
Appendix A
Project management

This project was developed from March to October 2010. The results of the project are collected in
3 documents:

• Report for PARSALab (EPFL)

• Report for CPS-Unizar

• Presentation for CPS-Unizar

In this Appendix the initial plan and effort estimation are presented, as well as the effective schedule
and effort, and the reasons for the differences between them.

A.1 Initial schedule and effort estimation

The project was initially thought to be developed between March and June 2010. Figure A.1
shows the initial schedule (created in March 2010 and updated in April 2010). The project was
divided in 4 main tasks (table A.1 presents those main tasks and the effort estimated for them)
which have to do with the initial proposal and division of the project. Figure A.2 shows the
detailed schedule (calendar) for those tasks.

Figure A.1: Initial schedule (calendar and tasks).
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TASK SCHEDULE/DESCRIPTION ESTIMATED
HOURS

Task 0. Proposal 01/03/2010 - 15/03/2010 25 hours
0.1 Project proposal Writing the official PFC proposal for the

University of Zaragoza.
10 h.

0.2 Schedule and effort estima-
tion

Initial plan for the project including sched-
ule and effort estimation.

15 h.

Task 1. Intro: FLEXUS
vs. ARM

01/03/2010 - 11/04/2010 80 - 100 hours

1.1 Study FLEXUS vs. ARM Extended study of the simulation environ-
ment (FLEXUS ) and the differences be-
tween the architecture that the simulator
models (SPARC) and ARM.

40 h.

1.2 LLC organization (state-
of-the-art)

Extended research on LLC organization
papers.

40 h.

1.3 First simulations First simulations in FLEXUS and the real
hardware.

20 h.

Task 2. ARM model in
FLEXUS

12/04/2010 - 31/05/2010 100 - 150 hours

2.1 Study of the different ap-
proaches to simulate the chip

Study of the different possibilities to
model the chip in the simulator.

30 h.

2.2 First approach First approach to model the chip. Verifi-
cation of the model.

50 h.

2.3 Complete model Complete model of the chip. Verification
of the model.

60 h.

Task 3. Simulation and
study of results

01/06/2010 - 31/06/2010 200 - 250 hours

3.1 Simulation Simulation of commercial workloads. 75 h.
3.2 Study of results Study and verification of the results ob-

tained.
75 h.

3.3. Report Report for EPFL and CPS-Unizar. 100 h.
Total estimated hours (aprox.) 500 hours

Table A.1: Description of the main tasks and estimated effort (updated in April 2010).
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(a) Schedule for Tasks 0 and 1.

(b) Schedule for Task 2.

(c) Schedule for Task 3.

Figure A.2: Detailed schedule for the different tasks.
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A.2 Project Development

A.2.1 Schedule

Different issues (see section A.2.3) made our schedule shift in June, which led us to re-schedule
a part of the project to September and October. Besides the re-schedule, we also realized that
more effort would be needed in the final report, as that report would be delivered in two languages.

Figure A.3 shows the schedule for September and October. The new task created (Task 4)
is composed of basically the same sub-tasks than Task 3. This does not mean that Task 3 was
not partially completed: the sub-tasks 3.1 and 3.2 (see table A.1) were developed. The study
of results showed that in other to improve the reliability of our conclusions, some adjustment
should be made in the parameters of the simulator. This, and a simulator bug encountered in
July, forced us to add a new round of simulations and study of results.

Figure A.3: Schedule for September and October (calendar and tasks).

A.2.2 Effort

Table A.2 collects the amount of hours invested in the project (October 2010). It also includes
the comparison with the hours estimated in March 2010 (and September 2010 in the case of Task
4).

The main differences between the estimation and the real effort can be found in Tasks 2
and 3. In the case of Task 2 (ARM model in FLEXUS ) we overestimated the amount of hours
needed, predicting an effort between 100 and 150 hours. In practice, we just explored two models
of the three organizations proposed as we concluded theoretically that a third model would not
improve our results (see Chapters 3 about the alternatives proposed and 5 the main results). On
the other hand, not taking into account the type of project and the fact that the report had to
be delivered in two languages made us underestimate the effort needed for the final report.
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TASK ESTIMATED HOURS REAL HOURS
Task 0. Proposal 25 hours 30 hours
Task 1. Intro: FLEXUS vs. ARM 80 - 100 hours 80 hours
Task 2. ARM model in FLEXUS 100 - 150 hours 70 hours
Tasks 3.1, 3.2 Simulation and study of results 100 - 150 hours 120 hours
Task 3.3 Report 100 hours 150 hours
Task 4. Simulation and study of results 50 - 100 hours 80 hours
Total hours 550 hours 525 hours

Table A.2: Comparison of the real and estimated effort. Task 4 only takes into account the effort needed for
the new simulation and study of results (not the effort estimated for the report).

A.2.3 Problems ocurred

During the development of the project we faced several problems. Some of them made us change
partially our approach:

• Simulator: we used FLEXUS as simulation environment [33, 35]. Although a new version
of the simulator has recently released, the simulator is continuously under development.
Because of that reason, our work stuck several times due to new bugs found (which were
fixed). The fact that the simulator and the methodology were new for us also influenced
the time needed for understanding and fixing the different errors occurred.

• Workloads: Due to the lack of appropriate 2-core benchmarks, we could not simulate
the exact chip design. One possible solution was creating these benchmarks from scratch.
However, we estimated that the effort needed to build new benchmarks would exceed the
effort estimated for a project of these characteristics. Instead of that, we decided to contrast
the original system with a 16 cores system and extrapolate the results.

• Methodology: the methodology we used for simulating in this project was based on
statistical sampling. Although the main advantage of using this technique is the speedup
in simulation speed, the main disadvantage is that the error introduced in the results may
be significant. After the first simulations we discovered our results had an error between
5 and 15 percent (and in some cases above 20%). Our objective was reducing the error to
less than 5%, so we invested some time on studying and improving the results.

Finally, we knew that when running commercial applications the cache size plays a funda-
mental role in the performance of the system [16]. For that reason we added as a variable of our
study the cache size, studying not only different organizations, but also the impact of the last
level cache size on those organizations.

A.3 Personal evaluation

In general I had a positive experience with this project. The main difficulties I found had to do
with the language (the whole project was developed in English and in a foreign country) and the
tools we used (both simulation platform and methodology were completely new). I sometimes
stuck in different points and it was hard to continue.

I learned that when making research it is important to maintain a global view of what we
want, and if we come to a standstill, we have to search for alternatives. I also learned that
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everything has to be justified, starting with formulating an hypothesis, and then verifying it.

Maintaining this global view and being open to all kind of ideas and suggestions were two
main points that helped me to go on with all this project.

Finally, I want to point out that I found the knowledge acquired during all these years of
studies really helpful during all these months of work.
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Appendix B
Statistical Sampling Simulation
Methodology

This appendix summarizes the SMARTS (Sampling Microarchitectural Simulation) methodology. It
is based on [35] and [33]. We present first the main ideas of statistical sampling as described in [35]
and then how we applied them to this project. Applying rigorous statistical sampling the simulation
time is reduced by a factor of 10000 with an error lower than 5%.

B.1 Introduction

Current software-based microarchitecture simulators are many orders of magnitude slower that
the hardware they simulate. Hence, most microarchitecture design studies draw their conclu-
sions from drastically truncated benchmark simulations that are often inaccurate and misleading.

The Computer Architecture Laboratory at Carnegie Mellon University (CALCM) presented
the Sampling Microarchitecture Simulation (SMARTS) framework [35] as an approach to enable
fast and accurate performance measurements of full-length benchmarks. SMARTS accelerates
simulation by selectively measuring in detail only an appropriate benchmark subset.

By measuring only chosen sections (called sampling units) from a benchmark’s full execution
stream we can reduce simulation time by roughly a factor of 10000 [33]. Sampling provides such
drastic reductions by exploiting the homogeneity of application’s performance (applications be-
haviors that repeat millions of times). By applying rigorous statistical methods, we can identify
the minimal sample that asses application performance with a desired confidence level.

Using FLEXUS [33] and its multiprocessor checkpoint implementation, flex points, a multi-
processor simulation can turnaround of only 10 to 100 CPU hours rather than 10 to 20 CPU
years required without sampling.

B.2 The SMARTS Methodology

In this section we present the basics behind statistical sampling and how they apply to simulation.
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B.2.1 Statistical Sampling

Table B.1 summarizes the standard statistical sampling variables and relevant terminology used
in this appendix. We select a sample of n elements (sampling units) at random from a population
of N elements. Measurements are taken on the selected sampling units, and for a sufficiently
large sample size (i.e., n > 30) the sampled results can be meaningfully extrapolated to provide
an estimate for the whole population. In particular, the true population mean X̄ is estimated by
the sample mean x̄. The coefficient of variation can be calulated as Vx = σx/X̄. The likelihood
that x̄ is a good estimate of X̄ improves with sample size and decreases with Vx.

Population variables Sample variables
N size n size
X̄ mean x̄ mean
σx standard deviation V̂x coeff. of variation
Vx coeff. of variation (1− α) confidence level

±εX̄ confidence interval
k systematic-sampling interval

Table B.1: Sampling variables.

Formally, the confidence in a mean estimated is jointly quantified by two independent terms:
confidence level (1−α) and confidence interval ε · X̄. An acceptable interpretation of confidence
level is that, for a given sample there is a (1− α) probability that x̄ is within ε · X̄ of X̄.

The confidence interval achieved by a sample (assuming N � n� 1 to simplify) is

±([(z ∗ Vx)/
√
n] ∗ X̄ (B.1)

where z is the 100[1− α/2] percentile of the standard normal distribution.

B.2.2 SMARTS Technique

Although statistics provide us with probabilistic guarantees that estimated results are represen-
tative, these guarantees do not ensure that estimated results are error-free. One of the most
common cause of bias (errors introduced into the individual measurements of a sample) is the
cold-start effect of unwarmed microarchitectural structures, for example empty caches that re-
sult in incorrectly low performance estimates and empty networks that produce overly optimistic
performance.

To solve this problem SMARTS has two strategies: detailed warming and functional warming
(figure B.1). Before each measurement, SMARTS warms microarchitectural structures for which
current state reflects the history of a small, bounded set of recent instructions: reorder buffer,
issue queue, etc. This takes place through detailed warming: brief simulation (a few thousand
instructions) with the complete detailed performance model sufficient to warm such small struc-
tures.

The second component of the warming strategy is the functional warming. It addresses state
updates between two measurements. SMARTS functionally simulates each instruction to update
architectural state. In addition, it continuously updates structures with microarchitectural state
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Figure B.1: Warming approaches for simulation sampling. Detailed simulation warms state before each sampling
unit, which will be detailed simulated. Large structures (like caches, TLB) are functionally simulated, reducing
the bias introduced by the cold-start effect.

that have long or unpredictable warming requirements: caches, translation look-aside buffers
(TLBs), branch predictors. These structures sometimes require million of instructions to warm,
and cannot be warmed sufficiently by a brief detailed warming period. Caches in particular have
unpredictable requirements; functional warming eliminates the need to determine these require-
ments.

Although functional warming enables accurate performance estimation, it limits the simula-
tion speed occupying more than 99 percent of simulation runtime. Live points (called flex points
in the multiprocessor sampling and so that in this project) provide an alternative to functional
warming that reduces simulation turnaround without sacrificing accuracy. A flex point stores
the neccesary data to reconstruct warm state for a simulation sampling execution window (figure
B.2).

(a) Functional simulation for flex points creation.

(b) Simulation from flex points.

Figure B.2: Simulating with flex points. We simulate in two steps: first (figure B.2a), we run the complete
functional simulation storing the necessary data to reconstruct warm state for structures like caches, TLBs and
branch predictors. This step will create a library of flex points. In the second step (figure B.2b), we run detailed
simulation from those flex points, including prior detailed warming. Flex points are independent (self-contained)
so we can launch simulations from flex points in parallel, reducing even more the simulation time. Finally, flex
points can be also reused. If the functional parameters are the same, we just need one flex points library. The
size of a flex point varies between 10 and 200MBytes in average.

From [33] we know that multiprocessor commercial applications need a detailed warming of
100,000 cycles and a sampling unit size of 50,000 cycles for a target confidence interval 95 ± 5.
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B.3 SMARTS for our problem

To design a sampling simulation to meet a certain confidence one begins by determining an ap-
propriate n based on the required confidence and Vx using the equation B.1. The true coefficient
of variation of a population is rarely available in practice (unless the entire population is exam-
ined). Instead, we use V̂x, the coefficient of variation of a sufficiently large initial sample. If the
initial sample ni does not achieve the desired confidence, then the required size of a subsequent
sample can be computed using V̂x, where

n ≥ ((z ∗ V̂x)/ε)2 (B.2)

For microarchitecture simulation we select systematic sampling as an approximation of ran-
dom sampling. Thus, we select sampling units from an ordered population at a fixed sampling
interval k such that n = N/k.

We simulate the workloads described in table 4.2 with the initial number of samples described
in table B.2. We assume a confidence level of 95% (α = 0.05) and we want to achieve an error
ε ≤ 5%. With the first simulations we calculated the coefficient of variation (V̂x) of each workload
for the specific configuration and the confidence interval (table B.3).

Workload Sample size (n) Cycles between sample units (k)
Web Apache 96 25,000,000.00

Web Zeus 96 25,000,000.00
OLTP DB2 192 25,000,000.00

OLTP Oracle 192 25,000,000.00
DSS Query1 10 100,000,000.00
DSS Query2 67 5,000,000.00
DSS Query17 165 2,000,000.00

Table B.2: Workloads, sample sizes and cycles between sample units for each workload. The numbers correspond
to the 16-core workloads utilized in this project.

Workload Vx Error ε (%)
Web Apache 0.36 11 %

Web Zeus 0.34 11 %
OLTP DB2 0.26 8 %

OLTP Oracle 0.48 15 %
DSS Query1 0.27 17 %
DSS Query2 0.64 15 %
DSS Query17 1.08 17 %

Table B.3: Workloads, coefficient of variation and error (%). The numbers correspond to the results obtained
for 16-core workloads, initial sample.

As the results do not achieve the desired confidence, we calculate the new sample size using
the equation B.2. The use of systematic sampling and the characteristics of our benchmarks do
not allow a linear mapping between the sample size theoretically required (the minimum sample
size) and the sample size we actually use. Being sure the sample size we use is equal or greater
than the minimal sample size, our results will achieve the desired confidence, yet optimal simu-
lation speed is given up in exchange of a lower error. Table B.4 collects the adjusted parameters
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as an example for 16-core benchmarks.

Workload Minimum sample size (n) Systematic-sampling interval (k)
Web (Apache) 197 8,300,000.00

Web (Zeus) 184 12,500,000.00
OLTP (DB2) 106 25,000,000.00

OLTP (Oracle) 352 12,500,000.00
DSS Query1 112 8,300,000.00
DSS Query2 627 500,000.00
DSS Query17 1799 180,000.00

Table B.4: Workloads, minimum sample size and systematic-sampling interval calculated for 16-core workloads.

With the new sampling size we can launch again simulations which achieve the desired con-
fidence. Figure B.3 shows an example of the error obtained between the first simulation and
the second for SPECWeb99 over Zeus. Given the first sampling size, the results may not be
conclusive, as the error of the data is very big.

Figure B.3: Example of error reduction by increasing the sample size. The figure corresponds to the benchmark
SPECWeb99 over Zeus. On the left part of the figure it can be observed how the insufficient number of samples
leads to a huge error. Applying the method described above, we are able to reduce the error from 10% (in the
case of the Baseline) and 30% (in the case of the Cluster) to an error between 4 and 5%.
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Appendix C
Complementary (additional) results

This appendix extends the results collected in chapter 5. First, we summarize the conclusions of [33]
about performance metrics explaining why we used them in our project and why conclusions can be
drawn from them. Then, we explored all the results obtained and make an exhaustive study based on
the characteristics of our system and the different benchmarks.

C.1 Performance metrics

Instruction interleaving across processors in multiprocessor benchmarks varies over multiple
benchmarks runs and, therefore, it can cause changes in the dynamic instruction stream as
races resolve differently on different runs. On real hardware, we can launch the benchmark re-
peatedly to exercise the possible interleavings. However, using statistical sampling is not clear
how to construct a population with our simplified simulation model (flex points creation, see
appendix B).

Fortunately, the commercial applications we are running (Web serving, online transaction
processing and decision-support queries) are throughput applications, allowing us to construct
the population of interleavings efficiently. In throughput applications, a server process satisfies
a sequence of arriving transactions, queries, or requests (we call them transactions in general).
Throughput application benchmarks consist of long sequences of randomly arriving transactions.
Because those transactions arrive at random, a single run will cover the range of possible transac-
tion interleavings. We draw our sample by selecting measurement locations over a time window
that has proven reliable on real hardware [1].

We typically report the performance of throughput applications in terms of transactions per
second. However, transactions are too long for a simulator to execute. That implies that sam-
pling transaction throughput would require simulating seconds to minutes of real CPU time
(which means years of full-system simulation time) to obtain high confidence results.

Although the time to complete a particular number of transactions varies greatly, the amount
of work the database or Web server process must perform to complete a certain transaction type
does not vary. As a result, the rate at which user-mode instructions complete is linearly pro-
portional to transaction throughput [14, 33]. The linear relationship between user-instruction
throughput and transaction throughput lets us sample user-instructions per cycle (UIPC) to
assess transaction throughput. We define UIPC as the number of user-mode instructions that
commit divided by all measured cycles. The commonly used metric of instructions per cycle
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cannot be used because it is not proportional to transaction throughput, as it includes many
system instructions that do not contribute to forward progress.

We report then UIPC as a measure of the application throughput with a confidence level
of 95% (α = 0.05) and error around 5%. Since cache miss rate (in this case LLC miss rate)
could be deceptive in some cases (such as very high L1 hit rates) we prefer LLC misses per 1000
instructions (MPKI). We report the LLC misses per 1000 instructions (MPKI) for the different
designs explored and different LLC sizes. LLC MPKI is architecture and block size dependent,
but these parameters are the same among our designs.

C.2 Benchmarks

In this section we make an overview about the benchmarks utilized; detailed aspects are collected
in table 4.2.

C.2.1 Web server: SPECWeb99 benchmark

SPECweb99 [29] is a benchmark used to measure the performance of HTTP servers. It uses one
or more client systems to create the HTTP workload for the server. Each client sends HTTP
requests to the server and then validates the response received.

We run SPECWeb99 benchmark over Apache and Zeus with 16k connections in both cases.

C.2.2 Online transaction processing: TPC-C benchmark

As an OLTP system benchmark, TPC-C [31] simulates a complete environment where a popula-
tion of terminal operators executes transactions against a database. The benchmark is centered
around the principal activities (transactions) of an order-entry environment. These transactions
include entering and delivering orders, recording payments, checking the status of orders, and
monitoring the level of stock at the warehouses.

In the TPC-C business model, a wholesale parts supplier (the Company) operates out of
a number of warehouses and their associated sales districts. An operator from a sales district
can select, at any time, one of the five operations or transactions offered by the Company’s
order-entry system. The most frequent transaction consists of entering a new order which, on
average, is comprised of ten different items. Another frequent transaction consists in recording
a payment received from a customer. Less frequently, operators will request the status of a pre-
viously placed order, process a batch of ten orders for delivery, or query the system for potential
supply shortages by examining the level of stock at the local warehouse. A total of five types of
transactions, then, are used to model this business activity.

We run OLTP TPC benchmark C over IMB DB2 server (v8) and Oracle 10g Enterprise
Database Server. In both cases the database size is 10GB (100 warehouses).
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C.2.3 Decision support systems: TPC-H DSS benchmark

The TPC Benchmark H (TPC-H) [32] is a decision support benchmark. It consists of a suite
of business oriented ad-hoc queries and concurrent data modifications. The queries and the
data populating the database have been chosen to have broad industry-wide relevance while
maintaining a sufficient degree of ease of implementation. This benchmark illustrates decision
support systems that:

• Examine large volumes of data

• Execute queries with a high degree of complexity

• Give answers to critical business questions

TPC-H evaluates the performance of various decision support systems by the execution of
sets of queries against a standard database under controlled conditions. The minimum database
required to run the benchmark holds business data from 10,000 suppliers. It contains almost ten
million rows representing a raw storage capacity of about 1 gigabyte. Our implementation has a
database population of 1 gigabyte.

We run the DSS TPC benchmark H over IBM DB2 server (v8). For our study we select
between the 22 queries three representative ones: queries 1, 2 and 17.

Query 1: Pricing Summary Report (Q1)

This query reports the amount of business that was billed, shipped, and returned. The Pric-
ing Summary Report Query provides a summary pricing report for all line items shipped as of a
given date.

Query 1 scans one table of the database (full scan) and makes an aggregate operation on
rows of the given table, so it is a representative scan-based query of the benchmark.

Query 2: Minimum Cost Supplier (Q2)

This query finds which supplier should be selected to place an order for a given part in a
given region.

Query 2 accesses 5 tables of the database, with four hash joins. It is a representative join-
dominated query of the benchmark.

Query 17: Small-Quantity-Order Revenue (Q17)

This query determines how much average yearly revenue would be lost if orders were no
longer filled for small quantities of certain parts.

This query accesses two tables, makes one hash join, and several aggregate operations. We
consider this query in the mixed-behavior category.
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C.3 Results

Figure C.1 shows the best result for each workload for Shared and Cluster and the harmonic
mean. The LLC sizes that provides the best performance are collected in table C.1. In all the
cases, except for SPECWeb99 over Zeus and DSS TPC-H Query 17, the Cluster design works
better than the Shared design, and so does it in average. The results in general follow this
tendency for all the benchmarks and cache sizes.

Figure C.1: Best UIPC per core for server workloads.

Workload Best cache size
Shared design Cluster design

SPECWeb99 APACHE 16 MB 4 MB
SPECWeb99 ZEUS 16 MB 4 MB
OLTP TPC-C DB2 16 MB 4 MB
OLTP TPC-C ORACLE 16 MB 4 MB
DSS TPC-H QUERY 1 8 MB 512 KB
DSS TPC-H QUERY 2 8 MB 4 MB
DSS TPC-H QUERY 17 4 MB 2 MB

Table C.1: Best cache sizes for the different workloads/designs. The cache size corresponds to the cache size
that is visible for each processors (i.e., in a Cluster design a cache size of 4MB corresponds to a total cache size
of 16MB on-chip).

In the remaining of the section we will go into the results for the different benchmarks cate-
gories in depth.
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C.3.1 Web server benchmarks

Our Web server benchmarks category includes SPECWeb99 over Apache and Zeus. Figure C.2
shows the UIPC (throughput) for both workloads. Both present a similar tendency regarding
throughput (UIPC increases as the last level cache size does), yet Apache prefers a Cluster design
for all the configurations explored and Zeus gets benefit from a Shared design. We also see that
the difference between designs (for Zeus) is very small.

(a) UIPC for Web Apache. (b) UIPC for Web Zeus.

Figure C.2: UIPC for Web Apache and Zeus.

The LLC MPKI in figure C.3 shows a decrease in the LLC MPKI with larger caches. Ob-
serving both graphs together (figures C.2 and C.3), we can conclude that the reduction in the
miss rate compensates the higher latency of a large cache.

(a) LLC MPKI for Web Apache. (b) LLC MPKI for Web Zeus.

Figure C.3: LLC MPKI for Web Apache and Zeus.

These results indicate that Web server benchmarks benefit from large last level caches. For
Apache it is clear that the Cluster design outperforms the Shared design; Zeus presents better
results for Shared design, yet the difference is very small. Zeus seems to get advantage of sharing

45



APPENDIX C. COMPLEMENTARY (ADDITIONAL) RESULTS

data, and size is more critical than latency, which is why the Shared design performs better. For
both benchmarks the best performance corresponds to the largest LLC (1MB per core).

C.3.2 OLTP benchmarks

Our OLTP benchmarks include TPC-C over DB2 and Oracle.

Ailamaki et al. [17] pointed out in their study about databases workloads the requirements
of this kind of applications. As long as the primary working set fits in the LLC, the performance
increases. From there, larger caches may degrade performance.

We can see this tendency in figure C.4 (UIPC per core). Here it is important to understand
the difference between our Baseline and Cluster designs (see Chapter 3 for a more detailed
explanation and figures). Both designs have the same amount of LLC on-chip. Nevertheless,
while in the Shared design each core is able to access the whole LLC (all the on-chip capacity is
visible), in the Cluster design each core can only access a fourth of the total LLC (i.e., considering
1MB per core of LLC, in the case of Shared (Baseline) design each core sees a LLC of 16MB;
in the case of the Cluster design each core sees 4MB of LLC, as the cache is private for each
cluster).

(a) UIPC for OLTP DB2. (b) UIPC for OLTP Oracle.

Figure C.4: UIPC for OLTP DB2 and Oracle.

Both benchmarks prefer a Shared design with small last level caches. With the sufficient size
of LLC (observing figure C.4, 512KB per core), the Cluster design obtains a better performance.
In fact, Oracle presents a difference of 0,1 UIPC (per core) when we consider 1MB LLC (also
per core).

LLC MPKI (see figure C.5) corroborates the same. We see a dastric decrease in the number of
misses per 1000 instructions when we double the cache from 128KB to 256KB per core (Cluster
in both benchmarks), but almost no variation from 512KB to 1MB of cache per core (Shared
and Cluster for both workloads).

Exemplifying all the mentioned above, figure C.6 shows the execution time (user) breakdown
for OLTP Oracle (Cluster design). We can see that a private cache of 512KB per cluster (128KB
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(a) LLC MPKI for OLTP DB2. (b) LLC MPKI for OLTP Oracle.

Figure C.5: LLC MPKI for OLTP DB2 and Oracle.

per core) is not able to capture the primary working set and the amount of time spent off-chip is
huge. With 1MB of last level cache per core the off-chip spent time is reduced from 50% (128KB
per core) to less than 10% of the total execution time (user). That decrease translates into twice
the performance per core.

Figure C.6: Execution time breakdown (user) for OLTP Oracle (Cluster).

C.3.3 DSS benchmarks

As DSS benchmarks we study TPC-H queries 1, 2 and 17 on DB2, which are, respectively, scan-
dominated, join-dominated and mixed-behavior.

Query 1 presents a very small LLC MPKI (figure C.7a). The first level cache is able to cap-
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ture most of the accesses (the data cache has a miss rate of 5% in average, and the instruction
cache has 0,2%). That means that increasing the size of the last level cache does not influence
performance, as the number of accesses is very small. Our Cluster design works better (figure
C.7b) in all the cases, and the performance does not vary.

(a) LLC MPKI for DSS Query 1. (b) UIPC for DSS Query 1.

Figure C.7: LLC MPKI and UIPC for DSS Query 1.

For query 2 the Cluster design also outperforms the Shared design (figure C.8b). In the case of
the Cluster design, UIPC increases from 128KB to 256KB per core, but it is practically the same
from 256KB to 1MB per core. In the case of the Shared design, it does not change from 128KB
to 512KB and it does decrease from 512KB to 1MB. The number of last level cache misses per
1000 instructions (figure C.8a) is practically constant for the Shared design among different sizes.

(a) LLC MPKI for DSS Query 2. (b) UIPC for DSS Query 2.

Figure C.8: LLC MPKI and UIPC for DSS Query 2.

The execution time breakdown (user) for this workload (figure C.9 for Cluster) shows how
the time we spend off-chip decreases when we move from 128KB to 256KB per core. As we
continue increasing the size of the last level cache, that decrease is lower than 5%. Besides, the
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amount of time spent off-chip is significant with a 20% of the execution time (user). Our Cluster
design works better in any case with a clear difference.

Figure C.9: Execution time breakdown (user) for DSS Query 2 (Cluster).

Finally, figure C.10 collects the results for query 17 (figure C.10b shows throughput and figure
C.10a shows the LLC MPKI).

(a) LLC MPKI for DSS Query 17. (b) UIPC for DSS Query 17.

Figure C.10: LLC MPKI and UIPC for DSS Query 17.

For this query, a shared last level cache is preferable in all cases except for a size of 512KB
per core. If we observe the UIPC graph (figure C.10b), we see how our Shared design presents
an increase in performance when we move from 128KB to 256KB of LLC per core, yet the per-
formance decreases if we continue adding capacity to the last level cache. For this design, 128KB
of LLC per core provides better performance than 1MB per core. The Cluster design presents
the same tendency but the decrease comes when we move from 512KB to 1MB.
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Both UIPC and LLC MPKI graphs suggest that this query has a low locality and, therefore,
large caches decrease performance. The better performance of the Shared design also suggests
that this query benefits from sharing data between processors. The execution time breakdown
(user) in figure C.11 (Shared) shows that the amount of time we spend off-chip is around 30%.

Figure C.11: Execution time breakdown (user) for DSS Query 17 (Baseline).

C.3.4 Summary

We have seen how different types of workloads present different characteristics concerning shar-
ing and last level cache size and organization. In general, a private organization is preferable for
most of the benchmarks and in average.

Web server benchmarks present an increase in performance with larger last level caches.

OLTP benchmarks have a minimum requirements of LLC. Once this requirements are satis-
fied, the design which allows a faster access (in our case, the Cluster design) performs better.

DSS benchmarks have different behavior depending on the category. Our scan-based query’s
performance does not change when increasing size, as the first level cache is able to capture
most of the accesses. Out join-dominated query clearly benefits from private designs. Finally,
the query with mixed-behavior has low locality, which translates into better performance with
smaller last level caches (lower access time).
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Appendix D
English Report

Este apéndice contiene la versión en Inglés de la memoria tal y como fue entregada en la EPFL
(Suiza). Los apéndices no se incluyen porque forman parte de la memoria en español. Tampoco se
incluyen los contenidos en los índices de contenido, tablas y figuras.
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Abstract

The exorbitant energy consumption in current data centers and the growing concern for the envi-
ronment, make Information Technology consider how to reduce costs for future data centers, while
preserving the environment.

ARM in a consortium with Nokia, IMEC, EPFL (Ecole Polytechnique Federale de Lausanne) and
UCY (University of Cyprus) leads the project EuroCloud, aiming to develop a new generation of
energy-conscious 3D server-on-chip for Green Cloud Services. The EuroCloud project proposes a very
low power 3D server-on-chip using many ARM cores, hardware accelerators, and integrated 3D DRAM.

In this project we studied one of the key components of the EuroCloud project ARM’s chip from
a performance and power-aware perspective. In particular, we focused on the on-chip memory hier-
archy, making a comparison of different options for its organization. The configuration of the cache
hierarchy affects the average memory access time and consequently influences performance.

The chip we studied consists of two clusters. Each cluster contains two processors with their own
private level one caches, and a portion of the second level of the cache hierarchy (in this case the last
level of the cache hierarchy). This last level of cache is, therefore, physically distributed among the
clusters, and it can be configured in different ways. It specifically supports two organizations: shared
and private organization.

In this project we analyzed two content management organizations: a Shared organization in
which the two clusters share the last level of cache memory, and which is trying to make the most of
the cache capacity, and a Clustered organization, where the last level cache is private to each cluster.
In the latter case we give priority to faster access to this level of the hierarchy. Within the Cluster
organization, we studied the possibility of introducing a coherence mechanism.

After extensive research on the state of the art and the organization of the chip, as well as
its architecture, we modelled the two designs in our simulation platform and simulated representa-
tive commercial workloads from three different categories: Web server, online transaction processing
(OLTP), and decision support systems (DSS).

We analyzed in detail the results for different cache sizes and concluded that, in general, a Cluster
organization performs better. Large caches benefit from the Cluster organization due to the lower
latency. For smaller cache sizes and / or workloads with low locality, our Shared design provides bet-
ter results. We also concluded that coherence mechanisms for this level of the cache hierarchy when
running this type of commercial applications are unnecessary and should be avoided. Additionally, we
extended the simulation environment as well as studied the simulation methodology to obtain more
accurate results.
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Chapter 1
Introduction

Information technology starts to consider energy costs and environmental problems as a first-
class constraint in chip designs. Power consumption is one of the main contributing factors in
the total cost of current Data Centers [7], where microprocessors and the memory system are the
most costly and power-consuming components in a server [13]. In the past decades, micropro-
cessor designers have relied on voltage scaling (reduce supply voltage) for cutting down power
consumption. However, this technique comes with an increase in the leakage current, which
limits how far it can be taken. Integrating many low-power processor cores on-chip or move
to a new class of "embedded-based" server architectures seem to be a way to tackle the power
consumption problem of future Data Centers.

ARM in a consortium with Nokia, IMEC, EPFL (Ecole Polytechnique Federale de Lau-
sanne) and UCY (University of Cyprus) leads the project EuroCloud, aiming to develop a new
generation of energy-conscious 3D server-on-chip for Green Cloud Services [26]. Cloud Com-
puting appears as a new paradigm shift, proposing internet-based computing, whereby shared
resources, software, and information are provided to computers and other devices on demand.
The EuroCloud project proposes a very low power 3D server-on-chip using many ARM cores,
hardware accelerators, and integrated 3D DRAM.

Commercial applications (e.g., database and web) and emerging Cloud Computing applica-
tions (e.g., video/music streaming, song recognition, and data mining) present high thread– and
memory-level parallelism, and can take little advantage of complex out-of-order cores, which are
focused on extracting instruction level parallelism. This kind of applications could benefit of
many simple processor cores in which the individual thread latency is less important than the
aggregate thread throughput.

In this project we study a key component of the EuroCloud project ARM’s chip from a per-
formance and power-aware perspective. We focus on the on-chip memory hierarchy, comparing
different on-chip memory configurations for the chip multiprocessor. We explore the desirability
of having a shared or private last level cache (LLC), and in the case of a private cache, whether
the caches should be coherent or non-coherent.

1.1 Scope of the Project

This project has been developed in the Parallel Systems Architecture Lab (PARSALab) at the
Ecole Polytechnique Federale de Lausanne (Switzerland) and the Computer Architecture Group
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CHAPTER 1. INTRODUCTION

(Grupo de Arquitectura de Computadores) at the University of Zaragoza.

The multiprocessor we studied consists of two dual-core clusters where each processor has
private L1 caches. The last level cache (LLC 1) is physically distributed among the clusters and
it can be configured in different ways. Depending on that configuration, the average memory
access time (which depends on three main parameters: latency, bandwidth and hit rate) will be
influenced by one way or another: a private cache configuration will decrease the latency, while
shared caches will increase the hit rate. Besides, in case of a private cache configuration, we have
to determine if a explicitly management of the cache coherence should be made.

In this project we analyze the different configurations of these last level caches searching
for the best option based on the simulation of representative workloads. As work environment
we use FLEXUS [33]. FLEXUS is a simulator developed by the Computer Architecture Lab
at Carnegie Mellon University (CALCM) which models the SPARC v9 ISA and can execute
unmodified commercial applications and operating systems.

1.2 Objectives

The objective of the poject is to analyze the best memory hierarchy for the EuroCloud project’s
chip. The main tasks the project can be divided in are:

1. Study of the ARM architecture, its chip organization and related work to the area

2. Extension of the research simulation platform to model the ARM multiprocessor

3. Model of the different organizations for the cache memory hierarchy on-chip

• shared / statically-interleaved LLC’s

• private / coherent LLC’s

• private / non-coherent LLC’s

4. Study of the simulation methodology and simulation of representative workloads

5. Analysis of results

We achieved the main objectives making a comparison among the different configurations
proposed by simulating representative commercial workloads. Due to the lack of support for
modeling heterogeneous chip multiprocessors from our infrastructure, we modelled a 16-core
symmetric multiprocessor from which we can extrapolate the results.

Besides, we extended the simulation environment for the simulation of multiprocessors with
two cores.

1In this work, all the references to the multiprocessor’s LLC refer to the L2 cache
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1.3 Report organization

The remaining of the report is organized as follows: Chapter 2 presents the related work; Chap-
ter 3 explores the alternatives proposed; in Chapter 4 the methodology we followed is explained;
Chapter 5 collects the main results and Chapter 6 concludes.

Also found as appendix:

A. Project management: it includes schedules and effort.

B. Statistical sampling simulation methodology: the approach we used to reduce the simulation
time.

C. Complementary (additional) results: detailed study of the results obtained.

1.4 Acknowledgements

I would like to thank my project director Babak Falsafi for giving me the opportunity of having
some contact with the research world. Also all the guys at PARSALab, especially Mutaz, Mike,
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environment and about this project in general. Thank you also Mehdi, a good interconnects-guy
to share an office with.

Special thanks to Dario, who has been always there for solving my problems and make my
work easier. Thank you very much for all your help.

For all the friends and all the coffees, both here in Zaragoza and in Lausanne. To Markus,
for all the moments of listening my thoughts, helping me to make some order there.

Finally, I want to express my sincere gratitude to my family, especially to my parents. With-
out their support, nothing of this would be possible. If I am where I am, it is because of you.
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Chapter 2
Related work

CMOS scaling trend is leading to an increase in the number of transistors available on a chip,
but also to a relative increase in wire delays [18]. Chip multiprocessors (CMPs) are the common
architecture for utilizing the numerous available transistors to achieve high performance. How-
ever, as the number of processors increases, so does the capacity pressure on the on-chip memory
hierarchy. At the same time, CMP also requires its processors to have fast access to data. The
last level on-chip cache (LLC) becomes a new bottleneck in the memory hierarchy, which not only
needs to utilize its limited capacity effectively, but also has to mitigate the increasing latencies
due to wire delays.

Large caches seemed to be a technique to exploit the available transistors on-chip to improve
performance by increasing the cache capacity. Some examples of mega-caches on chip are the
Dual-Core Intel Xeon 7100 with 16MB [28] or the Dual-Core Intel Itanium 2 with 24MB [36].
Nevertheless, large caches come at the cost of high access latency. Rising cache latencies pe-
nalizes each accesses and increases the number of stalls caused by L2 hits without changing the
number of access to other parts of the memory hierarchy.

Ailamiki et al. [17] showed how database server applications did not get any improvement in
performance or even deteriorated the throughput by up to 30% when increasing the LLC cache
size from 4MB to 26MB. If the caches are able to capture the primary working set of this kind
of workloads 1, then performance increases. If we continue increasing the size of the caches then
the higher latency slows the common case (cache hits) introducing stalls in the execution, while
the additional capacity is not able to lower the miss rate enough to compensate.

Facing these circumstances, we focused on the LLC organization and found two options for
the LLC in CMPs: shared or private caches. A shared cache has a single copy of each cache line
and allows the cores to share the cache capacity. However, shared caches are slow because of the
wire delays associated with large caches and interconnections. Private caches are faster because
they are smaller and can be located closer to each core, but they provide limited capacity to
each core. Thus, shared or private caches can provide either capacity or fast access, but not both.

Recently, many effort has been made in trying to combine the advantages of shared and
private cache organizations, proposing hybrid designs. In general, hybrid proposals use selec-
tive replication to balance latency and capacity [37, 6, 10]. Chang et al. in [9] present a unified
framework to manage a CMP’s aggregate on-chip cache resources by forming an aggregate shared

1This kind of workloads typically have a small primary working set which can be captured on chip, and a large
secondary working set which is beyond the reach of on-chip caches for modern processors
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cache through cooperation among private caches.

In the same research line, Reactive-NUCA (R-NUCA) [16] proposes to cluster the cores in
groups of sharing to minimize off-chip misses. R-NUCA goes further and makes a study about
the LLC references in commercial workloads, resulting in a classification of blocks that are likely
to be private, shared or clustered. Based on that observation, they propose a cache design which
reacts to the class of each reference and places blocks at the appropriate location in the cache
cooperating with the operating system.

On the other hand, complex out-of-order cores are focused on extracting instruction level
parallelism (ILP), while commercial applications exhibit a different pattern. For these kinds of
applications the individual thread latency is less important than the aggregate thread through-
put. We can increase the aggregate thread throughput with multithreaded processors, so events
that normally stall the processor (cache misses) are hidden, thus increasing their utilization. In
addition, using simple scalar processor cores reduces the design complexity and bug rates, as
well as the power consumption.

A work by the University of Michigan and ARM proposes a new architecture called PicoServer
[20], which claims that by moving to 3D integration the L2 cache can be removed. Performance
can be maintained by using wide buses, a small on-chip DRAM memory, and increasing the
number of cores, while saving a considerable amount of power. This hypothesis is supported by
the idea that future server applications will run on CMPs with a large number of small in-order
cores [12]. Nevertheless, increasing the number of cores comes at the cost of higher demand of
data to feed those cores, so performance could be degraded if there is not enough bandwidth to
provide data to the processors. The situation in which off-chip bandwidth is becoming a per-
formance and throughput bottleneck is referred to as the bandwidth wall problem [27]. Besides,
buses are a significant source of power loss, especially inter-chip buses, which are often very long
and wide.

The EuroCloud project follows the idea of including many low-power processor cores on-chip
and the use of 3D DRAM integration. 3D stacking technologies have received much attention in
computer architecture in the last couple of years, because the dense vertical interconnects allow
for systems with lower latencies and greater bandwidths [23]. These aspects are very attractive
for servers and high throughput processors, because of their large memory footprint and signif-
icant levels of thread level parallelism. Standard off-chip DRAM is bandwidth-constrained due
to limited pin count, slow due to chip crossing, and power-hungry due to I/O pads and driving
circuitry [26]. 3D stacking DRAM on top of the logic in combination with hardware accelerators
can eliminate those inefficiencies and address those issues.

Our work focuses on a key component (memory hierarchy on-chip) of a new embedded-based
server-on-chip. From our knowledge, this is the first time that the performance of commercial
workloads in embedded systems is studied.
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Chapter 3
Cache alternatives for embedded
multiprocessors

This chapter presents the different alternatives for the cache memory hierarchy on-chip proposed and
studied in this project. We expound on the main characteristics and trade-offs of each alternative.

3.1 Background

The objective of a cache hierarchy is to minimize the latency of the frequently accessed data
and maximize the performance. In an uniprocessor cache hierarchy, we achieve this objective
by exploiting both spatial and temporal locality; this means that we move blocks through the
hierarchy based on the access frequency, so the most referenced data gets closer to the proces-
sor and, therefore, we obtain faster access to that data. The same principle can be applied to
multi-core cache hierarchies. The difference now is that we have to take into account whether
cores have to share a given level in the cache hierarchy or whether a level is implemented as a
physical block with uniform cache access (UCA) latency or as multiple physically distributed
banks, where the latency varies between the cores and the cache slices spread across the die,
leading to a Non-Uniform Cache Access (NUCA) latency to each bank [21].

As the number of cores and cache banks increase, physically distributed caches become more
attractive from a design, manufacturing and scalability perspective [3]. But also collocating a
portion of the cache near a subset of cores can reduce the access latency to that portion of the
cache for those cores, instead of offering an equally high latency (UCA designs).

Tiled architectures have emerged as a solution to mitigate the rising access latency of the last
level cache [21]. In this kind of architecture the die is divided into a large number of identical (or
close-to-identical) tiles that are interconnected using a scalable and energy-efficient interconnect.
Each tile contains a slice of the LLC (which may consist of multiple banks) so the cache is phys-
ically distributed on the die. In this way, cores can access very fast to the LLC slices which are
close to them, paying the latency of travelling through an interconnection network if the data is
in further slices (NUCA).

If the LLC is distributed across multiple tiles, private and shared caches introduce distinct
trade-offs. In general, shared LLC is preferable if reducing the collective number of LLC misses is
important, whereas an organization with private caches is preferable if reducing the LLC access
latency and design complexity is important.
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A shared cache design increases the effective capacity because only a single copy of each block
resides in the cache. Nevertheless, assuming a statically interleaved distribution of the blocks,
the blocks can be arbitrarily far away from the core(s) that request them, penalizing the average
access time. On the other hand, a private design will allocate blocks near the core(s) that request
those blocks, so we guarantee fast access. The downside is that since read-shared blocks will be
replicated in multiple tiles, the effective cache capacity is reduced and, therefore, the off-chip
traffic increases.

The coherency protocol may play also an important role. While in a shared design the coher-
ence is implicit by construction, when we move to a private design we have again the possibility
of choosing between two options: a coherent or a non-coherent cache. In the case that the LLC
is coherent, the traffic on-chip (due to coherence messages) grows, with the consequent problems
in energy dissipation and cooling [3]. Besides, coherence mechanisms reduce the available cache
area and penalize data sharing. In the other case, non-coherent caches will demand extra traf-
fic from outside the chip, with the consequent problems in off-chip bandwidth [27]. In case of
choosing a private-coherent approach, a directory based protocol seems to be the best option to
keep track of the location of the different copies on-chip [8, 30].

3.2 Server-on-chip basic organization and cache hierarchy options

In this project we evaluate two different LLC organizations for the EuroCloud project ARM’s
CMP (figure 3.1). The multiprocessor we studied consists of two dual-core clusters where each
processor has private L1 caches. The LLC (in this case L2) is physically distributed among clus-
ters. The communication between clusters is through an interconnection network. The Snoop
Control Unit (SCU) is responsible for managing the interconnect, arbitration, communication,
cache-to-cache and system memory transfers, as well as the coherence.

Figure 3.1: Design (approximated) of the ARMs chip. Only included the on-chip cache memory hierarchy.
L2CC stands for L2 cache controller.

Our objective is to explore the different alternatives for the on-chip cache memory hierarchy
organization, proposing two organizations for the LLC:

1. Shared LLC: the two clusters share the LLC on-chip. In this case a statically interleaved
block distribution is supposed. Note that a shared design is coherent by construction.
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2. Private LLC: the LLC is private for each cluster. In this case we can consider either a
coherent or a non-coherent design.

3.2.1 Alternatives explored

Due to the restrictions imposed by the simulation platform, we decided to extend our analysis
to a 16 core CMP, exploring two different designs:

1. Shared LLC design (Baseline): it consists of a 16 nodes system, with NUCA, and a shared
LLC (L2), interconnected by a 4 by 4 mesh (figure 3.2a). There are in total four memory
controllers. This design pretends to exploit the cache capacity.

2. Cluster design (Cluster): it is also a 16 nodes system, but now the cores are divided in 4
clusters of 4 cores each one, where the LLC (L2) is shared inside the cluster, but they are
private between the clusters (figure 3.2b). The LLC is a multibanked cache accessed via
an interconnection network. There is one memory controller for each cluster. With this
design we prioritize access latency.

(a) Shared LLC design (Baseline). (b) Cluster LLC design (Cluster).

Figure 3.2: Alternative designs explored.

We can see that the results obtained with this designs can be extrapolated to the original
CMP (in any case our results my be degraded due to more cores on-chip and the consequent
higher pressure).

3.2.2 Sizing the last level cache

Different workloads and different types of parallelism within these workloads present unique ar-
chitectural and design challenges for the cache hierarchy to meet performance, scalability, and
energy-efficient goals. In our study we focus on commercial applications as they are the prefer-
able kind of applications that nowadays servers run.

Hardavellas et al. in [16] made a complete study about the requirements of commercial
applications in terms of LLC capacity and organization, proposing a new schema of blocks
distribution and cache organization. From that study we can extract several conclusions:
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• L2 accesses naturally form three clusters with different characteristics: (1) instructions are
shared by all cores and are read-only; (2) shared data are shared by all cores and are mostly
read-write; (3) private data exhibit a varying degree of read-write blocks.

• The instruction working set for commercial workloads approximates the size of a single L2
slice (in their study, 1MB per slice).

• Data sets can be captured by the L1D cache.

• L2 hardware coherence mechanisms in a tiled CMP running server workloads are unneces-
sary and should be avoided.

Based on these conclusions we can affirm:

• If the LLC cache is able to capture the primary working set of the workload [17], then the
design which guarantees the smaller latency will perform better.

We can formulate then our hypothesis declaring that as long as the LLC size is bigger than
a determined size, we expect our Cluster design to perform better.

If the Cluster design is not able to capture the primary working set of the workload, then the
data request will go to the off-chip memory, increasing the average access time. On the other
hand, large shared caches with statically interleaved distribution of blocks may imply accesses
to far-off slices of the last level cache and, consequently, a high latency because of the intercon-
nection network.

Finally, implementing coherence mechanisms we could get benefit from the cache-to-cache
on-chip transfers, yet we pay a high price in terms of on-chip traffic and hardware [9]. Cache-to-
cache transfers are used to reduce the off-chip requests for local LLC misses, but these operations
require three-way communication between the requester tile, the directory tile and the owner tile.
This operation is significantly more costly than remote hits in the shared last level cache case,
where a cache-to-cache transfer happens only if the line is held exclusive. Besides, the hardware
required to implement the coherency reduces the available area for the LLC (and consequently
limits the capacity).

Following our hypothesis of a better performance of the Cluster design, the addition of a
coherency mechanism may degrade performance as well as complicate the hardware and increase
the power consumption. For these reasons we decided not to explore a private coherent design.

To estimate the L2 cache size for our designs we assume a die size of 180 mm2 in 45 nm
technology. We account for the area of the system-on-chip components, allocating 65% of the
die are for the tiles. We assume an area per Cortex A9-core of 3,1 mm2, so the size left for each
LLC slice is 4,2125 mm2, which allows us to allocate a LLC slice up to 1MB without problems.

We fix the associativity of the last level cache to 16, since it is a normal value for this pa-
rameter in this level of the cache hierarchy [28].

To summarize, we explore cache sizes from 128KB per core to 1MB, which makes a total
cache capacity from 4MB to 16MB on-chip, expecting the Shared design to perform better till
a determined size of the L2 cache. From that size the Cluster design will get advantage of the
smaller latency and present a better performance. We agree with the idea that coherency mech-
anisms in commercial applications should be avoided, and we do not expect that introducing a
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coherency mechanism will increase performance.

3.2.3 Implementation details

In practice we did not implement the Cluster design as it was proposed in figure 3.2b. Instead
we decide to simulate a tiled architecture interconnected by a 2 by 2 mesh. Figure 3.3 shows the
proposed design (3.3a) and the implemented design (3.3b).

(a) Proposed design for Cluster. (b) Implemented design for
Cluster.

Figure 3.3: Proposed and implemented designs for Cluster.

Note that low port crossbars have a lower average latency [22, 11], so we consider our imple-
mented design (2 by 2 mesh) as a lower bound of performance.
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Chapter 4
Methodology

This chapter presents the methodology followed in this project. We briefly present the simulation
methodology and the benchmarks used for the study. More information can be found in appendixes
B and C.

4.1 Simulator

We use FLEXUS [33] to provide accurate simulations of chip multiprocessors and symmetric
multiprocessors running unmodified commercial workloads. FLEXUS is a cycle-accurate full-
system simulator that simulates both user-level and operating system code. We use the SimFlex
statistical sampling methodology [33]. FLEXUS extends the Virtutech Simics functional sim-
ulator [24] with models of processor tiles with cores, NUCA cache, on-chip coherence protocol
controllers, and on-chip interconnect.

We launch measurements from checkpoints with warmed caches and branch predictors, then
run for 100,000 cycles to warm issue queue and interconnect state prior to collecting measure-
ments of 50,000 cycles. We use the aggregate number of user instructions committed per cycle
(i.e., committed user instructions summed over all cores divided by total elapsed cycles) as our
performance metric, which is proportional to overall system throughput [33].

We estimate cache access latencies using Cacti 6.5 [34, 25]. Cacti is an integrated cache
access time, cycle time, area, leakage, and dynamic power model. By integrating all these mod-
els together, cache trade-offs are all based on the same assumptions and, hence, are mutually
consistent. Besides, the latencies provided by Cacti are typically lower than the ones achieved
in commercial products, thus our assumptions are conservative.

4.2 Design

For our experiments, FLEXUS models the system summarized in table 4.1. Although FLEXUS
models the UltraSPARC III ISA, the parameters are adjust to make the processor as similar as
possible to the ARM Cortex A9 [2].

Table 4.1 collects the parameters that do not change among designs. As we explained before,
we study two different designs, where the main difference is the organization of the LLC (L2)
cache. For the Shared model (Baseline design) we assume a 16-nodes system where each core
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has a slice of a shared L2 cache (tiled architecture). For the Cluster design we group 16 cores in
groups of 4. Each cluster shares the L2 cache, and these L2 are independent between the clusters.
We explore L2 cache sizes from 128KB to 1MB per core (i.e., from 4MB to 16MB in total per
chip), which corresponds, from our point of view, to acceptable cache sizes for the technology
and type of processor studied (see Chapter 3 for more details, including assumptions about area
and cache size).

Our on-chip coherence protocol is a four-state MESI protocol modeled after Piranha [5]. We
simulate one memory controller per four cores, each controller co-located with one tile, assuming
communication with off-chip memory through flip-chip technology. Tiles communicate through
the on-chip network.

CMP Parameters
CMP Size 16-core // 4x4-core clusters
Processing Cores UltraSPARC III ISA; 2GHz, OoO cores

8-stage pipeline, 2-wide dispatch/retirement
8-entry ROB and LSQ, 4-entry store buffer

Branch Predictor 8K GShare + 16K bi-modal + 16K selector
2K entry, 16-way, 2 branches per cycle

L1 Caches Split I/D, 4-way 32KB
2-cycle load-to-use, 2 ports, LRU replacement
64-byte blocks, 32 MSHRs, 8-entry victim cache

L2 Cache Variable size among desings
16-way, NUCA
64-byte blocks, 32 MSHRs, 16-entry victim
cache

Main Memory 3GB, 8KB pages, 75 cycles access time
Memory Controllers One per 4 cores, round robin page interleaving
Interconnect Mesh (4x4 for Baseline, 2x2 for Cluster)

8-byte links, 3-cycles link latency

Table 4.1: System parameters.

4.3 Workloads

We simulate systems running the Solaris 8 operating system and executing the workloads listed
in table 4.2. We focus on commercial workloads including a wide range of server workloads from
competing vendors, including online transaction processing, decision support systems, and web
server benchmarks [4].

The following list comprises the three commercial workload categories used in this project:

• Web server workloads: SPECWeb99 [29] over Apache and Zeus in this study. These
workloads can be characterized for high levels of thread parallelism (TLP), high compulsory
cache miss rates that regularly stall the machine due to recently DMAed data to the
memory, and a large percentage of time in kernel code due to interrupt handling, packet
transmission, and network stack processing. [20]
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• Online Transaction Processing: OTLP applications have one of the largest shares in the
server market. They are used in day-to-day business operations (e.g., airline reservations)
and are characterized by a large number of clients who continually access and update small
portions of the database through short running transactions. The OTLP workloads used
in this project are TPC-C [31] over Oracle and DB2, which both rely on a database system
to perform many short transactions.

• Decision Support System: DSS systems are primarily used for business analysis pur-
poses, whereby information from the OLTP side of a business is periodically fed into the
DSS database and analyzed. In contrast to OLTP, DSS is characterized by long running
queries that are primarily read-only and may each span a large fraction of the database.
In this project, DSS workloads are based on the TPC-H Benchmark [32]. They consist of
queries and concurrent data modifications to large databases in order to give answers to
critical business questions, examining large volumes of data and executing queries of higher
complexity than most OTLP transactions. We select scan-dominated queries (query 1),
join-dominated (query 2) and queries with mixed behavior (query 17).

Web Server (SPECWeb99)
Apache Apache HTTP Server v2.0. 16K connections,

fastCGI, worker threading model
Zeus 16K connections, fastCGI

OLTP - Online Transaction Processing (TPC-C v3.0)
DB2 IBM DB2 v8 ESE. 100 warehouses (10 GB), 64

clients, 2 GB buffer pool
Oracle Oracle 10g Enterprise Database Server. 100

warehouses (10 GB), 16 clients, 1.4 GB SGA
DSS - Decision Support Systems (TPC-H)

Queries 1, 2, 17 IBM DB2 v8 ESE, 480 MB buffer pool, 1 GB
database

Table 4.2: Application parameters.
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Chapter 5
Main results

This chapter presents the main results obtained in this project. Appendix C collects all the results and
extends them, including more detailed explanations about the benchmarks and the results, as well as
information about the performance metrics used.

5.1 Results overview

We simulate the workloads collected in table 4.2 and report the aggregate number of user instruc-
tions committed per cycle (i.e., committed user instructions summed over all cores divided by
total elapsed cycles) as our performance metric, which is proportional to overall system through-
put [33]. We explore the two designs presented in Chapter 3 and we vary the cache size from
128KB to 1MB per core (from 4MB to 16MB of total cache size on-chip).

Figure 5.1: Best UIPC per core for server workloads.

Figure 5.1 shows the best result for each workload for Shared and Cluster designs and the
harmonic mean. The LLC sizes that provides the best performance are collected in table 5.1. In
all the cases, except for SPECWeb99 over Zeus and DSS TPC-H Query 17, the Cluster design
works better than the Shared design, and so does it in average. The results in general follow this
tendency for all the benchmarks and cache sizes.
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Workload Best cache size
Shared design Cluster design

SPECWeb99 APACHE 16 MB 4 MB
SPECWeb99 ZEUS 16 MB 4 MB
OLTP TPC-C DB2 16 MB 4 MB
OLTP TPC-C ORACLE 16 MB 4 MB
DSS TPC-H QUERY 1 8 MB 512 KB
DSS TPC-H QUERY 2 8 MB 4 MB
DSS TPC-H QUERY 17 4 MB 2 MB

Table 5.1: Best cache sizes for the different workloads/designs. The cache size corresponds to the cache size
that is visible for each processors (i.e., in a Cluster design a cache size of 4MB corresponds to a total cache size
of 16MB on-chip).

5.2 Representative results

In this section we explore some representative results for each workload, specifically OLTP TPC-
C Oracle, Web server Zeus, and DSS TPC-H Query 17. OLTP TPC-C Oracle is a representative
benchmark of the set, as well as it corroborates our hypothesis. Web server Zeus and DSS TPC-H
Query 17 are the only two workloads for that our Cluster design is not better than a shared last
level cache. In the remaining of the section we will explain why.

5.2.1 OLTP TPC-C: Oracle

Our OLTP benchmarks include TPC-C over DB2 and Oracle. In this section we focus on OLTP
TPC-C over Oracle as a clear example of benchmark that corroborates our hypothesis.

Ailamaki et al. [17] pointed out in their study about databases workloads the requirements
of this kind of applications. As long as the primary working set fits in the LLC, the performance
increases. From there, larger caches may degrade performance. We can see this tendency in
figure 5.2 (UIPC per core).

(a) LLC MPKI for OLTP Oracle. (b) UIPC for OLTP Oracle.

Figure 5.2: LLC MPKI and UIPC for OLTP Oracle.
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It is important to understand the difference between our Baseline and Cluster designs. Al-
though both designs have the same amount of LLC on-chip, the amount of cache each core can
access is different (i.e., considering 1MB per core of LLC, in the case of Shared (Baseline) design
each core sees the complete LLC – 16MB; in the case of the Cluster design each core sees 4MB
of LLC, as this level of cache is private for each cluster).

The benchmark prefers a Shared design with small last level caches. With the sufficient size
of LLC (observing figure 5.2b, 512KB per core), the Cluster design obtains a better performance.
In fact, we can see how Oracle presents a difference of 0,1 UIPC (per core) when we consider
1MB LLC per core.

LLC MPKI (see figure 5.2a) shows the same tendency. We see a drastic decrease in the num-
ber of misses per 1000 instructions when we double the cache from 128KB to 256KB per core
(Cluster), but almost no variation from 512KB to 1MB of cache per core (Shared and Cluster).

Exemplifying all the mentioned above, figure 5.3 shows the execution time (user) breakdown
for Oracle (Cluster design). We can see that a private cache of 512KB is not able to capture
the primary working set and the amount of time spent off-chip is huge. With 1MB of last level
cache per core the time spent off-chip is reduced from 50% (128KB per core) to less than 10% of
the total execution time (user). That decrease translates into twice the performance (figure 5.2b).

Figure 5.3: Execution time breakdown (user) for OLTP Oracle (Cluster).

5.2.2 Web server: Zeus

Our Web server benchmarks category includes SPECWeb99 over Apache and Zeus. Both present
a similar tendency regarding throughput (UIPC increases as the last level cache size does), yet
Apache prefers a Cluster design for all the configurations explored and Zeus gets benefit from
a Shared design. Figure 5.4b shows the UIPC (throughput) for Zeus. We also see that the
difference between designs is very small.

The LLC MPKI in figure 5.4a shows a decrease in the LLC MPKI with larger caches. Ob-
serving both graphs together (figure 5.4), we can conclude that the reduction in the miss rate
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compensates the higher latency of a large cache. These results indicate that Web server bench-
marks benefit from large last level caches. Nevertheless, Zeus seems to get advantage of sharing
data, and that size is more critical than latency, which is why the Shared design performs better.
For both benchmarks the best performance corresponds to the largest LLC (1MB per core).

(a) LLC MPKI for Web Zeus. (b) UIPC for Web Zeus.

Figure 5.4: LLC MPKI and UIPC for Web Zeus.

5.2.3 DSS TPC-H: Query 17

Our DSS benchmarks are TPC-H queries 1, 2 and 17 over DB2. These benchmarks correspond
to three categories: scan-based (query 1), join-dominated (query 2), and mixed-behavior (query
17). In this section we present results for query 17 (shown in figure 5.5: figure 5.5b shows
throughput and figure 5.5a shows the LLC misses per 1000 instructions).

(a) LLC MPKI for DSS Query 17. (b) UIPC for DSS Query 17.

Figure 5.5: LLC MPKI and UIPC for DSS Query 17.

For this query, a shared last level cache is preferable in all cases except for a size of 512KB
per core. If we observe the UIPC graph (figure 5.5b), we see how our Shared design presents an
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increase in performance when we move from 128KB to 256KB of LLC per core, yet the perfor-
mance decreases if we continue adding last level cache. For this design, 128KB of LLC per core
provides better performance than 1MB per core. The Cluster design presents the same tendency
but the decrease comes when we move from 512KB to 1MB.

Both UIPC and LLC MPKI graphs suggest that this query has a low locality and, there-
fore, large caches decrease performance (higher access latencies). The better performance of the
Shared design also suggests that this query benefits from sharing data between processors.

The execution time breakdown (user) in figure 5.6 (Shared) shows that the amount of time
we spend off-chip is around 30%.

Figure 5.6: Execution time breakdown (user) for DSS Query 17 (Baseline).

For queries 1 and 2, Cluster outperforms Shared design (figure 5.1). In these cases, increasing
the cache size does not translate in better performance. In the case of query 1, the first level
cache is able to capture most of the accesses, so performance does not vary. Query 2 does not get
benefit of larger caches, and even the performance is degraded (see appendix C for more details).

5.3 Summary

We have seen how different types of workloads present different characteristics concerning shar-
ing, last level cache size, and organization. In general, a private organization is preferable for
most of the benchmarks and in average.

Web server benchmarks present an increase in performance with larger last level caches.
OLTP benchmarks have minimum requirements of LLC. Once these requirements are satisfied,
the design which allows faster access (in our case, the Cluster design) performs better. DSS
benchmarks have different behavior depending on the category. Our scan-based query’s (query
1) performance does not change when increasing size, as the first level cache is able to capture
most of the accesses. The join-dominated query (query 2) benefits from private designs. Finally,
the query with mixed-behavior (query 17) has low locality, which translates into better perfor-
mance with smaller last level caches (lower access time).
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Chapter 6
Conclusion and future work

Memory hierarchy is one of the performance factors in chip multiprocessors as well as one of the
most power-consuming components. Therefore, the organization of the memory hierarchy and
especially the cache hierarchy on-chip plays a fundamental role in the CMP performance.

We proposed two organizations for the last level cache of the EuroCloud ARM’s chip: a
Shared design, where we pretend to make the most of the cache capacity, and a Cluster design,
where we prioritize allocating data near the requester core for achieving low access latency.

We modelled both designs in FLEXUS [33], our simulation environment. We simulated rep-
resentative commercial workloads from three categories: web, online transaction processing and
decision support systems. From the results obtained we can conclude that our Cluster design
worked better in average, corroborating our initial hypothesis: our Cluster design (in general)
works better for large last level caches; our Shared design performs better if the benchmark
presents low locality or if the last level cache is small.

In great detail, different kinds of workloads throw different conclusions:

• Web workloads present a better performance with larger last level caches.

• OLTP workloads have minimum requirements of last level cache size. Above this size,
private organizations and their lower latencies provide better performance.

• DSS workloads have different characteristics depending on the category. In general the
Cluster design outperforms the Shared design and the requirements of last level cache size
are small.

We corroborated the conclusions in [15] about minimum requirements in database workloads,
as we observed that this kind of workloads need a minimum LLC capacity to perform. From
a determined LLC size, increasing the capacity of the cache leads to similar results or even a
decrease in the performance (due to the higher latency of the cache).

Private caches offer other advantages over shared designs that should be also consider. Be-
sides the lower latency, the on-chip bandwidth requirements are smaller, and the design is more
scalable. Private caches are more self-contained and it is easier to implement priority mechanisms
and quality of service (QoS) [37, 19].

Although we initially proposed two alternatives for the Cluster design (coherent and non-
coherent caches), we just explored the non-coherent approach. We think that LLC (L2) hardware
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coherence mechanisms in a tiled CMP running server workloads should be avoided. In addition
to a more complicated hardware design, moving blocks on-chip due to the coherence mechanism
penalizes the average access latency to the cache.

Nevertheless, private caches present a fundamental drawback compared to shared LLC de-
signs, which is the larger number of off-chip requests. As part of the EuroCloud project, the
impact of 3D DRAM integration on-chip will be explored. This 3D integration will allow lower
latencies to the memory as it will allocate a portion of several MBs of DRAM near the processor
cores. We believe that a minimum amount of LLC should be maintained on-chip, as the latency
of the 3D stacked DRAM is a way too high for a second level cache. We let further study on this
topic for Future Work.

We also think that future studies should include power consumption results for the CMP, as
this is one of the main motivations for the EuroCloud project. We believe that private caches
(our Cluster design) will present less consumption than our Shared design. We could also explore
the possibility of switch off parts of the memory hierarchy to save energy, and the impact in per-
formance. Hybrid designs seem a good way to make the most of private and shared designs, but
we should consider whether, from a power perspective, these designs are a good alternative for
embedded-based server-on-chip.

Finally, we should consider that in addition to the workloads studied, Cloud Computing will
include applications such as video/music streaming, song recognition, or data mining. Each kind
of application presents unique characteristics and behavior, so benchmarks that include these
kinds of applications are likely to be implemented and included in the study of Cloud computing
servers.
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