 256kB, 512kB, 1MB, 2MB, and 4MB L2 caches. We have the

CMC of the CRD and PRD profiles for each parallelization under each partition

size. Using these profiles, we developed a performance prediction model to predict

execution time in cycles. We verify this model against the M5 simulations and show

the difference in the predicted gains using the PIN model and M5 in two metrics

that we will discuss in details. We show the absolute difference between the best

performing partitioning, as well as the percentage of the gain achieved through the

M5 simulation results picks that the model prediction can achieve.

6.1 PIN Reuse Distance Performance Model

In this section, we will derive the PIN reuse distance model and show how it

was influenced by the M5 statistics and will also show how we came up with it.

The goal of our model is to compute the expected execution time in cycles

of the benchmarks profiled. We base our model on the model developed by by Wu
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et al. in [184]. A major difference is that Wu did not compute execution time but

computed average memory access time. In order to verify our model initially, we

extracted information from the M5 simulation results such as the alpha instruction

count, L1 cache miss count, the L2 cache miss count, and L2 access whether they

are regular misses or coherence misses etc. . We have computed using these M5

simulation statistics the execution time and we graphed the results for one on-

chip memory size (4kB L1 and 128kB L2). We also put on the same graph the

performance model as well as the M5 simulation. The goal was to compare the

model to a mock model given by the statistics of the M5 simulator to compare

them.

The PIN tool did not spit out for us the number of µops (micro ops) which are

the RISC translation of the CISC x86 instructions. In some previous research we

have done, we have verified that the alpha instruction count is similar or very close

in value to the µops of the Intel architecture. Therefore, we have decided to use

the M5 alpha instruction count in our model. Through private communication with

Dr. Aamer Jaleel of Intel’s VASSAD, he kindly informed us that the average CISC

instruction gets translated to 1.3 RISC instructions. We have tried this number to

model the instruction count but it did skew some of the orders and therefore we have

decided to use the M5 alpha instruction count since there is µop translators that the

PIN tool can use to count the RISC instruction count. One of such translators exists

already in the x86 branch of the M5 simulator. The PIN model cannot predict exact

execution time nor this is its goal. Its goal is to rank order different benchmarks to

tell us in the ball park which benchmarks would run faster than others.
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6.1.1 Deriving the Performance Model

We model a tiled architecture as is depicted in Figure 3.1. There is two levels

of cache. L1 is private and L2 is shared. In such a system, the total cache misses

are sPRD CMC[T ×L1size], where the sPRD CMC is the profile representing the

cache miss count of the private reuse distance profile. L1size is the per core private

L1 cache sizes, T is the number of tiles, P is the number of cores, and L1lat is the

latency for accessing data in the private L1 cache. Note that P equals T in our

model.

We model a shared L2 cache. LLCsize is the size of the shared LLC for all cores,

which is the L2 cache in our case. The LLC accesses are given by sPRD CMC[T ×

L1size] with access latency of (LLClat + 2 × HOPlat) cycles, where (LLClat is the

latency of accessing the LLC. We assume data blocks are distributed uniformly

on the LLC slices. Thus, network messages incur
√
T + 1 hops on average [155].

In the shared LLC, the data always resides on the home tile, so there is two-way

communication. We use a factor of 2.5 that was suggested by some of the parameters

of M5 and by our matching of the models. This factor accounts for writebacks and

other L2 accesses that take place.

The off-chip accesses are CRD CMC[LLCsize], where the CRD CMC is the

profile representing the cache miss count of the (shared) concurrent reuse distance

profile. The access latency for the off-chip data is given by (DRAMlat +2×HOPlat)

which contains two-way data communication to the DRAM controller and DRAM

device total latency. The total hop latency is given by:
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HOPlat = (Latency per Hop) × (The Average number of Hops).

Or, HOPlat = (Latency per Hop) ×(
√
T + 1).

The average memory access time (AMATsharedL2) for a tiled CMP with shared

L2 caches as the LLC can be modeled using Equation 6.1, where sPRD CMC[0] is

the number of total memory references.

AMATsharedL2 = (1/sPRD CMC[0])× (L1lat × sPRD CMC[0] +

2.5× (LLClat + 2×HOPlat)× sPRD CMC[T × L1size] +

(DRAMlat + 2×HOPlat)× CRD CMC[LLCsize])

(6.1)

The total execution time in cycles (ExecT ime) for a tiled processors with

shared L2 cache can be modeled using Equation 6.2, where Inst count is the number

of µop instruction executed. We use the M5 instruction count.

ExecT ime = (1/P )× (Inst count+ sPRD CMC[0]× AMATsharedL2) (6.2)

The performance model does not consider queuing in the on-chip nor off-chip,

coherence traffic, cache conflicts, and associativity effects, nor load imbalance are

not modeled as well.

6.2 Results using the PIN Performance Model

We have to recall here for explaining the figures that will presented in this

section what we have explained in Section 5.1. We will summarize this here for

completeness.
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Figures 6.1 — 6.27 show the PIN predicted performance in cycles. All

subfigures show an ordered execution time from the smallest execution time in cycles

to the largest. Each subfigure shows the results for a particular L1 cache size and

a particular L2 cache size. Each of the following subsections shows the results for

a single benchmark. For each benchmark, there are three subsections that present

results for each of the three input data sets. In each subsection there are three

figures each with six sub-figures. These sub-figures present the three simulated L1

cache sizes and the six simulated L2 cache sizes. Each sub-figure shows the results

for the cross product of the four parallelization strategies as shown in Section 4.3

with all the different locality optimizations (partition sizes).

The first few combinations of parallelizations and partition sizes are labeled on

the x-axis with a number denoting their rank in the corresponding M5 simulation and

figure and subfigure in Chapter 5. The baseline case is identified in each subfigure

with the label “*b”. The x-axis in each of these subfigures can be interpreted in a

similar fashion to Section 5.1 as follows:

1. “10654−SMP−CMCrd 1” means the parallelization is SMP and the number

of partitions is 10, 654. The number that appears after each of these is the order

of that particular data point in M5 obtained from the corresponding figure

in Chapter 5. In this particular example, “1” means that this is the best

performing partition size and parallelization strategy for the 4kB L1 cache,

128kB L2 cache for Irreg under the 144 input data set.

2. “10654−CMP −CMCrd” means the parallelization is CMP and the number
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of partitions is 10, 654.

3. “10654− 4−CMP −CMCrd 3” means the parallelization is CMP-4 and the

number of partitions is 10, 654. Note that four here is the number of cores.

Note that 3 means the ranking order for this parallelization and partition size

when run on M5.

4. “10654 − 11 − CMP − CMCrd 8” means the parallelization is CMP-11 and

the number of partitions is 10, 654. Note that 11 here represents the maximum

partition size that can fit in a 1MB cache. This changes according to each input

data set data size. Also, 8 means the ranking order for this parallelization and

partition size when run on M5.

The y-axis in Figures 6.1 — 6.27 will show the predicted execution time in

cycles that has been computed using the PIN performance model we derived in the

previous section. The reported %Gain PIN is computed as the gain the partitioning

and the parallelization predicted to achieve the best performance by PIN if we ran

it on M5 relative to the baseline as was shown in Chapter 5. We show the difference

between the maximum gain obtained from the M5 runs and that predicted by PIN.

Also, we report the percentage PIN captured gain which is the percentage of the

maximum M5 gain that the PIN prediction would achieve.

After each set of graphs for any benchmark with a given input data set there is

a table that summarizes the results in the graphs such as Table 6.1. In such a table

there is four performance metrics presented. The first is the “%Gain M5”. This

is defined in Section 5.1 as the relative performance gain of the best performing

107



parallelization and partition size in percentage points given an input data set and

benchmark given a specific machine to the baseline performance. The second is the

“%Gain PIN”. This is defined as the gain that we would get when we run the PIN

predicted best pick if we run on M5 relative to the baseline case as we explained it

earlier.

There are two characterization metrics that show how good the PIN predic-

tion is relative to the best M5 pick. These metrics are “Diff(%M5 - %PIN)” and

“%PIN Captured Gain”. These two metrics quantify how good the PIN prediction is

compared to the M5 simulation result for a given machine under a specific problem

and input data set. “Diff(%M5 - %PIN)” is defined as the difference between the

“%Gain M5” and “%Gain PIN”. This measures the error between the M5 choice

and the PIN prediction. “%PIN Captured Gain” is the second metric and is defined

as the percentage of the M5 gain that the PIN prediction was able to capture. If

PIN picks the exact same pick that M5 comes up with then that value would be

100%.

6.2.1 Irreg Results

In this section, we will show the results of the PIN performance model for

the Irreg benchmark with all of the input data sets; 144, m14b, and auto. We

predict performance for the cross product of machines with 4kB, 8kB, and 32kB L1

caches and 128kB, 256kB, 512kB, 1MB, 2MB, and 4MB L2 caches. All the results

are with 4 cores.

108



6.2.1.1 Irreg with 144 input data set

In this section, we will show the results of the PIN performance model for

Irreg benchmark with the 144 input data set. The PIN predicted gains are sum-

marized in Table 6.1. The gains for the 4kB simulated machines range from -2.06%

to 2.36%, the average PIN predicted gain is 0.19% relative to the M5 baseline per-

formance, the average gain difference between the M5 maximum gain and the PIN

predicted gain is 1.69%, and the average percentage of the maximum M5 gain cap-

tured by the PIN prediction is 10.19%. The gains for the 8kB simulated machines

range from -3.53% to 2.66%, the average PIN predicted gain is 0.54% relative to

the M5 baseline performance, the average gain difference between the M5 maximum

gain and the PIN predicted gain is 3.02%, and the average percentage of the max-

imum M5 gain captured by the PIN prediction is 15.04%. The gains for the 32kB

simulated machines range from -4.17% to 9.57%, the average PIN predicted gain is

2.19% relative to the M5 baseline performance, the average gain difference between

the M5 maximum gain and the PIN predicted gain is 2.78%, and the average per-

centage of the maximum M5 gain captured by the PIN prediction is 44.04%. The

overall average PIN predicted gain for Irregwith the 144 input data set for all

L1 caches is 0.97%, the overall average gain difference between the M5 maximum

gain and the PIN predicted gain is 2.50%, and the overall average percentage of the

maximum M5 gain captured by the PIN prediction is 28%. Figures 6.1, 6.2, and

6.3 show in detail the results for the three L1 caches.
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Table 6.1: A comparative summary of the percent gains relative to the baseline
for M5 and the PIN performance model for Irreg under the 144 input
problem with 4kB − 32kB L1 caches and 128kB − 4MB L2 caches.

L1 size 4kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 1.34 2.19 2.36 1.85 2.04 1.49 1.88
%Gain PIN 0.62 0.65 2.36 -0.42 0.00 -2.06 0.19

Diff(%M5 - %PIN) 0.72 1.53 0.00 2.27 2.05 3.55 1.69
%PIN Captured Gain 46.24 29.87 100.00 -22.67 -0.20 -137.70 10.19

L1 size 8kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 3.53 4.36 3.87 4.12 4.09 1.38 3.56
%Gain PIN 1.26 1.40 2.66 1.37 0.05 -3.53 0.54

Diff(%M5-%PIN) 2.27 2.96 1.21 2.76 4.04 4.91 3.02
%PIN Captured Gain 35.74 32.13 68.75 33.15 1.20 -255.88 15.04

L1 size 32kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 11.20 5.65 4.05 3.57 3.21 2.09 4.96
%Gain PIN 9.57 4.15 2.34 1.07 0.15 -4.17 2.19

Diff(%M5-%PIN) 1.63 1.49 1.71 2.50 3.07 6.26 2.78
%PIN Captured Gain 85.46 73.57 57.72 30.04 4.58 -199.28 44.04

Average across all L1 Sizes

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg. 144

%Gain M5 5.35 4.07 3.43 3.18 3.11 1.66 3.47
%Gain PIN 3.82 2.07 2.45 0.67 0.06 -3.25 0.97

Diff(%M5-%PIN) 1.54 2.00 0.97 2.51 3.05 4.91 2.50
% PIN Captured Gain 71.28 50.91 71.58 21.16 2.05 -196.46 28.00

6.2.1.2 Irreg with m14b input data set

In this section, we will show the results of the PIN performance model for

Irreg benchmark with the m14b input data set. The PIN predicted gains are

summarized in Table 6.2. The gains for the 4kB simulated machines range from

-3.19% to 0.54%, the average PIN predicted gain is -0.75% relative to the M5 base-

line performance, the average gain difference between the M5 maximum gain and
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the PIN predicted gain is 1.70%, and the average percentage of the maximum M5

gain captured by the PIN prediction is -79.08%. The gains for the 8kB simulated

machines range from -3.48% to 0.47%, the average PIN predicted gain is -0.63% rel-

ative to the M5 baseline performance, the average gain difference between the M5

maximum gain and the PIN predicted gain is 2.48%, and the average percentage of

the maximum M5 gain captured by the PIN prediction is -33.68%. The gains for the

32kB simulated machines range from -0.73% to 5.46%, the average PIN predicted

gain is 1.22% relative to the M5 baseline performance, the average gain difference

between the M5 maximum gain and the PIN predicted gain is 1.94%, and the aver-

age percentage of the maximum M5 gain captured by the PIN prediction is 38.59%.

The overall average PIN predicted gain for Irregwith the m14b input data set for

all L1 caches is -0.05%, the overall average gain difference between the M5 maximum

gain and the PIN predicted gain is 2.04%, and the overall average percentage of the

maximum M5 gain captured by the PIN prediction is -2.67%. Figures 6.4, 6.5, and

6.6 show in detail the results for the three L1 caches.

6.2.1.3 Irreg with auto input data set

In this section, we will show the results of the PIN performance model for

Irreg benchmark with the auto input data set. The PIN predicted gains are

summarized in Table 6.3. The gains for the 4kB simulated machines range from

-0.10% to 3.69%, the average PIN predicted gain is 2.02% relative to the M5 baseline

performance, the average gain difference between the M5 maximum gain and the
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Table 6.2: A comparative summary of the percent gains relative to the baseline for
M5 and the PIN performance model for Irreg under the m14b input
problem with 4kB − 32kB L1 caches and 128kB − 4MB L2 caches.

L1 size 4kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 0.85 1.33 1.13 1.03 0.79 0.58 0.95
%Gain PIN -0.19 0.13 0.54 -0.70 -1.09 -3.19 -0.75

Diff(%M5-%PIN) 1.05 1.20 0.59 1.73 1.88 3.77 1.70
%PIN Captured Gain -22.88 9.49 47.69 -68.52 -137.47 -551.71 -79.08

L1 size 8kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 2.38 2.01 1.75 2.07 1.55 1.37 1.86
%Gain PIN 0.31 0.32 -0.33 0.47 -1.04 -3.48 -0.63

Diff(%M5-%PIN) 2.08 1.70 2.08 1.60 2.59 4.84 2.48
%PIN Captured Gain 12.90 15.67 -18.78 22.89 -67.20 -254.74 -33.68

L1 size 32kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 6.68 3.73 3.32 2.29 1.59 1.32 3.16
%Gain PIN 5.46 3.07 1.26 1.30 -0.73 -3.06 1.22

Diff(%M5-%PIN) 1.22 0.66 2.06 0.99 2.32 4.38 1.94
%PIN Captured Gain 81.75 82.34 37.86 56.79 -45.69 -231.08 38.59

Average across all L1 Sizes

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg. m14b

%Gain M5 3.30 2.36 2.07 1.80 1.31 1.09 1.99
%Gain PIN 1.86 1.17 0.49 0.36 -0.95 -3.24 -0.05

Diff(%M5-%PIN) 1.45 1.19 1.58 1.44 2.26 4.33 2.04
% PIN Captured Gain 56.22 49.68 23.62 19.89 -72.60 -297.75 -2.67

PIN predicted gain is 1.99%, and the average percentage of the maximum M5 gain

captured by the PIN prediction is 47.29%. The gains for the 8kB simulated machines

range from 3.49% to 8.86%, the average PIN predicted gain is 6.64% relative to the

M5 baseline performance, the average gain difference between the M5 maximum gain

and the PIN predicted gain is 1.64%, and the average percentage of the maximum M5

gain captured by the PIN prediction is 78.83%. The gains for the 32kB simulated

machines range from -3.74% to 17.37%, the average PIN predicted gain is 5.54%
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relative to the M5 baseline performance, the average gain difference between the M5

maximum gain and the PIN predicted gain is 4.01%, and the average percentage

of the maximum M5 gain captured by the PIN prediction is 58%. The overall

average PIN predicted gain for Irregwith the auto input data set for all L1 caches

is 4.73%, the overall average gain difference between the M5 maximum gain and the

PIN predicted gain is 2.55%, and the overall average percentage of the maximum

M5 gain captured by the PIN prediction is 65%. Figures 6.7, 6.8, and 6.9 show

in detail the results for the three L1 caches.

6.2.2 NBF Results

In this section, we will show the results of the PIN performance model for

NBF benchmark with all of the input data sets; 144, m14b, and auto. We

predict performance for the cross product of machines with 4kB, 8kB, and 32kB L1

caches and 128kB, 256kB, 512kB, 1MB, 2MB, and 4MB L2 caches. All the results

are with 4 cores.

6.2.2.1 NBF with 144 input data set

In this section, we will show the results of the PIN performance model for NBF

benchmark with the 144 input data set. The PIN predicted gains are summarized in

Table 6.4. The gains for the 4kB simulated machines range from -4.06% to 0.18%,

the average PIN predicted gain is -1.31% relative to the M5 baseline performance,

the average gain difference between the M5 maximum gain and the PIN predicted
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Table 6.3: A comparative summary of the percent gains relative to the baseline for
M5 and the PIN performance model for Irreg under the auto input
problem with 4kB − 32kB L1 caches and 128kB − 4MB L2 caches.

L1 size 4kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 4.73 4.39 4.48 3.49 3.33 3.63 4.01
%Gain PIN 3.14 2.88 3.69 2.33 0.18 -0.10 2.02

Diff(%M5-%PIN) 1.60 1.51 0.80 1.15 3.15 3.73 1.99
%PIN Captured Gain 66.25 65.56 82.25 66.90 5.54 -2.75 47.29

L1 size 8kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 10.00 9.08 8.73 7.65 7.01 7.21 8.28
%Gain PIN 8.86 7.74 8.06 6.80 4.88 3.49 6.64

Diff(%M5-%PIN) 1.14 1.35 0.67 0.85 2.13 3.72 1.64
%PIN Captured Gain 88.61 85.19 92.35 88.85 69.60 48.40 78.83

L1 size 32kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 19.69 11.01 8.58 6.69 6.68 4.65 9.55
%Gain PIN 17.37 10.54 7.67 2.90 -1.50 -3.74 5.54

Diff(%M5-%PIN) 2.32 0.47 0.91 3.78 8.19 8.40 4.01
%PIN Captured Gain 88.19 95.74 89.41 43.45 -22.50 -80.44 58.00

Average across all L1 Sizes

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg. auto

%Gain M5 11.48 8.16 7.26 5.94 5.67 5.17 7.28
%Gain PIN 9.79 7.05 6.47 4.01 1.19 -0.12 4.73

Diff(%M5-%PIN) 1.69 1.11 0.79 1.93 4.49 5.28 2.55
% PIN Captured Gain 85.30 86.41 89.11 67.52 20.90 -2.27 65.00

gain is 1.71%, and the average percentage of the maximum M5 gain captured by the

PIN prediction is -334.09%. When the M5 predicted gain is 0%, it means that the

baseline data point is the point with the maximum gain and thus the percentage

PIN gain captured cannot be computed since it will result in a division by zero. The

gains for the 8kB simulated machines range from -2.83% to 4.43%, the average PIN

predicted gain is 1.67% relative to the M5 baseline performance, the average gain
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difference between the M5 maximum gain and the PIN predicted gain is 1.74%, and

the average percentage of the maximum M5 gain captured by the PIN prediction is

48.96%. The gains for the 32kB simulated machines range from -0.97% to 11.22%,

the average PIN predicted gain is 4.62% relative to the M5 baseline performance, the

average gain difference between the M5 maximum gain and the PIN predicted gain

is 1.81%, and the average percentage of the maximum M5 gain captured by the PIN

prediction is 71.83%. The overall average PIN predicted gain for NBFwith the 144

input data set for all L1 caches is 1.66%, the overall average gain difference between

the M5 maximum gain and the PIN predicted gain is 1.74%, and the overall average

percentage of the maximum M5 gain captured by the PIN prediction is 48.61%.

Figures 6.10, 6.11, and 6.12 show in detail the results for the three L1 caches.

6.2.2.2 NBF with m14b input data set

In this section, we will show the results of the PIN performance model for

NBF benchmark with the m14b input data set. The PIN predicted gains are

summarized in Table 6.5. The gains for the 4kB simulated machines range from -

3.29% to 0.41%, the average PIN predicted gain is -1.09% relative to the M5 baseline

performance, the average gain difference between the M5 maximum gain and the

PIN predicted gain is 1.69%, and the average percentage of the maximum M5 gain

captured by the PIN prediction is -70.32%. When the M5 predicted gain is 0%, it

means that the baseline data point is the point with the maximum gain and thus the

percentage PIN gain captured cannot be computed since it will result in a division
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Table 6.4: A comparative summary of the percent gains relative to the baseline
for M5 and the PIN performance model for NBF under the 144 input
problem with 4kB − 32kB L1 caches and 128kB − 4MB L2 caches.

L1 size 4kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 1.30 0.07 0.00 0.88 0.12 0.00 0.39
% Gain PIN 0.18 -1.32 -0.24 -0.43 -2.01 -4.06 -1.31

Diff(%M5-%PIN) 1.12 1.39 0.24 1.31 2.13 4.06 1.71
%PIN Gain Captured 13.51 -1874.98 N/A -49.24 -1679.84 N/A -334.09

L1 size 8kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 5.22 4.41 4.00 4.04 2.05 0.71 3.41
%Gain PIN 4.43 2.58 3.82 2.72 -0.71 -2.83 1.67

Diff(%M5-%PIN) 0.79 1.83 0.19 1.32 2.77 3.54 1.74
%PIN Gain Captured 84.90 58.57 95.32 67.38 -34.76 -401.66 48.96

L1 size 32kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 11.97 8.62 6.26 4.89 3.54 3.34 6.44
%Gain PIN 11.22 8.06 5.90 3.07 0.46 -0.97 4.62

Diff(%M5-%PIN) 0.75 0.56 0.36 1.82 3.08 4.31 1.81
%PIN Gain Captured 93.71 93.47 94.33 62.79 13.02 -29.10 71.83

Average across all L1 Sizes

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg. 144

%Gain M5 6.16 4.37 3.42 3.27 1.90 1.35 3.41
%Gain PIN 5.27 3.11 3.16 1.79 -0.75 -2.62 1.66

Diff(%M5-%PIN) 0.89 1.26 0.26 1.48 2.66 3.97 1.75
% PIN Captured Gain 85.60 71.15 92.38 54.67 -39.60 -194.63 48.61

by zero. The gains for the 8kB simulated machines range from -3.27% to 1.36%,

the average PIN predicted gain is -0.39% relative to the M5 baseline performance,

the average gain difference between the M5 maximum gain and the PIN predicted

gain is 1.78%, and the average percentage of the maximum M5 gain captured by the

PIN prediction is -124.37%. The gains for the 32kB simulated machines range from

-4.74% to 3.30%, the average PIN predicted gain is 0.89% relative to the M5 baseline

performance, the average gain difference between the M5 maximum gain and the
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PIN predicted gain is 2.32%, and the average percentage of the maximum M5 gain

captured by the PIN prediction is -186.02%. The overall average PIN predicted

gain for NBFwith the m14b input data set for all L1 caches is -0.20%, the overall

average gain difference between the M5 maximum gain and the PIN predicted gain

is 1.93%, and the overall average percentage of the maximum M5 gain captured by

the PIN prediction is -11.30%. Figures 6.13, 6.14, and 6.15 show in detail the

results for the three L1 caches.

Table 6.5: A comparative summary of the percent gains relative to the baseline for
M5 and the PIN performance model for NBF under the m14b input
problem with 4kB − 32kB L1 caches and 128kB − 4MB L2 caches.

L1 size 4kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 0.00 0.59 0.84 0.94 1.24 0.00 0.60
%Gain PIN -0.74 -0.84 0.41 -0.78 -1.31 -3.29 -1.09

Diff(%M5 - %PIN) 0.74 1.43 0.43 1.72 2.54 3.29 1.69
%PIN Gain Captured N/A -141.78 48.89 -82.54 -105.86 N/A -70.32

L1 size 8kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 1.37 1.80 1.78 1.83 1.15 0.43 1.39
%Gain PIN 1.36 0.26 1.30 -0.04 -1.94 -3.27 -0.39

Diff(%M5-%PIN) 0.01 1.54 0.47 1.87 3.09 3.70 1.78
%PIN Captured Gain 99.13 14.44 73.38 -2.04 -168.30 -762.80 -124.37

L1 size 32kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 6.16 3.28 3.55 3.03 2.91 0.35 3.21
%Gain PIN 3.30 3.23 3.19 0.61 -0.25 -4.74 0.89

Diff(%M5-%PIN) 2.86 0.05 0.36 2.42 3.16 5.08 2.32
%PIN Captured Gain 53.56 98.39 89.80 20.07 -8.44 -1373.09 -186.62

Average across all L1 Sizes

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg. m14b

%Gain M5 2.51 1.89 2.06 1.94 1.77 0.26 1.74
%Gain PIN 1.30 0.88 1.64 -0.07 -1.16 -3.77 -0.20

Diff(%M5-%PIN) 1.21 1.01 0.42 2.01 2.93 4.03 1.93
% PIN Captured Gain 51.96 46.75 79.49 -3.59 -65.87 -1460.47 -11.30
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6.2.2.3 NBF with auto input data set

In this section, we will show the results of the PIN performance model for NBF

benchmark with the auto input data set. The PIN predicted gains are summarized

in Table 6.6. The gains for the 4kB simulated machines range from 0.70% to 4.20%,

the average PIN predicted gain is 2.50% relative to the M5 baseline performance,

the average gain difference between the M5 maximum gain and the PIN predicted

gain is 1.07%, and the average percentage of the maximum M5 gain captured by

the PIN prediction is 69.15%. The gains for the 8kB simulated machines range

from 2.58% to 8.27%, the average PIN predicted gain is 5.13% relative to the M5

baseline performance, the average gain difference between the M5 maximum gain

and the PIN predicted gain is 1.61%, and the average percentage of the maximum M5

gain captured by the PIN prediction is 74.07%. The gains for the 32kB simulated

machines range from 2.59% to 15.61%, the average PIN predicted gain is 8.37%

relative to the M5 baseline performance, the average gain difference between the M5

maximum gain and the PIN predicted gain is 1.45%, and the average percentage

of the maximum M5 gain captured by the PIN prediction is 85.27%. The overall

average PIN predicted gain for NBFwith the auto input data set for all L1 caches

is 5.33%, the overall average gain difference between the M5 maximum gain and the

PIN predicted gain is 1.38%, and the overall average percentage of the maximum

M5 gain captured by the PIN prediction is 79.52%. Figures 6.16, 6.17, and 6.18

show in detail the results for the three L1 caches.
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Table 6.6: A comparative summary of the percent gains relative to the baseline
for M5 and the PIN performance model for NBF under the auto input
problem with 4kB − 32kB L1 caches and 128kB − 4MB L2 caches.

L1 size 4kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 3.60 3.10 4.50 3.30 3.30 3.60 3.57
%Gain PIN 3.50 2.50 4.20 2.70 1.40 0.70 2.50

Diff(%M5-%PIN) 0.10 0.60 0.30 0.60 1.90 2.90 1.07
%PIN Captured Gain 97.22 80.65 93.33 81.82 42.42 19.44 69.15

L1 size 8kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 8.64 6.30 7.23 6.26 5.78 6.22 6.74
%Gain PIN 8.27 5.30 6.71 5.20 2.72 2.58 5.13

Diff(%M5-%PIN) 0.37 0.99 0.52 1.06 3.05 3.64 1.61
%PIN Captured Gain 95.67 84.24 92.77 83.12 47.13 41.47 74.07

L1 size 32kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 16.18 11.60 9.74 8.00 7.01 6.33 9.81
%Gain PIN 15.61 11.23 9.50 6.89 4.36 2.59 8.37

Diff(%M5-%PIN) 0.57 0.38 0.24 1.11 2.65 3.73 1.45
%PIN Captured Gain 96.50 96.76 97.56 86.12 62.24 40.98 85.27

Average across all L1 Sizes

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg. auto

%Gain M5 9.47 7.00 7.16 5.85 5.36 5.38 6.70
%Gain PIN 9.13 6.34 6.80 4.93 2.83 1.96 5.33

Diff(%M5-%PIN) 32.32 32.79 32.79 29.26 22.40 15.84 1.38
% PIN Captured Gain 96.34 90.63 95.06 84.24 52.75 36.37 79.52

6.2.3 Moldyn Results

In this section, we will show the results of the PIN performance model for

Moldyn benchmark with all of the input data sets; 144, m14b, and auto. We

predict performance for the cross product of machines with 4kB, 8kB, and 32kB L1

caches and 128kB, 256kB, 512kB, 1MB, 2MB, and 4MB L2 caches. All the results

are with 4 cores.

119



6.2.3.1 Moldyn with 144 input data set

In this section, we will show the results of the PIN performance model for

Moldyn benchmark with the 144 input data set. The PIN predicted gains are

summarized in Table 6.7. The gains for the 4kB simulated machines range from

1.86% to 2.55%, the average PIN predicted gain is 2.24% relative to the M5 baseline

performance, the average gain difference between the M5 maximum gain and the

PIN predicted gain is 0.09%, and the average percentage of the maximum M5 gain

captured by the PIN prediction is 95.95%. The gains for the 8kB simulated machines

range from 2.25% to 2.87%, the average PIN predicted gain is 2.46% relative to the

M5 baseline performance, the average gain difference between the M5 maximum gain

and the PIN predicted gain is 0.49%, and the average percentage of the maximum M5

gain captured by the PIN prediction is 83.50%. The gains for the 32kB simulated

machines range from 1.31% to 5.10%, the average PIN predicted gain is 2.50%

relative to the M5 baseline performance, the average gain difference between the M5

maximum gain and the PIN predicted gain is 2.60%, and the average percentage

of the maximum M5 gain captured by the PIN prediction is 49.02%. The overall

average PIN predicted gain for Moldynwith the 144 input data set for all L1 caches

is 2.40%, the overall average gain difference between the M5 maximum gain and the

PIN predicted gain is 1.06%, and the overall average percentage of the maximum

M5 gain captured by the PIN prediction is 76.16%. Figures 6.19, 6.20, and 6.21

show in detail the results for the three L1 caches.
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Table 6.7: A comparative summary of the percent gains relative to the baseline for
M5 and the PIN performance model for Moldyn under the 144 input
problem with 4kB − 32kB L1 caches and 128kB − 4MB L2 caches.

L1 size 4kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 2.43 2.11 2.32 2.55 2.28 2.32 2.34
%Gain PIN 1.86 2.11 2.32 2.55 2.28 2.32 2.24

Diff(%M5-%PIN) 0.57 0.00 0.00 0.00 0.00 0.00 0.09
%PIN Captured Gain 76.64 100.00 100.00 100.00 100.00 100.00 95.95

L1 size 8kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 3.28 2.91 2.84 2.86 2.87 2.94 2.95
%Gain PIN 2.87 2.44 2.38 2.33 2.25 2.51 2.46

Diff(%M5-%PIN) 0.41 0.47 0.46 0.52 0.61 0.44 0.49
%PIN Captured Gain 87.42 83.84 83.81 81.65 78.58 85.07 83.50

L1 size 32kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 8.42 5.97 4.35 4.07 3.97 3.77 5.09
%Gain PIN 5.10 2.82 1.56 1.53 1.31 2.66 2.50

Diff(%M5-%PIN) 3.32 3.15 2.78 2.55 2.67 1.11 2.60
%PIN Captured Gain 60.56 47.26 35.97 37.44 32.89 70.59 49.02

Average across all L1 Sizes

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg. 144

%Gain M5 4.71 3.66 3.17 3.16 3.04 3.01 3.46
%Gain PIN 3.28 2.46 2.09 2.14 1.95 2.50 2.40

Diff(%M5-%PIN) 1.43 1.21 1.08 1.02 1.09 0.52 1.06
% PIN Captured Gain 69.56 67.08 65.87 67.59 64.05 82.86 69.38

6.2.3.2 Moldyn with m14b input data set

In this section, we will show the results of the PIN performance model for

Moldyn benchmark with the m14b input data set. The PIN predicted gains are

summarized in Table 6.8. The gains for the 4kB simulated machines range from

0.15% to 1.14%, the average PIN predicted gain is 0.41% relative to the M5 baseline

performance, the average gain difference between the M5 maximum gain and the
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PIN predicted gain is 0.0%, and the average percentage of the maximum M5 gain

captured by the PIN prediction is 100%. We have to note here that this is the only

case where a perfect prediction happens for all L2 caches for a certain L1 cache

size. The gains for the 8kB simulated machines range from 0.37% to 0.59%, the

average PIN predicted gain is 0.53% relative to the M5 baseline performance, the

average gain difference between the M5 maximum gain and the PIN predicted gain

is 0.46%, and the average percentage of the maximum M5 gain captured by the

PIN prediction is 53.26%. The gains for the 32kB simulated machines range from

1.09% to 3.30%, the average PIN predicted gain is 1.81% relative to the M5 baseline

performance, the average gain difference between the M5 maximum gain and the

PIN predicted gain is 0.49%, and the average percentage of the maximum M5 gain

captured by the PIN prediction is 78.75%. The overall average PIN predicted gain

for Moldynwith the m14b input data set for all L1 caches is 0.91%, the overall

average gain difference between the M5 maximum gain and the PIN predicted gain

is 0.32%, and the overall average percentage of the maximum M5 gain captured by

the PIN prediction is 74.26%. Figures 6.22, 6.23, and 6.24 show in detail the

results for the three L1 caches.

6.2.3.3 Moldyn with auto input data set

In this section, we will show the results of the PIN performance model for

Moldyn benchmark with the auto input data set. The PIN predicted gains are

summarized in Table 6.9. The gains for the 4kB simulated machines range from -
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Table 6.8: A comparative summary of the percent gains relative to the baseline
for M5 and the PIN performance model for Moldyn under the m14b
input problem with 4kB−32kB L1 caches and 128kB−4MB L2 caches.

L1 size 4kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 1.14 0.29 0.15 0.15 0.33 0.37 0.41
%Gain PIN 1.14 0.29 0.15 0.15 0.33 0.37 0.41

Diff(%M5-%PIN) 0.00 0.00 0.00 0.00 0.00 0.00 0.00
%PIN Captured Gain 100.00 100.00 100.00 100.00 100.00 100.00 100.00

L1 size 8kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 1.18 1.02 0.93 0.88 0.93 0.99 0.99
%Gain PIN 0.59 0.51 0.57 0.55 0.55 0.37 0.53

Diff(%M5-%PIN) 0.59 0.50 0.36 0.33 0.37 0.61 0.46
%PIN Captured Gain 50.14 50.47 61.20 62.55 59.73 37.98 53.26

L1 size 32kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

%Gain M5 3.58 2.20 1.99 1.97 2.04 1.96 2.29
%Gain PIN 3.30 1.90 1.65 1.44 1.45 1.09 1.81

Diff(%M5-%PIN) 0.28 0.30 0.34 0.53 0.59 0.87 0.49
% PIN Captured Gain 92.11 86.15 82.93 73.18 70.96 55.52 78.75

Average across all L1 Sizes

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg. m14b

%Gain M5 1.97 1.17 1.03 1.00 1.10 1.11 1.23
%Gain PIN 1.68 0.90 0.79 0.72 0.78 0.61 0.91

Diff(%M5-%PIN) 0.29 0.27 0.23 0.29 0.32 0.50 0.32
%PIN Captured Gain 85.26 76.97 77.17 71.43 70.71 55.25 74.26

5.94% to 2.23%, the average PIN predicted gain is -0.86% relative to the M5 baseline

performance, the average gain difference between the M5 maximum gain and the

PIN predicted gain is 1.33%, and the average percentage of the maximum M5 gain

captured by the PIN prediction is -181.61%. When the M5 predicted gain is 0%, it

means that the baseline data point is the point with the maximum gain and thus the

percentage PIN gain captured cannot be computed since it will result in a division

by zero. The gains for the 8kB simulated machines range from -2.17% to -0.23%,
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the average PIN predicted gain is -1.59% relative to the M5 baseline performance,

the average gain difference between the M5 maximum gain and the PIN predicted

gain is 2.93%, and the average percentage of the maximum M5 gain captured by the

PIN prediction is -118.78%. The gains for the 32kB simulated machines range from -

2.51% to 4.59%, the average PIN predicted gain is -0.25% relative to the M5 baseline

performance, the average gain difference between the M5 maximum gain and the

PIN predicted gain is 4.57%, and the average percentage of the maximum M5 gain

captured by the PIN prediction is -5.87%. The overall average PIN predicted gain

for Moldynwith the auto input data set for all L1 caches is -0.90%, the overall

average gain difference between the M5 maximum gain and the PIN predicted gain

is 2.94%, and the overall average percentage of the maximum M5 gain captured by

the PIN prediction is -44.06%. Figures 6.25, 6.26, and 6.27 show in detail the

results for the three L1 caches.

6.3 Summary of the PIN Performance Model Results against M5

In this section, we summarize the PIN performance model results across each

benchmark and over all benchmarks. The PIN performance model aimed at ranking

and therefore predicting the best combination of the parallelizations strategies and

locality optimizations (graph partitionings).

Tables 6.10, 6.11, and 6.12 summarize all of the previous results across all

three simulated L1 cache sizes. Each column represents the average across L1 caches

for a certain L2 cache size. The bottom of each table summarizes the results across
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Table 6.9: A comparative summary of the percent gains relative to the baseline for
M5 and the PIN performance model for Moldyn under the auto input
problem with 4kB − 32kB L1 caches and 128kB − 4MB L2 caches.

L1 size 4kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

% Gain M5 0.12 0.00 2.23 0.30 0.17 0.01 0.47
% Gain PIN -5.94 -1.71 2.23 0.30 0.17 -0.19 -0.86

Diff(%M5-%PIN) 6.06 1.71 0.00 0.00 0.00 0.20 1.33
% PIN Captured Gain -5059.14 N/A 100.00 100.00 100.00 -1888.81 -181.61

L1 size 8kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

% Gain M5 1.19 1.76 1.08 1.26 1.33 1.42 1.34
% Gain PIN -0.99 -2.54 -0.23 -1.68 -1.93 -2.17 -1.59

Diff(%M5-%PIN) 2.18 4.30 1.31 2.93 3.26 3.59 2.93
% PIN Captured Gain -83.31 -144.51 -21.66 -133.60 -145.05 -152.67 -118.78

L1 size 32kB

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

% Gain M5 8.68 5.70 3.55 3.00 2.59 2.39 4.32
% Gain PIN 4.59 1.08 -1.15 -1.46 -2.08 -2.51 -0.25

Diff(%M5-%PIN) 4.09 4.62 4.70 4.46 4.67 4.90 4.57
% PIN Captured Gain 52.88 18.97 -32.29 -48.67 -80.19 -104.63 -5.87

Average across all L1 Sizes

L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg. auto

% Gain M5 3.33 2.48 2.29 1.52 1.36 1.28 2.04
% Gain PIN -0.78 -1.06 0.28 -0.94 -1.28 -1.62 -0.90

Diff(%M5-%PIN) 4.11 3.54 2.00 2.46 2.64 2.90 2.94
%PIN Captured Gain -23.46 -42.56 12.38 -62.22 -93.80 -127.15 -44.06

all inputs for each benchmark. We also report the same two metrics we used to

characterize how PIN predictions measure up to the maximum M5 gains.

We notice that (%Gain Diff(M5-PIN)) the absolute difference between the

maximum gains that M5 can obtain and the gains that the PIN model would lead to

are relatively small. The values are below 2% for L2 caches smaller than 2MB. As we

noted before the larger the L2 cache the smaller the gain get. This is due to the fact

that the cache can accommodate the data more and it can fit the working set more
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thus the optimization become less relevant. At such a larger cache, the partitioner

needs to be more intelligent about how to partition the graph. We have an idea that

might help with these cases that we outline in Chapter 7. The prediction accuracy

for PIN is good quality for L2 caches smaller than 2MB. For Irreg, PIN can acheive

up to 77% of the maximum M5 gains but it records degradation for at 4MB of L2

cache. NBF does relatively better compared to Irreg. PIN achieves the maximum

captured gains of up to 92% across all benchmarks. Meanwhile, NBF does not

acheive the largest absolute gains on M5 relative to other benchmarks. NBF scores

the highest overall average %PIN Captured Gain of %57. Actually, the predictions

are above 56% of the maximum M5 gains for L2 caches smaller than 2MB. On the

contrary, Moldyn does the worst among all benchmarks in terms of absolute gains

and the PIN predictions with maximum average absolute gain of about 3% and

maximum %PIN Captured Gain below 42%. In the next section we can suggest

that we use an intelligent search that entails running three runs to pick the best

among them for larger L2 caches which are across the board recording performance

degradation in the PIN predictions.

Table 6.13 reports an overall summary for all benchmarks. Like all perfor-

mance reporting tables we have shown in this thesis, the reporting is all in percent

and all performance gains are reported relative to the baseline case. The average M5

gain is 3.5% which is not large but we have to note that this is above the baseline

case which is already a relatively good data point to compare to. The average gain

that PIN predictions score is below 2%. The maximum absolute gain difference

between M5 and PIN is below 2%. The overall %PIN Captured Gain is below 48%.
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In the next Section, we will show how we can improve by a large margin the

choice of the parallelization given the top pick for partition size since PIN does a

good job choosing that unlike the parallelization.

Table 6.10: A summary of the percent gains relative to the baseline for M5 and
the PIN performance model for Irreg for all input problems averaged
over all simulated L1 caches for L2 caches 128kB – 4MB. Note all
numbers are in percent.

Graph L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

144
%Gain M5 5.35 4.07 3.43 3.18 3.11 1.66 3.47

%Gain PIN 3.82 2.07 2.45 0.67 0.06 -3.25 0.97

m14b
%Gain M5 3.30 2.36 2.07 1.80 1.31 1.09 1.99

%Gain PIN 1.86 1.17 0.49 0.36 -0.95 -3.24 -0.05

auto
%Gain M5 11.48 8.16 7.26 5.94 5.67 5.17 7.28

%Gain PIN 9.79 7.05 6.47 4.01 1.19 -0.12 4.73

Avg.

% Gain M5 6.71 4.86 4.25 3.64 3.37 2.64 4.24

%Gain PIN 5.15 3.43 3.14 1.68 0.10 -2.20 1.88

%Gain Diff(M5-PIN) 1.56 1.43 1.11 1.96 3.27 4.84 2.36

%PIN Captured Gain 76.80 70.58 73.80 46.18 2.94 -83.56 44.37

Table 6.11: A summary of the percent gains relative to the baseline for M5 and
the PIN performance model for NBF for all input problems averaged
over all simulated L1 caches for L2 caches 128kB – 4MB. Note all
numbers are in percent.

Graph L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

144
%Gain M5 6.16 4.37 3.42 3.27 1.90 1.35 3.41

%Gain PIN 5.27 3.11 3.16 1.79 -0.75 -2.62 1.66

m14b
%Gain M5 2.51 1.89 2.06 1.94 1.77 0.26 1.74

%Gain PIN 1.30 0.88 1.64 -0.07 -1.16 -3.77 -0.20

auto
%Gain M5 9.47 7.00 7.13 4.97 5.37 5.37 6.55

%Gain PIN 9.13 6.33 6.80 4.03 2.83 1.97 5.18

Avg.

% Gain M5 6.05 4.42 4.20 3.39 3.01 2.32 3.90

%Gain PIN 5.24 3.44 3.87 1.92 0.31 -1.48 2.22

%Gain Diff(M5-PIN) 0.81 0.98 0.34 1.47 2.71 3.80 1.68

%PIN Captured Gain 86.62 77.88 91.94 56.54 10.13 -63.46 56.81

127



Table 6.12: A summary of the percent gains relative to the baseline for M5 and the
PIN performance model for Moldyn for all input problems averaged
over all simulated L1 caches for L2 caches 128kB – 4MB. Note all
numbers are in percent.

Graph L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

144
%Gain M5 4.71 3.66 3.17 3.16 3.04 3.01 3.46

%Gain PIN 3.28 2.46 2.09 2.14 1.95 2.50 2.40

m14b
%Gain M5 1.97 1.17 1.03 1.00 1.10 1.11 1.23

%Gain PIN 1.68 0.90 0.79 0.72 0.78 0.61 0.91

auto
%Gain M5 3.33 2.48 2.29 1.52 1.36 1.28 2.04

%Gain PIN -0.78 -1.06 0.28 -0.94 -1.28 -1.62 -0.90

Avg.

% Gain M5 3.33 2.44 2.16 1.89 1.84 1.80 2.24

%Gain PIN 1.39 0.77 1.05 0.64 0.48 0.50 0.80

%Gain Diff(M5-PIN) 1.94 1.67 1.11 1.26 1.35 1.30 1.44

%PIN Captured Gain 41.71 31.45 48.78 33.57 26.29 27.55 35.85

Table 6.13: A summary of the percent gains relative to the baseline for M5 and
the PIN performance model averaged across all benchmarks, for all
input problems averaged over all simulated L1 caches for L2 caches
128kB – 4MB. Note all numbers are in percent.

Graph L2 size 128kB 256kB 512kB 1MB 2MB 4MB Avg.

144
%Gain M5 5.41 4.03 3.34 3.20 2.69 2.01 3.45

%Gain PIN 4.12 2.55 2.57 1.53 0.42 -1.13 1.68

m14b
%Gain M5 2.59 1.81 1.72 1.58 1.39 0.82 1.65

%Gain PIN 1.61 0.99 0.97 0.33 -0.45 -2.13 0.22

auto
%Gain M5 8.09 5.88 5.56 4.14 4.13 3.94 5.29

%Gain PIN 6.05 4.11 4.52 2.37 0.91 0.08 3.01

Avg.

% Gain M5 5.36 3.91 3.54 2.97 2.74 2.25 3.46

%Gain PIN 3.93 2.55 2.69 1.41 0.30 -1.06 1.63

%Gain Diff(M5-PIN) 1.44 1.36 0.85 1.56 2.44 3.31 1.83

%PIN Captured Gain 73.22 65.18 75.89 47.44 10.80 -47.09 47.20
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6.4 The “Three Run” Scheme: Partition Size Prediction Accuracy

and Improvements on Parallelization Prediction

In this section, we show that the PIN prediction model can predict the best

partition size with great accuracy but it does not perform similarly when it comes

to predicting the best parallelization that goes with the partition size it predicts.

Tables 6.14, 6.15, and 6.16 summarize the partition size prediction using the

PIN performance model for Irreg, NBF, and Moldyn respectively. Each entry

in the tables reports two ordered pairs of results. The first is the partition size pair

which gives the PIN predicted partition size followed by the best partition size as

computed by M5. The second is a pair of two ranks. The first rank is the rank of the

top pick that the PIN model predicts. The second rank is what we call the “Three

Run” rank. The “Run Three” rank is the rank that we would obtain if we run all

combinations of parallelizations with the PIN predicted partition size except for the

“CMP” parallelization. We clearly have seen that this parallelization when we ran

on M5 performs consistently worse than the rest. Furthermore, PIN over-estimates

the performance of this parallelization in particular. Therefore, we decided to ignore

it for our “Run Three” scheme.

We note that in all the cases where the “Three Run” can claim the best

M5 performance with a rank of “1” as the value in the second pair of values the

PIN predicted partition size is actually the best partition size that M5 picked as well

therefore running all three possible parallelizations guarantees the best performance.

Tables 6.14, 6.15, and 6.16 summarize effectively the results presented in
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Figures 6.1 – 6.27, yet we abstract the results in these tables even more. Table

6.17 is a histogram of how many times each rank appeared as the rank that PIN

predicts with what we call the “Zero Run” scheme. The “Zero Run” scheme predicts

performance using no run on simulators or machines and uses only the for the profiles

collected using the PIN tool. We can clearly see that the top rank of “1” appears

only 16 times out of a total of 162 or in about 10% of the time only using the

“Zero Run” scheme. We also notice that ranks 1 – 19 appear with this scheme.

The number 54 in the totals that appear in the table represents the product of the

number of L1 sizes simulated, the number of L2 sizes simulated, and the number of

inputs we have for each benchmark. The number 162 in the totals that appear in

the table represents the previous product multiplied by the number of benchmarks

we run.

On the other hand, applying the “Three Run” scheme the histogram of the

ranks appears as in Table 6.18. The relative sizes of the Table 6.17 and 6.18

summarizes the conclusion. If we are allowed the “Three Run” scheme we can

achieve the best M5 performance in 94 out of 162 or 58% of the time. The sum of

the percentage of the total of the first three ranks (1, 2, and 3) in the “Three Run”

scheme is 90.1%, which means that with the “Three Run” scheme would get one of

the top three M5 picks 146 time out of the 162 total.
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Table 6.14: Summary of Partition Size prediction using PIN against the best se-
lected by M5 for the Irreg benchmark with each of the three input
data set under all L1 and L2 cache size selections.

L2/L1 4kB 8kB 32kB

144

128kB (23170,10654) (5,2) (2664,10654) (9,4) (2664,2664) (10,1)

256kB (10654,10654) (6,1) (2664,10654) (9,7) (10654,2664) (7,3)

512kB (23170,23170) (1,1) (2664,10654) (7,7) (2664,10654) (8,2)

1MB (10654,23170) (8,2) (2664,10654) (10,4) (2664,10654) (13,3)

2MB (23170,23170) (7,1) (2664,10654) (12,3) (10654,10654) (15,1)

4MB (23170,23170) (9,1) (10654,23170) (13,2) (10654,5327) (19,4)

m14b

128kB (16474,23170) (5,2) (4119,16474) (7,4) (4119,4119) (5,1)

256kB (16474,23170) (6,2) (4119,16474) (10,5) (4119,4119) (3,1)

512kB (16474,16474) (3,1) (4119,16474) (12,4) (2060,16474) (13,11)

1MB (16474,23170) (7,2) (4119,23170) (9,5) (4119,4119) (10,1)

2MB (16474,23170) (9,3) (4119,23170) (12,5) (4119,4119) (16,1)

4MB (16474,23170) (10,2) (4119,23170) (16,3) (164744119) (16,3)

auto

128kB (16436,16436) (3,1) (16436,16436) (3,1) (16436,16436) (3,1)

256kB (16436,16436) (3,1) (16436,16436) (3,1) (16436,16436) (3,1)

512kB (16436,16436) (3,1) (16436,16436) (3,1) (16436,16436) (3,1)

1MB (16436,16436) (3,1) (16436,16436) (3,1) (16436,16436) (4,1)

2MB (16436,16436) (3,1) (16436,16436) (4,1) (16436,16436) (8,1)

4MB (16436,16436) (6,1) (16436,16436) (7,1) (16436,16436) (11,1)
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(a) 128kB L2.
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Figure 6.1: Ordered PIN Performance Model results for Irreg under the 144
problem with 4kB L1 caches and 128kB − 4MB L2 caches.
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(a) 128kB L2.
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(d) 1MB L2.
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Figure 6.2: Ordered PIN Performance Model results for Irreg under the 144
problem with 8kB L1 caches and 128kB − 4MB L2 caches.
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(c) 512kB L2.
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(d) 1MB L2.
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(e) 2MB L2.

2.4E+7

2.9E+7

3.4E+7

1
0
6
5
4
‐
1
1
‐
C
M
P
‐
C
M
C
r
d
…

2
3
1
7
0
‐
1
1
‐
C
M
P
‐
C
M
C
r
d
…

1
0
6
5
4
‐
4
‐
C
M
P
‐
C
M
C
r
d
 7

2
6
6
4
‐
1
1
‐
C
M
P
‐
C
M
C
r
d

2
6
6
4
‐
4
‐
C
M
P
‐
C
M
C
r
d

2
3
1
7
0
‐
4
‐
C
M
P
‐
C
M
C
r
d

5
3
2
7
‐
1
1
‐
C
M
P
‐
C
M
C
r
d

5
3
2
7
‐
4
‐
C
M
P
‐
C
M
C
r
d

1
3
3
2
‐
1
1
‐
C
M
P
‐
C
M
C
r
d

1
3
3
2
‐
4
‐
C
M
P
‐
C
M
C
r
d

6
6
6
‐
1
1
‐
C
M
P
‐
C
M
C
r
d

6
6
6
‐
4
‐
C
M
P
‐
C
M
C
r
d

3
3
3
‐
1
1
‐
C
M
P
‐
C
M
C
r
d

3
3
3
‐
4
‐
C
M
P
‐
C
M
C
r
d

2
6
6
4
‐
S
M
P
‐
C
M
C
r
d

2
3
1
7
0
‐
S
M
P
‐
C
M
C
r
d
 3

1
0
6
5
4
‐
S
M
P
‐
C
M
C
r
d
 4

5
3
2
7
‐
S
M
P
‐
C
M
C
r
d
 1

1
3
3
2
‐
S
M
P
‐
C
M
C
r
d
 2

6
6
6
‐
S
M
P
‐
C
M
C
r
d

3
3
3
‐
S
M
P
‐
C
M
C
r
d
 *
b
 9

8
4
‐
1
1
‐
C
M
P
‐
C
M
C
r
d

8
4
‐
4
‐
C
M
P
‐
C
M
C
r
d

8
4
‐
C
M
P
‐
C
M
C
r
d

3
3
3
‐
C
M
P
‐
C
M
C
r
d

8
4
‐
S
M
P
‐
C
M
C
r
d

6
6
6
‐
C
M
P
‐
C
M
C
r
d

4
2
‐
C
M
P
‐
C
M
C
r
d

1
3
3
2
‐
C
M
P
‐
C
M
C
r
d

4
2
‐
1
1
‐
C
M
P
‐
C
M
C
r
d

4
2
‐
4
‐
C
M
P
‐
C
M
C
r
d

2
6
6
4
‐
C
M
P
‐
C
M
C
r
d

4
2
‐
S
M
P
‐
C
M
C
r
d

5
3
2
7
‐
C
M
P
‐
C
M
C
r
d

1
0
6
5
4
‐
C
M
P
‐
C
M
C
r
d

1
1
‐
C
M
P
‐
C
M
C
r
d

2
3
1
7
0
‐
C
M
P
‐
C
M
C
r
d

1
1
‐
4
‐
C
M
P
‐
C
M
C
r
d

4
‐
1
1
‐
C
M
P
‐
C
M
C
r
d

1
1
‐
S
M
P
‐
C
M
C
r
d

4
‐
C
M
P
‐
C
M
C
r
d

1
‐
1
1
‐
C
M
P
‐
C
M
C
r
d

1
‐
4
‐
C
M
P
‐
C
M
C
r
d

1
‐
C
M
P
‐
C
M
C
r
d

1
‐
S
M
P
‐
C
M
C
r
d

4
‐
S
M
P
‐
C
M
C
r
d

Perf Model 32kB L1 4MB L2

(f) 4MB L2.

Figure 6.3: Ordered PIN Performance Model results for Irreg under the 144
problem with 32kB L1 caches and 128kB − 4MB L2 caches.
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(b) 256kB L2.
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(c) 512kB L2.
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(d) 1MB L2.
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(e) 2MB L2.
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(f) 4MB L2.

Figure 6.4: Ordered PIN Performance Model results for Irreg under the m14b
problem with 4kB L1 cache and 128kB − 4MB L2 caches.
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(a) 128kB L2.
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(f) 4MB L2.

Figure 6.5: Ordered PIN Performance Model results for Irreg under the m14b
problem with 8kB L1 cache and 128kB − 4MB L2 caches.
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Figure 6.6: Ordered PIN Performance Model results for Irreg under the m14b
problem with 32kB L1 caches and 128kB − 4MB L2 caches.
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(f) 4MB L2.

Figure 6.7: Ordered PIN Performance Model results for Irreg under the auto
problem with 4kB L1 cache and 128kB − 4MB L2 caches.
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Figure 6.8: Ordered PIN Performance Model results for Irreg under the auto
problem with 8kB L1 cache and 128kB − 4MB L2 caches.
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(f) 4MB L2.

Figure 6.9: Ordered PIN Performance Model results for Irreg under the auto
problem with 32kB L1 cache and 128kB − 4MB L2 caches.
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(b) 256kB L2.
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(c) 512kB L2.
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(d) 1MB L2.
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(f) 4MB L2.

Figure 6.10: Ordered PIN Performance Model results for NBF under the 144
problem with 4kB L1 caches and 128kB − 4MB L2 caches.
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(f) 4MB L2.

Figure 6.11: Ordered PIN Performance Model results for NBF under the 144
problem with 8kB L1 caches and 128kB − 4MB L2 caches.
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(a) 128kB L2.
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(b) 256kB L2.

2.2E+7

2.7E+7

3.2E+7

3.7E+7

4.2E+7

4.7E+7

5.2E+7

5.7E+7

6.2E+7

6.7E+7

1
1
2
2
4
‐
1
1
‐
C
M
P
‐
C
M
C
r
d
 3

5
6
1
2
‐
1
1
‐
C
M
P
‐
C
M
C
r
d
 2

2
8
0
6
‐
1
1
‐
C
M
P
‐
C
M
C
r
d
 9

1
4
0
3
‐
1
1
‐
C
M
P
‐
C
M
C
r
d
 1
5

1
1
2
2
4
‐
4
‐
C
M
P
‐
C
M
C
r
d
 6

2
3
1
7
0
‐
1
1
‐
C
M
P
‐
C
M
C
r
d
 1
2

5
6
1
2
‐
4
‐
C
M
P
‐
C
M
C
r
d
 6

2
8
0
6
‐
4
‐
C
M
P
‐
C
M
C
r
d
 8

7
0
2
‐
1
1
‐
C
M
P
‐
C
M
C
r
d
 1
8

2
3
1
7
0
‐
4
‐
C
M
P
‐
C
M
C
r
d
 1
1

3
5
1
‐
1
1
‐
C
M
P
‐
C
M
C
r
d
 2
0

2
8
0
6
‐
S
M
P
‐
C
M
C
r
d
 5

1
1
2
2
4
‐
S
M
P
‐
C
M
C
r
d
 4

5
6
1
2
‐
S
M
P
‐
C
M
C
r
d
 1

1
4
0
3
‐
4
‐
C
M
P
‐
C
M
C
r
d
 1
3

8
8
‐
C
M
P
‐
C
M
C
r
d
 ‐

8
8
‐
1
1
‐
C
M
P
‐
C
M
C
r
d
 2
3

7
0
2
‐
4
‐
C
M
P
‐
C
M
C
r
d
 1
6

3
5
1
‐
C
M
P
‐
C
M
C
r
d
 ‐

4
4
‐
C
M
P
‐
C
M
C
r
d
 ‐

1
4
0
3
‐
S
M
P
‐
C
M
C
r
d
 1
4

7
0
2
‐
C
M
P
‐
C
M
C
r
d
 ‐

3
5
1
‐
4
‐
C
M
P
‐
C
M
C
r
d
 1
9

7
0
2
‐
S
M
P
‐
C
M
C
r
d
 1
7

8
8
‐
4
‐
C
M
P
‐
C
M
C
r
d
 2
2

1
4
0
3
‐
C
M
P
‐
C
M
C
r
d
 ‐

3
5
1
‐
S
M
P
‐
C
M
C
r
d
 *
b
 2
1

4
4
‐
1
1
‐
C
M
P
‐
C
M
C
r
d

8
8
‐
S
M
P
‐
C
M
C
r
d

4
4
‐
4
‐
C
M
P
‐
C
M
C
r
d

2
8
0
6
‐
C
M
P
‐
C
M
C
r
d

4
4
‐
S
M
P
‐
C
M
C
r
d

5
6
1
2
‐
C
M
P
‐
C
M
C
r
d

1
1
‐
C
M
P
‐
C
M
C
r
d

1
1
2
2
4
‐
C
M
P
‐
C
M
C
r
d

2
3
1
7
0
‐
S
M
P
‐
C
M
C
r
d

4
‐
1
1
‐
C
M
P
‐
C
M
C
r
d

1
1
‐
4
‐
C
M
P
‐
C
M
C
r
d

4
‐
C
M
P
‐
C
M
C
r
d

1
1
‐
S
M
P
‐
C
M
C
r
d

2
3
1
7
0
‐
C
M
P
‐
C
M
C
r
d

1
‐
1
1
‐
C
M
P
‐
C
M
C
r
d

4
‐
S
M
P
‐
C
M
C
r
d

1
‐
4
‐
C
M
P
‐
C
M
C
r
d

1
‐
S
M
P
‐
C
M
C
r
d

1
‐
C
M
P
‐
C
M
C
r
d

Perf Model 32kB L1 512KB L2

(c) 512kB L2.
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(d) 1MB L2.
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(e) 2MB L2.
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Figure 6.12: Ordered PIN Performance Model results for NBF under the 144
problem with 32kB L1 caches and 128kB − 4MB L2 caches.
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(f) 4MB L2.

Figure 6.13: Ordered PIN Performance Model results for NBF under the m14b
problem with 4kB L1 cache and 128kB − 4MB L2 caches.
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(a) 128kB L2.
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(c) 512kB L2.
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Figure 6.14: Ordered PIN Performance Model results for NBF under the m14b
problem with 8kB L1 cache and 128kB − 4MB L2 caches.
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(d) 1MB L2.
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(e) 2MB L2.
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(f) 4MB L2.

Figure 6.15: Ordered PIN Performance Model results for NBF under the m14b
problem with 32kB L1 caches and 128kB − 4MB L2 caches.
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(a) 128kB L2.
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(b) 256kB L2.

6.2E+7

1.1E+8

1.6E+8

2.1E+8

2.6E+8

3.1E+8

3.6E+8

1
7
3
3
2
‐
3
4
‐
C
M
P
‐
C
M
C
r
d
 2

2
1
6
7
‐
C
M
P
‐
C
M
C
r
d
 ‐

8
6
6
7
‐
3
4
‐
C
M
P
‐
C
M
C
r
d
 1

4
3
3
3
‐
C
M
P
‐
C
M
C
r
d
 1
1

4
3
3
3
‐
3
4
‐
C
M
P
‐
C
M
C
r
d
 5

1
7
3
3
2
‐
4
‐
C
M
P
‐
C
M
C
r
d
 3

1
7
3
3
2
‐
S
M
P
‐
C
M
C
r
d
 6

8
6
6
7
‐
C
M
P
‐
C
M
C
r
d
 ‐

8
6
6
7
‐
4
‐
C
M
P
‐
C
M
C
r
d
 4

8
6
6
7
‐
S
M
P
‐
C
M
C
r
d
 *
b
 8

2
3
1
7
0
‐
3
4
‐
C
M
P
‐
C
M
C
r
d
 9

1
0
8
4
‐
C
M
P
‐
C
M
C
r
d
 ‐

4
3
3
3
‐
4
‐
C
M
P
‐
C
M
C
r
d
 7

4
3
3
3
‐
S
M
P
‐
C
M
C
r
d
 1
1

2
1
6
7
‐
3
4
‐
C
M
P
‐
C
M
C
r
d
 1
2

2
3
1
7
0
‐
4
‐
C
M
P
‐
C
M
C
r
d

2
3
1
7
0
‐
S
M
P
‐
C
M
C
r
d

1
7
3
3
2
‐
C
M
P
‐
C
M
C
r
d

2
1
6
7
‐
4
‐
C
M
P
‐
C
M
C
r
d

2
1
6
7
‐
S
M
P
‐
C
M
C
r
d

1
0
8
4
‐
3
4
‐
C
M
P
‐
C
M
C
r
d

2
3
1
7
0
‐
C
M
P
‐
C
M
C
r
d

1
0
8
4
‐
4
‐
C
M
P
‐
C
M
C
r
d

1
0
8
4
‐
S
M
P
‐
C
M
C
r
d

2
7
1
‐
C
M
P
‐
C
M
C
r
d

1
3
6
‐
C
M
P
‐
C
M
C
r
d

2
7
1
‐
3
4
‐
C
M
P
‐
C
M
C
r
d

3
4
‐
C
M
P
‐
C
M
C
r
d

2
7
1
‐
4
‐
C
M
P
‐
C
M
C
r
d

2
7
1
‐
S
M
P
‐
C
M
C
r
d

1
3
6
‐
3
4
‐
C
M
P
‐
C
M
C
r
d

1
3
6
‐
4
‐
C
M
P
‐
C
M
C
r
d

1
3
6
‐
S
M
P
‐
C
M
C
r
d

3
4
‐
S
M
P
‐
C
M
C
r
d

3
4
‐
4
‐
C
M
P
‐
C
M
C
r
d

4
‐
3
4
‐
C
M
P
‐
C
M
C
r
d

4
‐
C
M
P
‐
C
M
C
r
d

1
‐
3
4
‐
C
M
P
‐
C
M
C
r
d

4
‐
S
M
P
‐
C
M
C
r
d

1
‐
4
‐
C
M
P
‐
C
M
C
r
d

1
‐
S
M
P
‐
C
M
C
r
d

1
‐
C
M
P
‐
C
M
C
r
d

Perf Model 4KB L1 512KB L2

(c) 512kB L2.
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(d) 1MB L2.
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(e) 2MB L2.
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(f) 4MB L2.

Figure 6.16: Ordered PIN Performance Model results for NBF under the auto
problem with 4kB L1 cache and 128kB − 4MB L2 caches.
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(a) 128kB L2.
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(b) 256kB L2.
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(c) 512kB L2.
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(d) 1MB L2.
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(e) 2MB L2.
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(f) 4MB L2.

Figure 6.17: Ordered PIN Performance Model results for NBF under the auto
problem with 8kB L1 cache and 128kB − 4MB L2 caches.
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(a) 128kB L2.
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(b) 256kB L2.
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(c) 512kB L2.
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(d) 1MB L2.
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(e) 2MB L2.
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(f) 4MB L2.

Figure 6.18: Ordered PIN Performance Model results for NBF under the auto
problem with 32kB L1 cache and 128kB − 4MB L2 caches.
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(a) 128kB L2.
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(b) 256kB L2.
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(c) 512kB L2.
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(d) 1MB L2.
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(e) 2MB L2.
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(f) 4MB L2.

Figure 6.19: Ordered PIN Performance Model results for Moldyn under the 144
problem with 4kB L1 caches and 128kB − 4MB L2 caches.
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(a) 128kB L2.
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(b) 256kB L2.
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(c) 512kB L2.
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(d) 1MB L2.
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(e) 2MB L2.
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(f) 4MB L2.

Figure 6.20: Ordered PIN Performance Model results for Moldyn under the 144
problem with 8kB L1 caches and 128kB − 4MB L2 caches.
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(a) 128kB L2.
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(b) 256kB L2.
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(c) 512kB L2.
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(d) 1MB L2.
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(e) 2MB L2.
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(f) 4MB L2.

Figure 6.21: Ordered PIN Performance Model results for Moldyn under the 144
problem with 32kB L1 caches and 128kB − 4MB L2 caches.
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Figure 6.22: Ordered PIN Performance Model results for Moldyn under the
m14b problem with 4kB L1 cache and 128kB − 4MB L2 caches.
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Figure 6.23: Ordered PIN Performance Model results for Moldyn under the
m14b problem with 8kB L1 cache and 128kB − 4MB L2 caches.
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(a) 128kB L2.
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(b) 256kB L2.
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(f) 4MB L2.

Figure 6.24: Ordered PIN Performance Model results for Moldyn under the
m14b problem with 32kB L1 caches and 128kB − 4MB L2 caches.
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Figure 6.25: Ordered PIN Performance Model results for Moldyn under the auto
problem with 4kB L1 cache and 128kB − 4MB L2 caches.
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(d) 1MB L2.
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Figure 6.26: Ordered PIN Performance Model results for Moldyn under the auto
problem with 8kB L1 cache and 128kB − 4MB L2 caches.
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(a) 128kB L2.

2.3E+8

4.3E+8

6.3E+8

8.3E+8

1.0E+9

1.2E+9

1
4
3
6
2
‐5
7
‐C
M
P
‐C
M
C
r
d
 9

1
4
3
6
2
‐4
‐C
M
P
‐C
M
C
r
d
 2

1
4
3
6
2
‐C
M
P
‐C
M
C
r
d
 ‐

7
1
8
1
‐5
7
‐C
M
P
‐C
M
C
r
d
 1
3

7
1
8
1
‐C
M
P
‐C
M
C
r
d
 ‐

1
4
3
6
2
‐S
M
P
‐C
M
C
r
d
 1

3
5
9
1
‐C
M
P
‐C
M
C
r
d
 ‐

1
7
9
6
‐C
M
P
‐C
M
C
r
d
 ‐

2
3
1
7
0
‐5
7
‐C
M
P
‐C
M
C
r
d
 1
1

7
1
8
1
‐4
‐C
M
P
‐C
M
C
r
d
 5

2
3
1
7
0
‐C
M
P
‐C
M
C
r
d
 ‐

2
3
1
7
0
‐4
‐C
M
P
‐C
M
C
r
d
 4

7
1
8
1
‐S
M
P
‐C
M
C
r
d
 6

3
5
9
1
‐5
7
‐C
M
P
‐C
M
C
r
d
 1
4

2
3
1
7
0
‐S
M
P
‐C
M
C
r
d
 3

3
5
9
1
‐4
‐C
M
P
‐C
M
C
r
d
 8

3
5
9
1
‐S
M
P
‐C
M
C
r
d
 7

4
4
9
‐C
M
P
‐C
M
C
r
d
 ‐

1
7
9
6
‐5
7
‐C
M
P
‐C
M
C
r
d
 1
5

1
7
9
6
‐4
‐C
M
P
‐C
M
C
r
d
 1
0

1
7
9
6
‐S
M
P
‐C
M
C
r
d
 *
b
 1
2

2
2
5
‐C
M
P
‐C
M
C
r
d

4
4
9
‐5
7
‐C
M
P
‐C
M
C
r
d

4
4
9
‐4
‐C
M
P
‐C
M
C
r
d

4
4
9
‐S
M
P
‐C
M
C
r
d

2
2
5
‐5
7
‐C
M
P
‐C
M
C
r
d

2
2
5
‐S
M
P
‐C
M
C
r
d

2
2
5
‐4
‐C
M
P
‐C
M
C
r
d

5
7
‐C
M
P
‐C
M
C
r
d

5
7
‐4
‐C
M
P
‐C
M
C
r
d

5
7
‐S
M
P
‐C
M
C
r
d

4
‐5
7
‐C
M
P
‐C
M
C
r
d

1
‐5
7
‐C
M
P
‐C
M
C
r
d

4
‐C
M
P
‐C
M
C
r
d

1
‐4
‐C
M
P
‐C
M
C
r
d

4
‐S
M
P
‐C
M
C
r
d

1
‐S
M
P
‐C
M
C
r
d

1
‐C
M
P
‐C
M
C
r
d

Perf Model 32kB L1 256KB L2

(b) 256kB L2.
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(d) 1MB L2.
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Figure 6.27: Ordered PIN Performance Model results for Moldyn under the auto
problem with 32kB L1 cache and 128kB − 4MB L2 caches.
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Table 6.15: Summary of Partition Size prediction using PIN against the best se-
lected by M5 for the NBF benchmark with each of the three input
data set under all L1 and L2 cache size selections.

L2/L1 4kB 8kB 32kB

144

128kB (11224,5612) (4,2) (11224,5612) (3,2) (11224,5612) (5,2)

256kB (11224,11224) (7,1) (11224,11224) (8,1) (11224,5612) (5,3)

512kB (11224,2806) (3,3) (11224,5612) (2,2) (11224,5612) (3,3)

1MB (11224,11224) (7,1) (11224,11224) (7,1) (11224,11224) (10,1)

2MB (11224,11224) (9,1) (11224,11224) (12,1) (11224,5612) (14,2)

4MB (11224,2806) (11,3) (11224,2806) (12,2) (11224,11224) (16,1)

m14b

128kB (4329,4329) (4,1) (4329,4329) (2,1) (8658,8658) (5,1)

256kB (4329,4329) (4,1) (4329,4329) (6,1) (4329,8658) (2,2)

512kB (4329,4329) (2,1) (4329,4329) (2,1) (4329,8658) (3,2)

1MB (4329,4329) (6,1) (4329,4329) (8,1) (4329,4329) (13,1)

2MB (4329,4329) (8,1) (4329,4329) (15,1) (4329,8658) (18,2)

4MB (4329,4329) (9,1) (4329,4329) (15,1) (8658,4329) (19,2)

auto

128kB (17332,17332) (3,1) (8667,17332) (2,2) (8667,17332) (3,3)

256kB (17332,17332) (4,1) (8667,17332) (3,3) (8667,17332) (2,2)

512kB (17332,8667) (2,2) (8667,17332) (2,2) (8667,17332) (2,2)

1MB (17332,17332) (3,1) (8667,17332) (3,3) (8667,17332) (5,3)

2MB (17332,17332) (4,1) (8667,17332) (6,2) (17332,17332) (7,1)

4MB (17332,17332) (5,1) (8667,17332) (7,2) (17332,17332) (9,1)
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Table 6.16: Summary of Partition Size prediction using PIN against the best se-
lected by M5 for the Moldyn benchmark with each of the three input
data set under all L1 and L2 cache size selections.

L2/L1 4kB 8kB 32kB

144

128kB (18565,9283) (4,2) (9283,18565) (6,2) (9283,18565) (10,2)

256kB (18565,18565) (1,1) (9283,18565) (6,4) (9283,18565) (11,2)

512kB (18565,18565) (1,1) (9283,18565) (6,4) (9283,18565) (10,2)

1MB (18565,18565) (1,1) (9283,18565) (6,4) (9283,18565) (8,2)

2MB (18565,18565) (1,1) (9283,18565) (6,4) (9283,18565) (10,2)

4MB (18565,18565) (1,1) (9283,18565) (4,4) (9283,18565) (4,2)

m14b

128kB (7055,7055) (1,1) (7055,7055) (3,1) (7055,7055) (5,1)

256kB (7055,7055) (1,1) (7055,7055) (4,1) (7055,23170) (5,2)

512kB (7055,7055) (1,1) (7055,7055) (5,1) (7055,23170) (5,2)

1MB (7055,7055) (1,1) (7055,7055) (5,1) (7055,23170) (5,2)

2MB (7055,7055) (1,1) (7055,7055) (5,1) (7055,23170) (6,2)

4MB (7055,7055) (1,1) (7055,23170) (5,2) (7055,7055) (9,1)

auto

128kB (14362,14362) (12,1) (14362,14362) (5,1) (14362,14362) (6,1)

256kB (14362,14362) (4,1) (14362,14362) (8,1) (14362,14362) (9,1)

512kB (14362,14362) (1,1) (14362,14362) (4,1) (14362,14362) (11,1)

1MB (14362,14362) (1,1) (14362,14362) (11,1) (14362,14362) (12,1)

2MB (14362,14362) (1,1) (14362,14362) (14,1) (14362,14362) (15,1)

4MB (14362,14362) (1,1) (14362,14362) (17,1) (14362,14362) (17,1)
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Table 6.17: A summary of the Ranks obtained by PIN’s top prediction for each
benchmarks.
Irreg NBF Moldyn Total

Rank Count % of Total Count % of Total Count % of Total Count % of Total

1 1 1.9 15 27.8 16 9.9

2 0 0 10 18.5 0 0 10 6.2

3 14 25.9 9 16.7 1 1.9 24 14.8

4 2 3.7 5 9.3 6 11.1 13 8.0

5 3 1.9 5 3.1 9 5.6 17 10.5

6 3 1.9 3 1.9 7 4.3 13 8.0

7 6 3.7 5 3.1 0 0 11 6.8

8 3 1.9 3 1.9 2 1.2 8 4.9

9 5 3.1 3 1.9 2 1.2 10 6.2

10 5 3.1 1 0.6 3 1.9 9 5.6

11 1 0.6 1 0.6 3 1.9 5 3.1

12 3 1.9 2 1.2 2 1.2 7 4.3

13 3 1.9 1 0.6 0 0 4 2.5

14 0 0 1 0.6 1 0.6 2 1.2

15 1 0.6 2 1.2 1 0.6 4 2.5

16 3 1.9 1 0.6 0 0 4 2.5

17 0 0 0 0 2 1.2 2 1.2

18 0 0 1 0.6 0 0 1 0.6

19 1 0.6 1 0.6 0 0 2 1.2

Total 54 100 54 100 54 100 162 100
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Table 6.18: A summary of the ranks achieved using our “Run Three” optimization
to enhance the accuracy of the prediction of the PIN model. The
graph partitioning size remains unaltered but the ranking improves
significantly as shown below.
Irreg NBF Moldyn Total

Rank Count % of Total Count % of Total Count % of Total Count % of Total

1 29 53.7 29 53.7 36 66.7 94 58.0

2 8 14.8 17 31.5 13 24.1 38 23.5

3 6 11.1 8 14.8 0 0 14 8.6

4 5 9.3 0 0 5 9.3 10 6.2

5 3 5.6 0 0 0 0 3 1.9

7 2 3.7 0 0 0 0 2 1.2

11 1 1.9 0 0 0 0 1 0.6

Total 54 100 54 100 54 100 162 100
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Chapter 7

Conclusion and Future Work

In this Chapter, we will summarize our work, then we outline the future di-

rections beyond this thesis.

7.1 Summary

There are two thrusts for this thesis. The first is a design space exploration for

CMPs with several variables. The main two variables are parallelization strategies

and locality optimizations. The benchmarks used in this thesis are graph problems.

We have tried several parallelization strategies. The first baseline paralleliza-

tion is the legacy parallelization which divides the problem into P parts, where P

is the number of cores. We investigate three other parallelization techniques one

of them was proposed in the proposal stage of this thesis and we added two other

further optimizations that aim at reducing the working set and increase the sharing

among the cores.

To optimize locality for graph problems the accept method is to apply graph

partitioning. We used metis [97] to derive graph partitioning. We estimated the

partition sizes by computing the total size of the data for the input data set and

then we compute an estimate for the partition size by dividing the total data size

by the cache size that we want the partitions to fit into. We compute several of
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such partitions to the maximum partition size that metis allows us to have. We also

show the optimization results for several different L1 caches and L2 caches. We run

a set of three benchmarks each with three input data sets. We report gains relative

to a baseline setting. The baseline represents the partition size that we estimate to

fit in the L1 cache. We note that the baseline performance is a lot better than the

un-optimized parallel version without any graph partitioning applied. This should

explain in part why in some cases the gains relative to the baseline can be only a

few percent points. Yet, we see gains in excess of 19%. In a few cases the gain is

literally 0%, which means that the baseline case is the best case.

The second thrust of this thesis is building and verifying an execution time

performance model based on reuse distance profiles computed using a PIN tool. To

our model, this thesis is the first to use multicore concurrent reuse distance profiles

to derive parallel program locality optimizations. We use the CMCs of the CRD

and PRD profiles to compute estimate to the different miss counts for the different

levels of the memory hierarchy. We develop a model to predict the execution time

yet the goal of the model is not the prediction of the execution time but to be able

to rank order different parallelizations and locality optimizations relative to each

other to be able to predict what the PIN model estimates to be the best performing

combination of a parallelization and locality optimization. We have shown that the

tool can predict the partition sizes far better than the best parallelization. If are

allowed to run on a simulator or a real machine three or four runs we can increase

the accuracy of the model to very large values compared to the around 50% of the

maximum M5 gain that we can achieve.
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7.2 Future Work

Controlled Sharing, through Controlled Hierarchical Partition Creation

As we have outlined and shown in this thesis and others have shown that

sharing has become a good aspect of CMPs. We think that we can increase sharing

by designing partitioners that take sharing at heart. One idea we have is to try

to assemble together the small partitions that metis finds into larger partitions

in a hierarchical fashion in such a way that the edges coming out of that larger

assembled partition is minimal to other partitions but the intra-partition edges are

not of concern at all since they represent shared data item among the cores that will

process that partition. The assembled partition can be designed to be of different

sizes either P parts, where P is the core count or an arbitrary size which could be

chosen so that the partition would fit in the shared LLC. One advantage of this

method if successful is that it would enhance sharing or control it instead of the

method we are using which does not control the sharing at all.

Deriving other Multicore Compiler Optimizations

We have applied Multicore Reuse Distance analysis for choosing locality opti-

mizations that require knowing the input data set where we run a profile once on

any machine and can predict the performance and the best optimization on any

other machine. This methodology can be used in any compiler infrastructure to

store information with the binary or the distributable output as to what to do with

different caches and memory hierarchies.

Program Analysis & Programmer Assistance Tool
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The reuse distance model can give us a lot of insight to the spectrum of gains

that we would expect from any possible optimizations and what can the programmer

expect or should focus on. The multicore reuse distance profiles really provide a

framework that can be used in as an analysis infrastructure to give us an overall

architecture independent look at how a benchmark behaves under different caches

sizes and under different input data sets. We think that this framework can give the

developer important insights. For example, under a given hardware whether or not

optimizations should be used or not and should we invest efforts into optimization

the benchmark more or the benchmark in its current state is in good shape. If the

process of computing the multicore reuse distance profiles can be accelerated using

time distance analysis [18, 19, 60, 158, 159], the overhead and slowness of obtaining

the profiles would make it a more daily used infrastructure for program analysis

tool. What we envision is a Vtune [188] like tool that give results for any cache

after running the tool only once on top of a particular system. So, the model would

be analyze once and use forever.

Application to New and Contemporary Problems and Quantifying Power

Efficiency

Thus far, we have used the multicore reuse distance analysis model for some

relatively older and well-known graph problems. We would want to take a step

ahead and try to do a similar study on graphs like the social network graphs and see

how much gain can we get at what costs. This would be an interesting challenge. We

would also like to quantify the energy and power efficiency of locality optimizations.

We would like to estimate the total energy cost to create and use the optimization
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compared to the gains and compute what is the number of iteration where we would

break-even at. We have used the serial version of the metis library. We would like

to use the parallel version of metis which is called ParMetis [105] and compare, the

cost-benefit tradeoff and the energy and power efficiency. We have only done all

of our study on a relatively small core count (P = 4). We would want to try on a

larger core count to study the gains possible and how accurate the multicore reuse

distance model can predict the graph partitionings and the parallelizations.

Teaching Computer Architecture, Compiler Design and Program Opti-

mization

Interest in the academia for teaching tools that can give the students more

insight and more visualized sense of the different aspects of Computer Architecture,

Compiler Design and Program Optimization. It can be easily envisioned that we can

use the profiles in showing the students how does loop fusion and loop fission affect

program behavior and execution with such profiles in a vivid eye opening manner.

We can show how different tile sizes for a tiled simple array computation can make

a huge difference in performance visually. We can use this framework and tool to

show to the students what does a working set mean and how significant the concept

of reuse distance is.
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[106] Jian Li and José F. Mart́ınez. Power-performance considerations of parallel
computing on chip multiprocessors. ACM Transactions on Architecture and
Code Optimization (TACO), 2(4):397–422, 2005.

[107] Yingmin Li, David Brooks, Zhigang Hu, and Kevin Skadron. Performance,
energy, and thermal considerations for SMT and CMP architectures. In
11th International Conference on High-Performance Computer Architecture
(HPCA-11 2005), San Francisco, CA, USA, pages 71–82, 2005.

[108] Jack L. Lo, Susan J. Eggers, Henry M. Levy, Sujay S. Parekh, and Dean M.
Tullsen. Tuning compiler optimizations for simultaneous multithreading. In
MICRO 30: Proceedings of the 30th annual ACM/IEEE international sympo-
sium on Microarchitecture, pages 114–124, Washington, DC, USA, 1997. IEEE
Computer Society.

[109] Jack L. Lo, Susan J. Eggers, Henry M. Levy, Sujay S. Parekh, and Dean M.
Tullsen. Tuning compiler optimizations for simultaneous multithreading. In-
ternational Journal of Parallel Programming, 27(6):477–503, 1999.

[110] H. Lu, A. Cox, S. Dwarkadas, R. Rajamony, and W. Zwaenepoel. Compiler
and software distributed shared memory support for irregular applications.
In Proceedings of the Sixth ACM SIGPLAN Symposium on Principles and
Practice of Parallel Programming, Las Vegas, NV, June 1997.

[111] Gregory Lueck, Harish Patil, and Cristiano Pereira. Pinadx: an interface for
customizable debugging with dynamic instrumentation. In Proceedings of the
Tenth International Symposium on Code Generation and Optimization, CGO
’12, pages 114–123, New York, NY, USA, 2012. ACM.

[112] Peter Magnusson, Magnus Christensson, Jesper Eskilson, Daniel Forsgren,
and Gustav Hallberg. SIMICS: A full system simulation platform. IEEE
Computer, 35(2):50–58, Feb. 2002.

[113] Milo M. K. Martin, Mark D. Hill, and David A. Wood. Token coherence:
Decoupling performance and correctness. In Proceedings of the 30th Annual
International Symposium on Computer Architecture, June 2003. 2003.

[114] Milo M. K. Martin, Daniel J. Sorin, Bradford M. Beckmann, Michael R.
Marty, Min Xu, Alaa R. Alameldeen, Kevin E. Moore, Mark D. Hill, and

177



David A. Wood. Multifacet’s general execution-driven multiprocessor simula-
tor (GEMS) toolset. SIGARCH Computer Architecture News, 33(4):92–99,
2005.

[115] R.L. Mattson, J. Gecsei, D.R. Slutz, and I.L. Traiger. Evaluation techniques
for storage hierarchies. IBM Systems Journal, 9(2):78–117, 1970.

[116] Collin McCurdy and Charles Fischer. Using pin as a memory reference gener-
ator for multiprocessor simulation. SIGARCH Computer Architecture News,
2005.

[117] Austen McDonald, JaeWoong Chung, Hassan Chafi, Chi Cao Minh, Brian D.
Carlstrom, Lance Hammond, Christos Kozyrakis, and Kunle Olukotun. Char-
acterization of TCC on chip-multiprocessors. In Proceedings of the 14th In-
ternational Conference on Parallel Architectures and Compilation Techniques.
Sept 2005.

[118] K. S. McKinley, S. Carr, and C.-W. Tseng. Improving data locality with loop
transformations. ACM Transactions on Programming Languages and Systems,
18(4):424–453, July 1996.

[119] J. Mellor-Crummey, D. Whalley, and K. Kennedy. Improving memory hierar-
chy performance for irregular applications. In Proceedings of the 1999 ACM
International Conference on Supercomputing, Rhodes, Greece, June 1999.

[120] J.E. Miller, H. Kasture, G. Kurian, C. Gruenwald, N. Beckmann, C. Celio,
J. Eastep, and A. Agarwal. Graphite: A distributed parallel simulator for
multicores. In 2010 IEEE 16th International Symposium on High Performance
Computer Architecture (HPCA‘10), pages 1–12, 2010.

[121] N. Mitchell, L. Carter, and J. Ferrante. Localizing non-affine array references.
In Proceedings of the International Conference on Parallel Architectures and
Compilation Techniques, Newport Beach , LA, October 1999.
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