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Abstract

The rapid development in the capability of hardware components of compu-
tational systems has led to a significant increase in the energy consumption
of these computational systems. This has become a major issue especially if
the computational environment is either resource-critical or resource-limited.
Hence it is important to understand the energy consumption within these en-
vironments. This thesis describes an investigatory approach to power analysis
and documents the development of an energy consumption analysis technique
at the application level, and the implementation of the Power Trace Simu-
lation and Characterisation Tools Suite (PSim). PSim uses a program
characterisation technique which is inspired by the Performance Application
Characterisation Environment (PACE), a performance modelling and pre-

diction framework for parallel and distributed computing.

1X
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Chapter 1

A Case Study of Power

Awareness

1.1 Introduction

Most application developers and performance analysts presuppose a direct
proportional relationship between applications’ execution time and their
energy consumption. This simple relationship can be deduced by the stan-
dard average electrical energy consumption equation shown in equation 1.1/
where the application’s total energy consumption E is the product of the its
average power dissipation P and its execution time T. In this chapter, a case
study is used to demonstrate the unsuitability of this assumption and that

energy consumption should be included as a metric in performance modelling



1.2 Implementation Variance

for applications running on computational environments where resources are

either limited or critical.

=
I

v
-

(1.1)

1.2 Implementation Variance

static void normal_multiply() {
int 1i,7j,k;
for (i=0; i < 7000; i++)
for (k=0; k < 7000; k++)
for (j=0; j < 7000; j++)
clil [j1 += alil [k]*b[k] [j];

Listing 1.1: The original implementation of the matrix multiplication algo-
rithm.

In the past, a large amount of research has been focused on general source
code optimisations and transformations. Many novel high-level program re-
structuring techniques [7] have since been introduced. The case study de-
scribed in this chapter utilises different forms of loop manipulation, since
that is where most of the execution time is spent in programs. A common
algorithm used to demonstrate these implementation variances is the matrix
multiplication algorithm. Listing shows an original, untransformed im-

plementation of the algorithm. Transformations are usually carried out for



1.2 Implementation Variance

performance optimisations based on the following axes [7]:

Maximises the use of computational resources (processors, functional

units, vector units);
Minimises the number of operations performed;
Minimises the use of memory bandwidth (register, cache, network);

Minimises the use of memory.

These are the characteristics by which current source code transforma-

tion techniques are benchmarked and these techniques can be applied to a

program at different levels of granularity. The following describes a useful

complexity taxonomy [7].

Statement level such as arithmetic expressions which are considered for

potential optimisation within a statement.

Basic blocks which are straight-line code containing only one entry

point.

Innermost loop which is where this case study focuses since loop ma-

nipulations are mostly applied in the context of innermost loops.

Perfect nested loop is a nested loop whereby the body of every loop

other than the innermost consists only the next loop.

General loop nest defines all nested loops.



1.2 Implementation Variance

e Procedure and inter-procedures.

The following is a catalog of some implementation variances which can be
applied to the untransformed algorithm shown in listing [1.1 for performance
optimisation and this case study has utilised one of the implementation vari-

ances in loop manipulations.

static void blocked_multiply() {
int 1,3,k ,kk,jj;
for (jj = 0; jj < 7000; jj+=50)
for (kk = 0; kk < 7000; kk+=50)
for (i = 0; 1 < 7000; i++)
for (j = jj; j < jj+50; j++)
for (k = kk; k < kk+50; k++)
c[il [j1 += alil [k]1*b[k] [j];

Listing 1.2: A loop-blocked version of the matrix multiplication algorithm.

Loop Blocking - Blocking or tiling is a well-known transformation technique
for improving the effectiveness of memory hierarchies. Instead of operating
on entire rows or columns of an array, blocked algorithms operate on subma-
trices or blocks, so that data which has been loaded into the faster levels of
the memory hierarchy can be reused [42]. This is a very effective technique
to reduce the number of D-cache misses. Furthermore it can also be used
to improve processor, register, TLB or page locality even though it often
increases the number of processor cycles due to the overhead of loop bound
decision [18]. An implementation of loop blocking of the original matrix mul-

tiplication algorithm is shown in listing 1.2 In this implementation, which

4



1.2 Implementation Variance

uses a blocking factor of 50, is experimentally chosen to be optimal for block-
ing to be effective. Blocking is a general optimisation technique to improve
memory effectiveness. As mentioned earlier by reusing data in the faster level
of the hierarchy, it cuts down the average access latency. It also reduces the
number of references made to slower levels of the hierarchy. Blocking is thus
superior to other optimisation techniques such us prefetching, which hides
the latency but does not reduce the memory bandwidth requirement. This re-
duction is especially important for multiprocessors since memory bandwidth

is often the bottleneck of the system.

Loop Unrolling - Unrolling is another well known program transforma-
tion which has been used to optimise compilers for over three decades. In
addition to its use in compilers, many software libraries for matrix computa-
tions containing loops have been hand-unrolled to improve performance [64].
The original motivation for loop unrolling was to reduce the (amortised)
increment-and-test overhead in loop iterations. This technique is also essen-
tial for effective exploitation of some newer hardware features such as un-
covering opportunities for generating dual-load/dual-store instructions and
amortising the overhead of a single prefetch instruction across multiple loads.
An implementation of loop unrolling of the original matrix multiplication
algorithm is shown in listing [1.3. The downside of this technique is that
injudicious use such as excessive unrolling can lead to a run-time perfor-
mance degradation due to extra register spills when the working set “register

pressure” of the unrolled loop body exceeds the number of available registers.
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1.3 Experimental Selection and Method

static void multiply() {
int 1i,]j,k;
for (i=0; i < 7000; i++) {
for (k=0; k < 7000; k++) {
for (j=0; j < 7000-9; j++) {
clil [§] += alil (k1*b[k] [§]; j++;
clil [§] += alil (k1*b[k] [§]; j++;
clil [§] += alil (k1*b[k] [3]; j++;
cl[il[j]1 += alil[k1*b[k] [j1; j++;
cl[il[j]1 += alil [k1*b[k] [j1; j++;
clil [§] += alil (k1*b[k] [§]; j++;
clil [§] += alil (k1*b[k] [3]; j++;
clil [§] += alil (k1*b[k] [3]; j++;
c[il[j1 += alil [k]1x*b[k] [j1; j++;
cli]l [j] += alil [kI*b[k][j];
}
for (; j < 7000; j++)
clil [j] += ali] [k1*b[k] [j];

Listing 1.3: A loop-unrolled version of the matrix multiplication algorithm.

1.3 Experimental Selection and Method

Two implementations (blocked and original) of a square matrix multiplication
written in C, which are shown in listings and are used to show how
the presupposed direct proportional relationship between the run time
and the energy consumption of an application breaks down with different
implementations. Both programs in listings[1.1 and[1.2 are conceptually the

same method and have the same variable declarations. They both carry out

6
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the multiplication of two identical 7000 x 7000 matrices stored in pointers

x*xa and **b and the resultant matrix is assigned into pointer **c.

Matrix multiplication is a popular algorithm to demonstrate source code
optimisation and loop blocking has been chosen for transforming and opti-
mising this algorithm. Loop blocking or tiling is chosen as it is one of the
more common techniques used in current research on software cost analysis
to demonstrate the reduction in energy cost through source code transfor-

mation [42] [18].

The two implementations execute a single matrix multiplication on a Fe-
dora Linux Core 3 workstation named ip-115-69-dhcp containing a 2.8GHz
Intel Pentium IV processor and 448 MBs RAM. This experiment uses a
METRA HIT 29S8 Precision Digital Multimeter to measure and record the
current I in ampere drawn through the main electricity supply cable and the
voltage V across it. They are recorded at an interval of 50 milliseconds. The
data is captured using BD232 Interface Adaptor that connects to a work-
station running METRAwin10/METRAHit interface which processes and
archives the raw data from the meter into ASCII values for further use [47].
A C function gettimeofday () is also used to record the implementation run

time T in millisecond.

Given a constant platform voltage V, N current measurements, average
current Ijgie drawn by the platform at idle and average power dissipation
P, the equation for this experiment can be derived and is shown in equa-

tion [1.2. This equation can be deduced mathematically from the original
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Metric Original Tiled Difference | % difference
Aver. Power (W) | 51.19033 49.30696 -1.88337 -3.68000%
Runtime (ms) 4060038.61100 | 4416356.17700 | 356317.56600 | 8.78000%
Tot. Energy (J) 207834.71766 | 217757.10130 | 9922.38364 4.77000%

Table 1.1: run time and energy consumption differences between tiled and
untransformed matrix multiplication algorithms in C

energy consumption formula shown in equation[1.1. Table[1.1 shows the run
time and energy consumption differences between tiled and untransformed

matrix multiplication algorithms.

p_ <(I0 + ...+ Ino1) (1.2)

— Liqie | .V
ST

As shown in table[1.1] the average power dissipation of the tiled version is
about 1.9 W (over 3.5%) lower than the original version due to the reduction
of D-cache misses but because of the increase in the number of processor cy-
cles, the run time of the tiled version is about 356 seconds (over 8.5%) longer
than the original version. By using equation|1.2/the total energy consumption
of the tiled version is calculated to be about 10 kJ (over 4.7%) higher than
the original version which is nearly 50% different to the percentage increase
in the run time between the tiled and original versions. This illustrates a
disproportional relationship between the run time and energy consumption

of different implementations performing the same function.

This simple case study on source code transformation demonstrates that

contributing factors for both run time and energy consumption of an ap-
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plication do not only lie within the execution plaform’s architecture and
the implementation language’s compiler but also lie within the ways of how
the application is implemented. This interesting property leads to the re-
search in energy consumption analysis and prediction at a source-code level

(application-level).

1.4 Thesis Contributions

Following from the case study illustrating the disproportional relationship
between the run time and energy consumption of an application, this thesis
makes the following contribution to energy consumption analysis and predic-

tion:

e Application-level energy consumption analysis and prediction
technique: A novel technique aimed at developers without expertise
in technical areas such as low-level machine code and without spe-
cialised equipment to carry out energy measurements. This methodol-
ogy adopts the performance evaluation framework and techniques de-
veloped by the High Performance Systems Group [35] at the University
of Warwick.

e Power classification model: A unique theoretical concept based on
benchmark workloads to construct a power classification model for a

more relative energy consumption prediction of an application.
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e The creation of PSim: A state-of-the-art tools suite called PSim,
Power Trace Simulation and Characterisation Tools Suite, is developed
to embody the energy consumption analysis and prediction techniques

described in thesis.

1.5 Thesis Structure

This thesis is divided into six chapters.

Chapter 2 reviews the current research work in power aware computing.
This includes power management, and source code cost analyses, and subse-
quently has been categorised into the following groups: traditional/general
purpose such as APM and ACPI, micro/hardware level such as micro-instruction
and memory analysis and macro/software level such as source code transfor-

mation and energy-conscious compilation.

Chapter 3 proposes a novel approach based on the Performance Analysis
and Characterisation Environment (PACE) [52][14], developed by the High
Performance Systems Group at the University of Warwick as a framework for
developers without expertise in performance based studies to evaluate and
predict the performance of their applications. In particular this chapter dis-
cribes in detail some of the components of the framework such as the subtask
objects, the resource model and the C Characterisation Tool (capp) which
are used to develop the proposed power analysis and prediction methodol-

ogy. This chapter then further recommends a theoretical concept based on
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benchmarking workloads to construct a power classification model to allow

relative energy consumption predictions of applications.

Chapter 4 describes the creation and development of the Power Trace
Simulation and Characterisation Tools Suite (PSim). This tools suite is used
to visualise power-benchmarked trace data graphically and to process these
data through animation and statistical analyses. It adopts the High Perfor-
mance Systems Group’s PACE modelling framework and in particular the
resource model and the C Characterisation Tool (capp). It uses a newly im-
plemented power-benchmarked hardware model (cmodel) based on PACE’s
Hardware Modelling and Configuration Language (HMCL) and it allows ap-

plications to be characterised using control flow (cflow) definitions.

Chapter 5 documents and evaluates the use of PSim in power trace
analysis and prediction by evaluating the energy consumption of a number
of processor-intensive and memory-demanding algorithms selected from the

Java Grande Benchmark Suite [13].

Chapter 6 concludes this thesis, and proposes future work that could

improve and enhance the PSim’s analysis and characterisation techniques.

11



Chapter 2

Power Aware Computing

2.1 Introduction

With increasing demands for better processing power, larger digital storage
space and faster network communication channels in high performance com-
putational environments, much research has been carried out to enhance the
capability of hardware components in these environments. In particular, em-
phasis has been placed on how these environments deliver high through-put
capacity for processor-intensive applications. At the same time memory com-
ponents capabilities have also been increased, in particular physical memory
accessing speed and latency reduction in external storage devices have been
heavily researched to bring about some improvements to the general per-
formance of computer systems. These performance enhancements have re-

sulted in significant increases in energy usage and such increases have created
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2.1 Introduction

major concerns when the underlying computational environments are either
resource-critical or resource-limited. Over the past decade much research
has been dedicated to finding the best power management methodology to
construct energy-conscious computational units for both resource-limited and
resource-critical environments. The following describes both resource-limited
and resource-critical computational environments and the reasons for limit-

ing energy consumption:

Resource-Limited - resource-limited computational systems are usually
exposed to constant changes in the context at which they operate. Systems
which fall into this category are usually mobile and pervasive. Consumer
electronics such as personal digital assistants (PDA), laptop computers and
cellular phones are some of the most widely used mobile devices. These
devices usually operate in an environment where energy supply is battery-
constraint and is therefore limited. Under these circumstances it is essential
to have energy-consciousness at all levels of the system architecture, and both
software and hardware components have a key role to play in conserving the
battery energy on these devices [6]. In recent years there has been a rapid
growth in the demand of mobile devices. Embedded and mobile systems are
experiencing an explosive growth and it is believed the sales volumes with
estimates of up to 400,000 cellular phones will be sold per day by 2006 [15]
and up to 16 million PDAs sold by 2008 [5]. The reason for such a rapid
growth is the high demand of portable multimedia applications [57] which
have time constraints as one of their characteristics and must be satisfied

during their executions [1]. An example of a time-sensitive application is

13
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the MPEG decoder which displays multimedia data with a certain frame
rate. Such time-sensitive multimedia applications are now widely used in
mobile environments. Consumer technology initiatives such as Third Gener-
ation mobile telephone technology (3G) which provides mobile services allows
transferring of both voice data (a telephone call) and non-voice data (down-
loading information, exchanging email, instant messaging and multimedia).
These initiatives which promise to deliver mobile multimedia functionalities
require their systems to be cost sensitive and in particular energy conscious.
Hence there have been several techniques developed for managing energy

consumption in portable and embedded computer systems.

Resource-Critical - Although energy consumption has always been a crit-
ical concern for mobile computing which exhibits resource-limited and con-
straint characteristics. Limiting energy consumption in other computational
environments such as server farms - warehouse-sized buildings filled with In-
ternet service providers’ servers has also been an focus in current research on
power management [49]. It has been shown that a 25,000-square-foot server
farm with approximately 8,000 servers consumes 2 megawatts and this mag-
nitude of energy consumption either directly or indirectly accounts for 25%
of the cost for managing such facility [68]. As the Internet is growing ex-
ponentially and with the emergence of distributed computing technologies
such as Grid computing [30][43], it is important to understand the power
management concept for these architectures as they share some common
characteristics. They are designed to execute applications or tasks which are

processor-intensive, performance-critical and often acquiring high volume of
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data transfer. These characteristics are responsible for the majority of energy
consumption and the rapid development in processors and memory perfor-
mance also leads to a rapid growth in energy consumption. An example is
the growth in the chip die’s power density which has reached three times that
of a hot plate despite of the improvement of the circuit design [49]. Hence it
is important to manage energy consumption in these resource-critical com-

putational environments.

2.2 Power Management Strategies

There are many ways to analyse, optimise and manage energy consumption
in any computational environments. This chapter reviews these techniques

by spliting them into three distinct categories:

e Traditional/General Purposes
e Micro/Hardware Level

e Macro/Software Level

2.2.1 Traditional/General Purpose

Power management for computer systems has traditionally focused on regu-
lating the energy consumption in static modes such as sleep and suspend [10].

These are states or modes of a computational system which requires human
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interaction to activate/deactivate. Many power management mechanisms
are built into desktop and laptop computers through BIOS support with a
scheme called the Advanced Power Management (APM) [38] or via the oper-
ating system with an interface called the Advanced Configuration and Power

Interface (ACPI) [3].

APM is a BIOS-based system of power management for devices and
CPUs. It provides functionalities such as reducing clock speed when there
is no work to be done, which can significantly reduce the amount of energy
consumed. This means that the CPU will be slowed when idle. This is
an advantage to mobile computers as they are generally used for interactive
software and so it is expected to share a large amount of CPU idle time.
APM is configured to provide devices in these power states: ready, stand-by,

suspended, hibernation and off.

ACPI is an operating system oriented power management specification.
It is part of an initiative to implement the Operating System Power Man-
agement (OSPM) [3] which is an enhancement to allow operating systems
to interface and support ACPI-defined features such as device power man-
agement, processor power management, battery management and thermal
management. ACPI/OSPM enables computer systems to exercise moth-
erboard configuration and power management functions, using appropriate
cost/function trade offs. ACPI/OSPM replaces APM, MPS, and PnP BIOS
Specifications [2] and allows complex power management policies to be imple-

mented at an operating system level with relatively inexpensive hardware.
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Unlike APM which is solely BIOS-based, ACPI gathers information from
users applications and the underlying hardware together into the operating
system to enable better power management. ACPI also categorises different

platforms for power management and they are described as follows:

Desktop PC - these can be separated into Home PC and Ordinary “Green
PC”. Green PC is mostly used for productivity computation and therefore
requires minimal power management functions and the machine will stay in
working state all the time, whereas Home PC are computers designed for gen-
eral home purpose such as multimedia entertainment or answering a phone
call and they require more elaborate ACPI power management functionali-

ties.

Multiprocessor/Server PCs - these are specially designed server ma-
chines, used to support large-scale networking, database and communications
and require the largest ACPI hardware configuration. ACPI allows these ma-
chines to be put into Day Mode and Night Mode. During day mode, these
machines are put into working state. ACPI configures unused devices into

low-power states whenever possible.

Mobile PC - these machines require aggressive power management such
as thermal management and the embedded controller interface within the
ACPI. Thermal management is a function in which ACPI allows OSPM to
be proactive in its system cooling policies. Cooling decisions are made based
on the application load on the CPU and the thermal heuristics of the system.

Thermal management provides three cooling policies to control the thermal
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states of the hardware. It allows OSPM to actively turn on a fan. Turning
on a fan might induce heat dissipation but it cools down the processing units
without limiting system performance. It also allows OSPM to reduce the
energy consumption of devices such as throttling the processor clock. OSPM
can also shut down computational units at critical temperatures. Some mo-
bile devices which run operating systems such as Microsoft Windows CE
can also be configured to use its tailored power manager [59] which allows
users/OEMs to define any number of OS power states and does not require

them to be linearly ordered.

In observing the behaviour of a typical personal computer, both clock
speed and a spinning storage disk consume most of the consumable energy.
Therefore proper disk management also constitutes a major part in power
management [24]. ACPI provides a unified device power management func-
tion that allows OSPM to lower the energy consumption of storage disks by
putting them into sleeping states after a certain period of time. However
disk management policies in ACPI do not fulfil the requirement for current
demand for energy conscious computational components in both resource-
limited and resource-critical environments. Meanwhile some disk manage-
ment policies have been implemented to support such demand which will be

discussed in later sections.

Traditional power managements are considered to be static, application-
independent and not hardware oriented. These techniques have proved to

be insufficient when dealing with more specific computation environments
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such as distributed or pervasive environments. For example some scientific
applications might require frequent disk access and if these applications or
underlying systems are not optimised, the latencies and overheads created by
the disk entering and exiting its idle state might consume more energy than
just leaving it at working states. Therefore the following sections consider

other power managements which are more specific and dynamic.

2.2.2 Micro/Hardware Level

To devise a more elegant strategy for power management, many researchers
have dedicated their works to the reduction in energy consumption by in-
vestigating energy usage related to CPU architecture, system designs and
memory utilisation. These low-level analyses allow code optimisation and
adaptive power management policies. While the implementations of differ-
ent code optimisation techniques are discussed in section [2.2.3| under the
heading macro/application level analysis, an understanding of how an appli-
cation operates at a hardware level will enhance the ability to transform the
application source to optimise energy consumption. Three areas which are
described here are RT level and gate level analysis, instruction level analysis

and memory level analysis.

19



2.2 Power Management Strategies

2.2.2.1 RT and Gate Level Analysis

RT and gate level power analysis [74][75][50] are the lowest level of hardware
analyses in the field of power analysis. At this level, researches are more

concerned with RT and circuit level designs.

[75] presents a power analysis technique at an RT-level and an analytical
model to estimate the energy consumption in datapath and controller for a
given RT level design. This model can be used as the basis of a behavioural
level estimation tool. In the authors’ work they used the notion of FSMD
(Finite State Machine with a Datapath) as the architectural model for digital
hardware and this includes the SAT (State Action Table) which is defined

logically as follows:

vV = (1,09, ..., )
VAW = (U1, Vg, ooy Uy, W1, Wa, .y W)

t = S#CH#NS#FU#Reg#Bus#Drv
SAT = {t;}

- = —

ST = [t1,t2, ..., ty)]

SAT is used to describe the behaviour of a RT level design as distinctive
state tuples t which is a concatenation of some activity vectors V. Inside

cach V is a collection of boolean states v; € {0,1}. A set of activity vectors
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can then be used to characterise a particular state of the hardware namely
the current state vector §, the status vector é, the next state vector NS, the
function unit vector FTJ, the the register vector Rgg, the bus vector Bus
and the the bus driver vector Drv. The estimation process of the RT level
energy consumption is carried out through the use of the state trace ST,
which is also defined logically and shown above, and it represents the actual

execution scenario of the hardware.

Unlike the previous analysis technique [75] which uses FSM, in [74] the
author proposed a cycle-accurate macro-model for RT level power analy-
sis. The proposed macro-model is based on capacitance models for circuit
modules and activity profiles for data or control signals. In this technique
simulations of modules under their respective input sequences are replaced
by power macro-model equation evaluation and this is said to have faster per-
formance. The proposed macro-model predicts not only the cycle-by-cycle
energy consumption of a module, but also the moving average of energy

consumption and the energy profile of the module over time.

The authors proposed an exact power function and approximation steps
to generate the power macro-model, the workflow of generating macro-model
is described in figure[2.1. The macro-model generation procedure consists of
four major steps: variable selection, training set design, variable reduction,
and least squares fit. Other than the macro model, the authors also proposed
first-order temporal correlations and spatial correlations of up to order three

and these are considered for improving the estimation accuracy. A variable
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Exact Power Function Large Population

Order Reduction Stratified R_andom
Sampling
Variable Grouping Powermill Simulation

Initial Macro-model Training Set
Equation {(vector pair, power),...}

Sensitivity Analysis/
Variable Reduction
Least-Square Fit

Accurate
Model?

Figure 2.1: The workflow of generating a cycle-accurate macro-model [74].

reduction algorithm is designed to eliminate the insignificant variables using
a statistical sensitivity test. Population stratification is employed to increase

the model fidelity.

In [50] the author explored a selection of techniques for energy estima-
tion in VLSI circuits. These techniques are aimed at a gate-level and are
motivated by the fact that power dissipations of chip components such as
gates and cells happen during logic transitions and these dissipations are

highly dependent on the switching activity inside these circuits. The power

22



2.2 Power Management Strategies

dissipation in this work is viewed to be “input pattern-dependent”. Since
it is practically impossible to estimate power by simulating the circuit for
all possible inputs, the author introduced several probabilistic measures that

have been used to estimate energy consumption.

By introducing probabilities to solve the pattern-dependence problem,
conceptually one could avoid simulating the circuit for a large number of
patterns and then averaging the results, instead one can simply compute
from a large input pattern set the fraction of cycles in which an input signal
makes a transition and use that information to estimate how often internal
nodes transition and, consequently, the power drawn by the circuit. This
technique only requires a single run of a probabilistic analysis tool which
replaces a large number of circuit simulation runs, providing some loss of

accuracy being tolerated.

The computation of the fraction of cycles in which an input signal makes
a transition is known as a probabilistic measure and the author then intro-
duced several probabilistic techniques such as signal probability, CREST (a
probabilistic simulation using probability waveform), DENSIM (transition
density which is the average number of transitions per second at a node in
the circuit), a simple BDD (boolean decision diagram) technique and a corre-
lation coefficients technique whereby the probabilistic simulation is proposed
using correlation coefficients between steady state signal values are used as
approximations to the correlation coefficients between the intermediate signal

values. This allows spatial correlation to be handled approximately.
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2.2.2.2 Instruction Analysis and Inter-Instruction effects

Instruction analysis allows energy consumption to be analysed from the point
of view of instructions which provides an accurate way of measuring the en-
ergy consumption of an application via a model of machine-based instruc-
tions [70]. This technique has been applied to three commercial architec-
turally different processors [71]. Although it is arguable that instruction
analysis is part of application level analysis, it nevertheless helps developers

[

to gather information at a reasonably low “ architectural” level and at the

same time helps implementing any application changes based on them.

In this technique, current being drawn by the CPU during the execution
of a program is physically measured by a standard off-the-shelf, dual-slope in-
tegrating digital ammeter, a typical program, which is used in this technique,
contains several instances of the targeted instruction (instruction sequence)
in a loop. During the program’s execution, it produces a periodic current
waveform which yields a steady reading on an ammeter. Using this method-
ology, an instruction-level energy model is developed by having individual
instructions assigned with a fixed energy cost called the base energy cost.
This base cost is determined by constructing a loop with several instances of
the same instruction. The current being drawn whilst executing the loop is
then measured through a standard off the shelf, dual-slope integrating digi-
tal ammeter. The author argued that regardless of pipelining when multiple
clock cycles instructions induce stalls in some pipeline stages, the method of

deriving base energy cost per instruction remains unchanged [70]. Table
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Instruction Base Cost (mA) | Cycles
MOV DX,BX | 302.4
ADD DX,BX | 313.6
ADD DX,[BX] | 400.1
SAL BX,1 300.8
SAL BX,CL 306.5

W W N = =

Table 2.1: Subset of base cost table for a 40MHz Intel 486DX2-S Series CPU

shows a subset of the base cost table for a 40MHz Intel 486DX2-S Series
CPU, taken from [70].

Table 2.1 shows a sequence of instructions assembled from a segment of a
running program, the numbers in column 2 are the base cost in mA per clock
cycle. The overall base energy cost of an instruction is the product of the
numbers in column 2 and 3, the supply voltage and the clock period. There-
fore it is possible to calculate the average current of this section using these
base costs. However, this average current is only an estimate, to enable the
derivation of an accurate value, variations on base costs due to the different
data and address values being used during runtime have to be considered.
An examples will be an instructions using memory operands since accessing
memory incurs variation in base costs. Also mis-alignment can induce cycle

penalties and thus energy penalties [37].

When sequences of different instructions are measured, inter-instruction
effects affect the total cost of energy consumption, however this type of effect
cannot be shown in base costs calculation. Through detail analysis [70], it is
possible to observe inter-instruction effects which are caused by the switching

activity in a circuit and they are mostly functions of the present instruction
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input and the previous state of the circuit. Other inter-instruction effects
include resource constraints causing stalling which also increases the number
of cycles for instruction execution, an example of such resource constraints is
a prefetch buffer stall. The effects of memory related overhead are discussed

in the next section.

2.2.2.3 Memory Power Analysis

Apart from a processor’s energy consumption, data transfers to and from
any kind of memory also constitute a major part in the energy consumption
of an application. Some research has been carried out to cater for this type
of analysis [6][61][54]. There are six possible types of memory power models

according to [61].

1. DIMM-level estimates - a simple multiplication of number of Dual
In-line Memory Modules (DIMM) in a machine and the power per

DIMM as quoted by the vendor. Simple but prone to inaccuracy.

2. Spread Sheet Model - this method calculates energy consumption
based on current, voltage, using some simple models such as the spread-

sheet provided by Micron [40].

3. Trace-based Energy-per-operation calculation - this method is
carried out by keeping track of a trace of memory reference made by

each running workload.
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4. Trace-based Time and Utilisation calculation - such power cal-
culation is carried out by using memory traces coupled by timing in-
formation. Based on this information and memory service-time para-
meters, it is possible to produce average power values at one or more
intervals of time. With the average power over these intervals, energy

can be calculated [61].

5. Trace-driven simulation - this type of simulation tracks the activ-
ity of the various components of the memory and simulates current
drawn by using some memory power analyses. Based on the current
provided by the simulation and supplied voltage, power dissipation can

be calculated.

6. Execution-driven simulation - similar to trace-based simulation,
however, the simulation framework and the source of the memory re-
quest is different. This type of simulation is the most complex to im-

plement for energy calculation.

In general memory systems have two sources of energy loss. First, the
frequency of memory access causes dynamic losses. Second, leakage current
contributes to energy loss [49]. In general there are two areas of memory

analysis that can be described:

1. Memory Organisation - organising memory so that an access acti-
vates only parts of it can help limiting dynamic memory energy loss.

By placing a small filter cache in front of the L1 cache, even if this fil-
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ter cache only has 50% hit rate, the energy saved is half the difference
between activating the main cache and the filter cache, and this is very
significant [49]. Furthermore, the current solution for current leakage
is to shut down the memory which is impractical as memory loses state
and shutting down the memory frequently can incur both energy and
performance losses. Other architectural improvements have been to re-
organise the cache memory which is carried out to separate L1 cache
with data and instructions [11]. This technique allowed biased pro-
grams such as one which is data-intensive to run without jeopardising

the performance of the program.

. Memory Accesses - accessing memory via a medium such as a bus
is also a major factor of energy loss [49]. One way to reduce this loss is
to compress information in the address line reducing successive address
values. This type of code compression results in significant instruction-
memory savings, especially if the program stored in the system is only

decompressed on the fly during a cache miss.

A cache miss itself constitutes some degree of energy loss as each cache

miss leads to extra cycles being consumed. In [20] the author introduced

a conflict detection table, which stores the instruction and data addresses

of load/store instructions, as a way to reduce cache misses. By using this

table it is possible to determine if a cache miss is caused by a conflict with

another instruction and appropriate action can be taken. One could also

minimise cache misses by reducing memory accesses through imposing better

utilisation of registers during compilation. In [71] an experiment was carried
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out whereby optimisations were performed by hand on assembly code to
facilitate a more aggressive use of register allocation. The energy cost in
that particular experiment shows a 40% reduction in the CPU and memory
energy consumption for the optimised code, another way to enhance more
aggressive use of registers is to have larger register file, however accessing

larger register file will usually induce extra energy cost.

2.2.2.4 Disk Power Management

In terms of hardware level power analysis and in particular memory usage,
many researches have focused on power analysis and management at disk

level [24][32].

In [24], the authors identified the significant difference in the energy con-
sumption of idle and spinning disks. This is especially the case in a mobile
computational environment. The author hence proposed both online and
offline algorithms for choreographing the spinning up and down of a disk.

They are described as follows:

e OPTIMAL_OPTIMAL - The proposed offline algorithm is based on the rel-
ative costs of spinning or starting the disk up. It uses future knowledge

to spin down the disk and to spin it up again prior the next access.

e OPTIMAL_DEMAND - This is an alternative offline algorithm proposed by
the authors which assumes future knowledge of access times when de-

ciding whether to spin down the disk but it delays the first request

29



2.2 Power Management Strategies

upon spin-up.

e THRESHOLD_DEMAND - This is not originated from the authors’ proposal
but it follows the taxomonies describing the choreography of the spin-
ning up and down if a disk. This is an online algorithm which spins
down the disk after a fixed period of inactivity and spins it up upon
the next access. This approach is most commonly used in present disk

management.

e THRESHOLD_OPTIMAL - This algorithm spins down the disk after a fixed
period (similar to THRESHOLD_DEMAND hence the word THRESHOLD) and
spins it up just before the next access. The authors have pointed out
the inefficiency of this algorithm as the possibility of an immediate disk
access following a disk spin down might mean not having enough time

to spin up the disk for this access and hence causing access delay.

e PREDICTIVE_DEMAND - This algorithm uses a heuristic based on the pre-
vious access to predict the following disk spin down whereas spin-up is
performed upon the next access which is similar to THRESHOLD_DEMAND’s

spin up policy.

e PREDICTIVE_PREDICTIVE This algorithm uses a heuristic based on the
previous access to predict the following disk spin down as proposed in

PREDICTIVE_DEMAND and also uses heuristics to predict the next spin

up.

Conversely, in [32][31], the authors looked at disk energy consumption

of servers in high performance settings. As the authors explained that the
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increasing concern of servers’ energy consumption is based on the growth of
business enterprises such as those providing data-centric services which use
components such as file servers and Web portals. They then further explained
a new approach which uses a dynamic rotation per minute (DRPM) approach
to control the speed in server disk array as they believed the majority of
energy expenditure comes from input/output subsystems and the DPRM
technique can provide significant savings in I/O system energy consumption
without reducing performance. The proposed technique dynamically mod-
ulates the hard-disk rotation speed so that the disk can service request at
different RPMs. Whilst the traditional power management (TPM) which
targets on single-disk applicational usage such as laptops and desktops, it is
difficult to apply TPM to servers. A characteristic of servers which makes
TPM unsuitable is when server workloads create continuous request stream
and it must be serviced. This is very different to the relatively intermittent

activities which characterises the interactiveness of desktops and laptops.

The advantage of this technique is that dynamically modulating the disk’s
RPM can reduce the energy consumption the spindle motor causes. Using
DRPM exploits much shorter idle periods than TPM can handle and also
permits servicing requests at a lower speed, allowing greater flexibilities in
choosing operating points for a desired performance or energy level. DRPM
can also help strike the balance between performance and power tradeoffs
while recognising that disk requests in server workloads can present relatively

shorter idle times.
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2.2.3 Macro/Application Level Analysis

Dynamic power management refers to power management schemes imple-
mented while programs are running. Recent advance in process design tech-
niques has led to the development of systems that support very dynamic
power management strategies based on voltage and frequency scaling [10].
While power management at runtime can reduce energy loss at the hardware
level, energy-efficiency of the overall system depends heavily on software de-
sign [9]. The following describes recent researches which focus on source code
transformations and optimisations [18][67][56], and energy-conscious compi-

lations [63].

2.2.3.1 Source Code optimisation/transformation

These techniques are carried out at the source code level before compilation

takes place. In this section several techniques are studied.

Optimisation using Symbolic Algebra - In [56] the author proposed
a new methodology based on symbolic manipulation of polynomials, and a
energy profiling technique which reduces manual interventions. A set of tech-
niques has been documented in [58] for algorithmic-level hardware synthesis
and these are combined with energy profiling, floating-point to fixed-point
data conversion, and polynomial approximation to achieve optimisation. The
use of the energy profiler allows energy hot spots of a particular section of

code to be identified, these sections are then optimised by using complex
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algorithmic functions. Note it is necessary for source code to be converted
into polynomial representation when applying symbolic algebra techniques.
Although this work has been proposed for embedded software, the techniques
used can also be applied in a wider spectrum. Currently this work has been

applied to the implementation of a MPEG Layer III (mp3) audio decoder [56].

Optimisation based on profiling - this type of source code optimisation
is carried out by using some profiling tools. This type of optimisations is gen-
erally applied at three levels of abstraction, they are algorithmic, data and
instruction-level [67]. The profiler utilises a cyclic accurate energy consump-
tion simulator [66] and relates the energy consumption and performance of
the underlying hardware to the given source code. This approach of using
layer abstraction in optimisation allows developers to focus first on a very
abstract view of the problem, and then move down in the abstraction and
perform optimisation at a narrower scope. It also permits concurrent opti-
misation at different layer. Similar to [56], this type of optimisation has been

applied to the implementation of a mp3 audio decoder [67].

Software Cost Analysis - while developers can potentially implement a
selection of algorithms that are energy conscious [67], it is difficult to auto-
mate the transition process and in many cases its effect highly depends on
the developer’s preferences. Similarly, although instruction-level optimisa-
tion can be automated, it is often strongly tied to a given target architecture.
In contrast, source code transformation, which is carried out by restructur-

ing source code, can be automated [7] and this type of optimisations is often
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independent of any underlying architecture. However, source code restruc-
turing can be problematic during the estimation of the energy saving in a
given transformation. One solution to this is to compile the restructured code
and execute it on a target hardware to measure its energy savings. Never-
theless, as this method is proved to be inefficient, in [18] a more abstract and
computationally-efficient energy estimation model is used, the author applied
this technique into two well-known transformation methods - loop unrolling
where it aims at reducing the number of processor cycles by eliminating loop
overheads, and loop blocking where it breaks large arrays into several pieces

and reuses each one without self interference.

2.2.3.2 Energy-conscious Compilation

In [63] the author proposed two compiler-directed energy optimisation strate-
gies based on voltage scaling. They are static and dynamic voltage scaling
respectively. This work aims at reducing energy consumption of a given
code without increasing its execution time. In static voltage scaling, a single
supply voltage level is determined by the compiler for the entire program.
While static voltage scaling is not as effective as dynamic voltage scaling, this
strategy converts the performance slack created by compiler optimisations to
energy benefit. Conversely, dynamic voltage scaling allows different voltage
supply levels to be set for different section of a given program code. This
compilation technique is based on integer linear programming and so it also

cater for the requirement of both energy and performance constraints.
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The idea of voltage scaling came about when studying the energy con-
sumption of CMOS circuits. Their energy consumption is proportional to
KCV?, where K is the switching rate, C is the capacitance and V is the
supply voltage [17], this quadratic relationship between the supply voltage
and energy consumption inspires the need to reduce the supply voltage. Much
research has been carried to take advantage of this relationship to reduce en-
ergy consumption and many techniques such as transistor sizing, threshold
voltage reduction have been developed [55][45]. While these techniques can
reduce energy consumption, by reducing voltage supply, execution time could

be increased [63].

2.3 Summary

This chapter documented a selection of the current research in the area of
power management, power-awareness in computational environments and
source code cost analyses. Techniques for power management and cost analy-
ses usually fall under one of three categories (Traditional and General Pur-
poses, Micro and Hardware Level, Macro and Software Level) and this chap-
ter described a number of tools that are associated with each of these cate-
gories. Of particular interest is the movement from low-level hardware power
management such as reducing cache misses [20] to high-level source code

transformation [56][18][67].

It is important to notice power-aware computing such as energy conscious-
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ness is no longer restricted to areas of mobile computing or energy-limited
computational environments but is gradually moving towards the areas of
resource-critical computational environments such as parallel and distributed
computational environments, and the Grid [30][43] where energy consump-
tion has become a major factor to running cost [68]. Therefore to ensure a
low computational running cost, it is essential to develop new approaches to
predict an application’s energy consumption at a source code level and to

include this as a metric when building performance models.
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Chapter 3

Power Analysis and Prediction

Techniques

3.1 Introduction

Whilst current research has produced a bank of techniques on power analysis
which are either software or hardware focused, they share some common

shortcomings:

Current techniques’ insufficiencies - The review of current power analy-
sis methodologies in chapter [2 suggests some important areas, which are
concerned with the development of designing a well-formed power analysis
strategy, that still need to be addressed. In particular, the majority of analy-

sis techniques that are currently available either require the analysers to have
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specific knowledge such as the low-level machine code or require the use of
specialised equipment. This technical knowledge and specialised equipments
might not be available during power analysis and such dependencies will
only hinder the flexibility of the analysis methodology. Furthermore, current
methodologies such as instruction level analysis [71] over emphasise the mea-
surement of absolute energy consumption. In the case of [71] analysers must
acquire the absolute measurement of the current drawn for every machine
instruction and this can undermine the usefulness of the analysis technique

itself.

In modern performance and cost analysis, there are three types of evalu-
ation techniques: analytical modelling, simulation and measurement. These
techniques offer different levels of accuracy, in particular, analytical modelling
requires so many simplifications and assumptions that high level accuracy is
not essential [39]. Unfortunately since current power analysis techniques sep-
arate themselves from the general performance evaluation domain, they lack
the ability to abstract the technicality of both target machine architectures
and target applications. To develop a well-formed power analysis strategy
means that such strategy should possess the flexibility similar to the ones in
the performance domain, so that level of accuracy can be varied and mea-

surement values can be relative.

Performance incompatibility - The current power analysis methodologies
are simply not compatible with the current advance in performance evalua-

tion and optimisation. Techniques which have been reviewed either neglect
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performance efficiency or isolate energy consumption from other performance
metrics such as execution time or memory utilisation. It is believed that
electrical energy is a major cost when running some large scale applications
and the cost of dissipating tens or potentially hundreds of megawatts is pro-
hibitive. This means during an overall cost analysis on performance measure,
energy consumption should be taken into account and should eventually be

integrated into performance characterisation and evaluation.

No standard characterisation model - To compensate for the shortcom-
ings of current power analysis strategies, a standard model is needed for
power analysis and it should allow applications to be systematically or hier-
archically optimised for energy consumption. As applications in recent years
are moving toward execution environments which are heterogeneous, distrib-
uted and even ubiquitous [16], without a standard model that can categorise
and characterise the energy usage of application’s workload generically, cur-
rent power analysis techniques will prove to be too inefficient and impractical.
Also by using an analytical model, it allows measurements to be based on a

hierarchical framework of relativity.

Following on from the weaknesses mentioned above, the proposed method-
ologies are aimed at developers without expertise in technical areas such as
low-level machine code and without specialised equipment to carry out energy
measurements. During the preliminary stages of this research we propose an
application-level power analysis and prediction technique which adopts the

performance evaluation framework and techniques developed by the High
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Performance Systems Group [35] at the University of Warwick. Furthermore
this chapter introduces a theoretical concept to construct a power classifica-
tion model based on benchmark workloads. This model allows a more rel-
ative energy consumption prediction of an application, although this model
has not yet been fully implemented, some insights in choosing the relevant

characterisation units have been established.

3.2 Application-level Power Analysis and Pre-

diction

This analysis methodology is inspired by the Performance Analysis and Char-
acterisation Environment (PACE), a state-of-the-art performance evaluation
framework developed by the High Performance Systems Group at the Uni-
versity of Warwick [53]. In particular the proposed technique adopts the C
Application Characterisation Tool (capp) and the theory of the PACE re-
source modelling technique [53] [29]. The detail of this framework is briefly

explained below.

3.2.1 The PACE Framework

The motivation to develop PACE is to provide quantitative data concern-
ing the performance of sophisticated applications running on high perfor-

mance systems [14]. The framework of PACE is a methodology based on
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a layered approach that separates the software and hardware systems com-
ponents through the use of a parallelisation template. This is a modular
approach that leads to readily reusable models, which can be interchanged

for experimental analysis.

The core component of PACE is a performance specification language,
CHIP3S (Characterisation Instrumentation for Performance Prediction of
Parallel Systems) [52] [14]. This language is used to create performance
model containing a number of analytical models that describe the performance-
critical elements of the application’s computational and inter-resource per-
formance. CHIP3S, which has similar syntax to C, makes it simpler for
developers to describe their application’s performance and create analyti-
cal performance models, without the requirement of detailed knowledge of

performance evaluation.

CHIP3S employs a layered approach to performance characterisation,
with each layer characterising a specific element of a parallel application
as shown in figure3.1. When developing a performance model, each script is
associated with a specific layer within the framework in order to characterise
a specific performance-critical element of the application. These scripts im-
plement a defined object interface for each layer, providing a framework to

enable the re-usability of performance objects.

CHIP3S characterises applications as a control flow of synchronous micro-
blocks of either computational/inter-platform communication. Each block is

defined within a parallel template by a step declaration that states either
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{Model Parameters}
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Figure 3.1: A layered methodology for application characterisation

the source, destination and size of a specific communication type or a refer-
ence to a characterised section of computation (declared within the subtask
that is associated with this template). This control flow of blocks within
a template characterises the parallelisation strategy of the subtask, that is
how this computation is spread among the available resources. The complete
performance model is a control flow of these subtasks. Each subtask, and
in turn each synchronous micro-block, is evaluated as declared within this

control flow model.

While the CHIP3S language is the core component of PACE, the PACE
framework as a whole is a combination of this language and a number of
application and hardware tools. The PACE toolkit contains a characterisa-
tion tool called capp [29], which automates the more time-consuming areas

of performance model development, a number of hardware benchmarks to
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obtain timings for a platform’s computational and communication perfor-
mance, an analytical methodology for cache performance prediction [33] and
an evaluation engine that analytically calculates predictive traces of PACE

performance models.

The following is a brief description of the four layers shown in figure 3.1.
with an example of a performance object, written in CHIP3S, that is associ-
ated within each layer given for clarification. Each object is taken from the
characterised performance model of a simple matrix multiplication algorithm,

the source code of which is shown in listing 3.4.

static int **a,*xc,*x*b;
static void multiply() {
int i,3,k;
for (i=0; i < 7000; i++)
for (k=0; k < 7000; k++)
for (j=0; j < 7000; j++) cl[il[j] += alil [k1*b[k][j];

Listing 3.4: A C implementation of matrix multiplication algorithm multi-
plying two 7000x7000 square matrices

3.2.1.1 Application Object

A performance model uses an application object to act as an entry-point
to the model’s evaluation. Each application object declares the model’s pa-
rameters, the platform that the model is to be evaluated upon, and the

control flow of subtasks within the model. An example application object
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file multiply_app.la, taken from the characterised matrix multiplication

algorithm’s performance model, is shown in listing [3.5.

application multiply_app {
include hardware;
include mmult;

link {
hardware: Nproc = 1;
b
option {
hrduse = "IntelPIV2800";
}

proc exec init { call multiply_stask; }

Listing 3.5: multiply_app.la - The application object of the matrix multi-
plication algorithm’s PACE performance characterisation

Note that because this application is being modelled to be executed on
a single processor, therefore in this example the Nproc variable within the
hardware object is set to 1 (line 5) to indicate a sequential evaluation on one
processor. The Nproc variable within the hardware object is a 1ink decla-
ration and it specifies the number of processors. This type of declarations
allows variables, or references to computation, to be initialised within other
performance objects before their evaluation. This declaration mechanism
also enables the passing of parameters within a model in order to control the

evaluation.

Another variable hrduse is set to a string value, valid in the application

and subtask objects. It controls the hardware model selection and must be
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defined somewhere within the performance model. This variable is part of
the option declarations, currently there are three options available within
the CHIP3S language [36]. In this example, the hrduse option (line 8) is set
to IntelPIV2800 in order to evaluate this model with the Intel Pentium IV

2.8GHz hardware characterisation.

1 subtask multiply_stask {

2 include async;

3 link { async: Tx = multiply(O; }
1 proc cflow multiply {

5 compute <is clc, FCAL, SILL>;

6 loop (<is clc, LFOR>, 7000) {

7 compute <is clc, CMLL, SILL>;

8 loop (<is clc, LFOR>, 7000) {

9 compute <is clc, CMLL, SILL>;
10 loop (<is clc, LFOR>, 7000) {
11 compute <is clc, CMLL, 3*%ARL2, MILG, AILG, TILG, INLL>;
12 }

13 compute <is clc, INLL>;

14 }

15 compute <is clc, INLL>;

16 }

17 }

18 }

Listing 3.6: multiply_stask.la - The subtask object of the matrix multi-
plication algorithm’s PACE performance characterisation

To provide an entry point for application object to the model’s entire
evaluation, the declaration proc exec is used. They are generally used for
defining control flow within performance characterisations. All application,
subtask and parallel template objects must have one proc exec declaration

called init that is evaluated at the start of the object’s evaluation, and can
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be used either to initialise any variable declarations defined or evaluate other
performance objects. This example declares one init proc exec declaration

that evaluates the multiply_stask subtask object (line 10).

3.2.1.2 Subtask Object

A subtask object characterises an element of sequential computation. Apart
from declarations common to the application object there is the proc cflow
declarations that characterise computational performance. Listing (3.6 shows
an example subtask object file multiply_stask.la, taken from the charac-

terised matrix multiplication algorithm’s performance model.

Other than the include declaration which references the async parallel
template object, and is used to characterise a sequential parallelisation strat-
egy, and the generic hardware object, there is also the variable Tx within the
async parallel template object which is referenced to the evaluated execu-
tion time of the multiply proc cflow declaration. This declaration is the
CHIP3S characterisation of the original multiply method within the algo-
rithm’s source code. Currently control flow sequences of an application can be
obtained by using capp (The C Characterisation Tool). Each of the control
flow sequences contains a number of elementary operations. These elemen-
tary operations are modelled by characterisations and include events such as
floating point multiplies, memory accesses and MPI communications. Costs
of these operations are archived in the hardware model of the underlying plat-

form. Details of this model are discussed in section [3.2.2.1l capp is a tool
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that automates the construction of proc cflow statements within subtasks
by characterising the performance of an application’s C source code. Au-
tomating these characterisations greatly reduces the time required for PACE
performance model development, as well as ensuring that no mistakes are
made within these declarations. For this reason, capp was used in this ex-
ample to characterise the matrix multiplication algorithm multiply methods.
proc cflow characterisations can contain any number of four statements

that capture the method’s performance:

e Compute: This calculates the execution time of a list of instructions
that is given to the statement as parameters. For example, line 13
computes the execution time of the clc instruction INLL. To calculate
this, the parallel template that is evaluating this cflow looks up the
value associated with the INLL instruction in the hardware object being
used for the current evaluation. This value is then added to the total
predicted execution time for the current cflow. A more complicated list
of machine instructions can also be passed to the compute statement,

such as that shown at line 11.

e Loop: The Loop statement is a CHIP3S characterisation of an iterative
statement (for, while and so on) that is present in the original appli-
cation. The loop count of this iterative statement is characterised by
the statement’s second parameter. This variable may be a constant de-
fined previously in the subtask (7000 in the case of the loop statement
in line 6,8 and 10), or an expression that relates to a number of model

parameters that have been passed from the model’s application object.
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e Case: The case statement is a CHIP3S characterisation of a condi-
tional statement (if, switch and so on) that is present in the origi-
nal application. This statement can define a number of performance
characterisations which are evaluated according to their probability of

execution.

e Call: The call statement evaluates another proc cflow statement,
adding the predicted execution time of that statement to the total

predicted execution time for the current cflow.

There are currently three methods to specify loop counts and case prob-

abilities while using capp:

#pragma capp If 0.5
if(x <y) {

#pragma capp Loop y_size
for(y = 0; y < y_size; y++) {

Listing 3.7: An example showing how to utilise the pragma statement for
loop counts and case probabilities definitions

e Enter values when prompted by line number.

e Embed values in the source file itself. This is done using pragma state-
ments. loop or case statements should have a pragma statement on

the line immediately preceding them. The syntax is as follows: pragma
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capp TYPE STRING, listing(3.7 shows some examples of embedding val-

ues into source codes.

e Provide a separate file containing all values, indexed by line number
with the syntax LINE-NUMBER: TYPE: STRING with TYPE and STRING de-
fined as for pragma statements. For example: 42:Loop:y_size. The
main problem with this method of specifying values is that if the source
file changes, any line numbers in the probability file will no longer be

correct. For this reason, using pragma statements is usually preferable.

3.2.1.3 Parallel Template Object

partmp async {
var compute: Tx;
option { nstage = 1, seval = 0; }
proc exec init {
step cpu {
confdev Tx;

b

Listing 3.8: async.la - The parallel template object of the matrix multipli-
cation algorithm’s PACE performance characterisation.

A parallel template object consists of a control flow of a number of syn-
chronous micro-blocks that characterise the parallelisation strategy of its
associated subtask object. KEach block can either contain a specific com-

munication paradigm (defined by the source and destination platforms and
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the size of the communication) or a computation that is evaluated on all
the available resources (the performance of which is characterised by a proc
cflow declaration within the subtask). A single micro-block is characterised

within CHIP3S by a step declaration.

The matrix multiplication algorithm is sequential and so a simple parallel
template that characterises the execution of the algorithm’s subtask on all
the resources is used within the algorithm’s performance model. This parallel

template object file async.1la is shown in listing [3.8.

3.2.1.4 Hardware Object

A hardware object characterises the computational and inter-resource com-
munication performance of the underlying platform. CHIP3S characterises
a method’s performance as a control flow of machine-code instructions, and
the hardware object contains benchmarked timings for each of these instruc-
tions. During evaluation, timings for these instructions are located within
the specified hardware object and used to calculate the model’s predicted
performance. It is important to accurately measure these timings if accu-
rate predictive evaluations are to be achieved. An excerpt of an example
hardware object, for the IntelPIV2800 hardware object defined within the

matrix multiplication algorithm’s characterisation, is shown in listing [3.9.

By using the objects such as those defined in listings and

which are stored as .1a files, an executable application model can be created
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for the underlying resource specified by the hardware object as shown in
listing [3.9 by compiling these object files using the chip3s tool. This tool
generates some intermediate C codes which are then compiled into object
files. These object files are linked together with the CHIP3S runtime into an
executable. The building process is represented by the Makefile which is
shown in listing

config IntelPIV2800 {
hardware {
Tclk = 1 / 2800,
Desc "Intel Pentium IV/2.8GHz, Linux 2.6",
Source = "ip-115-69-dhcp.dcs.warwick.ac.uk";

(* C Operation Benchmark Program $Revision: 1.1 $
Timer overhead 2.82759000 *)

10

12

13

14

15

16

17

18

19

20

21

22

cle {

SISL = 0.000644827,
SISG = 0.000638161,
SILL = 0.000643161,
SILG = 0.000649827,
SFSL = 0.000608161,
SFSG = 0.000634827,
SFDL = 0.00120649,
SFDG = 0.00125149,
SCHL = 0.000634827,
SCHG = 0.000634827,
TISL = 0.0125282,

Listing 3.9: An excerpt of the IntelPIV2800.hmcl hardware object that
characterises the performance of a Pentium IV 2.8GHz processor.
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all: multiply

multiply: multiply_app.o multiply_stask.o async.o
chip3sld -o $@ $°

%h.oo: %h.la
chip3s -o $0 $<

Listing 3.10: The Makefile for building layer objects into runtime exeutable.

3.2.2 Moving Toward Power Awareness

Section|3.2.1ldescribed one of the most comprehensive performance modelling
framework in parallel and distributed computing and this thesis documents
a novel technique of power analysis that utilises some of this framework’s
foundations, namely the C Characterisation Tool (capp), the C Operation
Benchmark Program (bench) and Hardware Modelling and Configuration
Language (HMCL). The proposed application-level power analysis concept it-
self is not only a branch of study on energy consciousness and power aware
computing, but it can also be implemented to extend the described perfor-
mance modelling framework for a more unified cost analysis system. This
section supplies more detail descriptions of the PACE components mentioned
above, and also gives an overview of the approach to develop a tool suite for

the proposed power analysis methodology.
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3.2.2.1 HMCL: Hardware Modelling and Configuration Language

#define BENCH_STORE(op_name, op, limit, ovrhd)
do {

long __i, __j;

double told, tnew;

assert (limit % BLOCK == 0);

startstats (#op_name) ;

for(__i = 0; __i < REPEAT; __i++)

{
double opertime;
told = BTimer();
for(__j = 0; __j < limit / BLOCK; __j++) {

MULBLX (op)
}
tnew = BTimer();
opertime = ((TimeSub(tnew, told) - mtimerov)
/ (double)limit);

stats(opertime) ;

}

outputstats(ovrhd, &op_name ## time);

} while(0)

void AILL(void)

{

long a, b, c;

b = 32000000;

c = 43000000;

BENCH_STORE(AILL, a=b+c, LIMIT3, SILLtime);
}

Listing 3.11: An excerpt of the C Operation Benchmark Program written
to create instantaneous measurement of C elementary operations, showing
one of the benchmarking macro and the implementation of the clc AILL
benchmarking method

93
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HMCL is the language syntax allowing the PACE framework to define
the performance of the underlying hardware [51]. In this thesis, the primary
programming language studied is the C programming language. Here the
C Operation Benchmark Program - bench is used to create instantaneous
measurement of C elementary operations, listing [3.11 shows an excerpt of
this program depicting a benchmarking macro and an implementation of the
clc AILL ' benchmarking method. This benchmark program measures a
number of computation micro-benchmarks, each corresponds to one C lan-
guage operation (clc). Each clc cflow operation is represented by a four-
character code and each proc cflow of a substask object contains statements
of cflow procedures as shown in listing [3.6. Each procedure is associated
with a processor resource usage vector (PRUV) [53]. The PRUV can take var-
ious forms ranging from low level operation count (e.g. CPU cycles, memory
references) up to high level descriptions (e.g. number of floating point oper-
ations). By combining the PRUVs with the resource model of the hardware
it is possible to predict the execution time of each software component. A
resource usage vector is associated with each statement that represents the
control flow of the application and these statements can be compute, loop,

case and call which have been described during the discussion of subtask

object in section 3.2.1.2.

To include the present resource model with energy consumption met-
rics, a new power-benchmarked hardware object is developed. Listing

shows an excerpt of the newly developed power-benchmarked hardware ob-

ladd operation between two variables type long
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ject (cmodel) which uses comma separated values (csv) format to organise
resource modelling data. Table 3.1/ shows a tabulated view of the excerpt
where opcode is the name of each clc, power is the average power dissipa-
tion of the corresponding clc measured in W, totpower6,totpower3 and
energy are the energy consumption of the corresponding clc measured in
W s, Wms and J respectively, and overhead is the overhead clc of the cor-
responding clc due to benchmarking implementation such as initialisations

or variables assignments.

opcode,time,power,totpower6,totpower3, energy,overhead
ATSL,0.0133633,0.04,0.000534532,5.34532e-07,5.34532e-10,SISL
AISG,0.000118333,0.02,2.36666e-06,2.36666e-09,2.36666e-12,SISG
ATLL,9.5e-05,0.01,9.5e-07,9.5e-10,9.5e-13,SILL
ATLG,9e-05,3.09,0.0002781,2.781e-07,2.781e-10,SILG
AFSL,0.000241321,0.03,7.23963e-06,7.23963e-09,7.23963e-12,SFSL
ACHL,0.000118333,0.02,2.36666e-06,2.36666e-09,2.36666e-12,SCHL
ACHG,0.00011,0.02,2.2e-06,2.2e-09,2.2e-12,SCHG
INSL,0.00190965,0.03,5.72895e-05,5.72895e-08,5.72895e-11,SISL
INSG,0.00189632,0.03,5.68896e-05,5.68896e-08,5.68896e-11,SISG
INLL,0.00146132,0.03,4.38396e-05,4.38396e-08,4.3839%6e-11,SILL

Listing 3.12: An excerpt of the newly developed power-benchmarked hard-
ware object which uses comma separated values (csv) format to organise
resource modelling data.

One difficulty of transitioning from PACE’s resource model to the new
cmodel is the inclusion of energy overhead. Time overhead can be sim-
ply coded in the C Operation Benchmark Program which can be seen in
listing [3.11 and be included when calculating the execution time of each

clc, this is because execution time can be measured within the experimental
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opcode | time power | totpower6 | totpower3 | energy overhead
AISL 0.0133633 0.04 0.000534532 | 5.34532e-07 | 5.34532e-10 | SISL
AISG 0.000118333 | 0.02 2.36666e-06 | 2.36666e-09 | 2.36666e-12 | SISG
AILL 9.5e-05 0.01 9.5e-07 9.5e-10 9.5e-13 SILL
AILG 9e-05 3.09 0.0002781 2.781e-07 2.781e-10 SILG
AFSL 0.000241321 | 0.03 7.23963e-06 | 7.23963e-09 | 7.23963e-12 | SFSL
ACHL | 0.000118333 | 0.02 2.36666e-06 | 2.36666e-09 | 2.36666e-12 | SCHL
ACHG | 0.00011 0.02 2.2e-06 2.2e-09 2.2e-12 SCHG
INSL 0.00190965 | 0.03 5.72895e-05 | 5.72895e-08 | 5.72895e-11 | SISL
INSG 0.00189632 | 0.03 5.68896e-05 | 5.68896e-08 | 5.68896e-11 | SISG
INLL 0.00146132 | 0.03 4.38396e-05 | 4.38396e-08 | 4.38396e-11 | SILL

Table 3.1: A tabular view of the cmodel excerpt shown in listing[3.12.

platform using internal C functions such as gettimeofday(). However, the
digital power measurement technique described in the thesis, which is also
used in the case study described in chapter [1, records instantaneous power
dissipation through an external digital power meter and its recordings are fed
into a data collection workstation, hence it is impossible to include overheads
dynamically into the benchmark measurements. Also equation (1.1 described
in chapter [1is used to calculate the energy consumption of individual clcs,
and this means time overheads have to be included as part of the actual ex-
ecution time of the operation being benchmarked. This has been an issue in
both power analysis techniques described in this chapter. This is also one of
the factors which contribute to the inaccuracies of the measurements, these

factors are described in more detail in section [3.3.4]
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3.2 Application-level Power Analysis and Prediction

3.2.2.2 Control Flow Procedures and Subtask Objects

Showing parse tree 0x95235b8:
10,0 TN_TRANS_LIST node 0x95235b8:

1,0 Leaf node 0x9522758: Type static
1,13 Leaf node 0x9522848: Identifier a

1,17 Leaf node 0x9522910: Identifier c
Right Child 0x9522a28:

Right Child 0x95229d8:
1,21 Leaf node 0x95229d8: Identifier b

2,0 Leaf node 0x9522a50: Type static

3,6 Leaf node 0x9522bb8: Identifier i
Right Child 0x9522c30:
3,8 Leaf node 0x9522c30: Identifier j
Right Child 0x9522c80:
3,10 Leaf node 0x9522c80: Identifier k
Right Child 0x9522e38:

Listing 3.13: An excerpt of the parse tree generated by parsing the code
shown in listing 3.4.

As mentioned in the above sections, the main programming language un-
der investigation is C and the application-level characterisation technique
documented in this thesis adopts the C cpplication characterisation tool

capp for constructing control flow (cflow) definitions which defines the con-
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3.2 Application-level Power Analysis and Prediction

trol flow of C language operations clc composition of the selected source
code. capp uses ctree which is a C Tree Parser package created by Shaun
Flisakowski [28] and it generates a parse tree. Listing[3.13 is an excerpt of
the parse tree generated by parsing the code shown in listing 3.4. capp uses
this parse tree to translate original source code into control flow procedure

proc cflow, an example of which is already shown in listing

3.2.2.3 Trace Simulation and Prediction

Unlike PACE which produces the application execution model by using the
chip3s compiler, this thesis documents a divergence and proposes a more
dynamic set of tools known as PSim - Power Trace Simulation and Charac-
terisation Tools Suite. PSim is written in Java for its platform independence,
in particular it combines the strength of Java JFC/Swing to create an user in-
terface to give simulation capability for performance analysts and application
developers to visually examine both measured trace results and application

prediction analyses. Chapter |4 describes the details of PSim.
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3.3 Power Analysis by Performance Bench-

marking and Modelling

Through binding the concept of characterisation and performance modelling [53],
an attempt has been made to express a power classification model to en-
hance the understanding of energy consumption at a high level abstraction.
It utilises benchmark workloads as nodes of the model and they represent
a certain construct or pattern of programming. Applications can then be
characterised or sectioned by these constructs or patterns, and they can be
matched by the corresponding nodes of the model and hence be able to obtain

a relative prediction of the application’s energy consumption.

The current construction of the classification model adopts both the ker-
nel and large-scale applications benchmarks from the Java Grande Bench-
mark Suite as elementary units of workloads, this selection of benchmark
workloads is chosen to cater for the diversity of applications running across
different hardware platforms. Whilst both kernel and large-scale applications
sections of the Java Grande Benchmark Suites [13], which has been trans-
lated into C programming languagé, has been chosen as the preliminary
guideline for workload selections, to complete the classification model, the
benchmark workloads for low-level operations in the benchmark suites have
been manually translated into C. These workloads, each representing a node,

form a connected graph as the basic model which can act as a blueprint for

2The translation was designed to allow comparison of the sequential benchmarks with
equivalent code written in C and Fortran [12].
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3.3 Power Analysis by Performance Benchmarking and Modelling

constructing instants of classification models. Sections [3.3.1 and [3.3.2] dis-

sect the fundamentals of performance benchmarking and describes the Java
Grande Benchmark Suite. Section describes the method used to mea-
sure the energy consumption of the C translated subset of the Benchmark
Suite and illustrates excerpts of the benchmark implementation, this sec-
tion also briefly explains the use of the classification model. Section
discusses the issues and areas of interest in the development of this power

analysis and modelling technique.

3.3.1 Performance Benchmarking

The idea of performance benchmarking is not new and there has been much
research work dedicated to performance analysis for serial applications run-
ning on a single hardware specification [22]|, multiple parallelised hardware

configurations [53] and heterogeneous distributed platform environments [72][53].

A benchmark is a workload used in the measurement of the process of per-
formance comparison for two or more systems. Many non-profit organisations
have developed numerous benchmarks of which each benchmark is executed
on a range of differently-performing platforms and execution environments,
in order to facilitate a performance-based comparison of these workloads on
different architectures. Benchmarks tend to be developed in suites, repre-
senting multiple workloads that characterise a set of similar computational
functionality. Benchmarking suites including a hierarchy of benchmarks that

attempt to identify the performance of varying aspects of a computing sys-
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tem [4][34]. SPEC [21] have developed a wide range of benchmarks which
originally stresses the CPU, Floating Point Unit and to some extent the
memory subsystem, the organisation later developed benchmarks for graphi-
cal applications, workloads for high-performance applications, including Java
JVM workloads, client/server workloads, and even mail server benchmarks.
A large number of benchmarks are implemented to measure the performance
of a range of mathematical kernels, in order to facilitate comparison between
these kernel algorithms and their performances on a range of platforms.
These include, most notably, the LINPACK benchmarks for basic algebra
computations [23] and the NAS parallel benchmarks [8]. These benchmarks
have also been used to benchmark the performance of MPI-based mathe-
matical kernels, including Java Grande [13], which is the primary benchmark

suites to be explored in next section.

3.3.2 Java Grande Benchmark Suite

To bring power analysis into a high level abstraction and in tune with high
performance computing, a set of well known performance benchmarks has
been used. Over the past decade many performance benchmarks have been
implemented for large scale applications, in particular focus has been put
onto Java [13]. The Java Grande benchmark suite documented in [13] is a
popular resource within the high-performance community for evaluating the
performance of Java-based scientific applications. These benchmarks adopt

the hierarchical structure of the GENESIS Benchmark [4] which included
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3.3 Power Analysis by Performance Benchmarking and Modelling

low-level operations, kernels and large scale applications sections. During
the development stage of the benchmark suite a subset of benchmarks has
been rewritten in C and FORTRAN to allow inter-language comparisons [12].
The C implementation of the benchmark suite has been adopted due to the
nature of C being able to interact with memory, devices and processors di-
rectly. Whereas the language comparison benchmark suite in C is divided
into kernels’ and large-scale applications’ sections, for the completeness of
constructing the power classification model, the section for elementary oper-
ations has also been translated from Java into C. Below is a brief outline of

the operations of individual benchmarks.

3.3.2.1 Elementary Operations

Elementary operation benchmarks are designed to test the performance of
the low-level operations such as addition using type float or looping and
indivisible operations such as I/O request or memory allocation, which will
ultimately determine the performance of real applications running under the
target platform. These benchmarks are designed to run for a fixed period of
time: the number of operations executed in that time is recorded, and the

performance reported as operations/second.
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3.3 Power Analysis by Performance Benchmarking and Modelling

void ArithAddInt() {
size = INITSIZE;
il=1; i2=-2; 13=3; i4=-4;
while (size < MAXSIZE){
for (i=0; i<size; i++){
i2+=i1;
i3+=i2;

i3+=12;
i4+=1i3;
il+=i4;
}
size *=2;
}
}

Listing 3.14: An excerpt of arith.c showing the integer add benchmark
method.

1. Arith measures the performance of arithmetic operations (add, multi-
ply and divide) on the primitive data types int, long, float and double.
Performance units are adds, multiplies or divides per second. List-
ing [3.14 is an excerpt of arith.c showing the integer add benchmark

method.

2. Assign measures the cost of assigning to different types of variable.
The variables may be scalars or array elements, and may be local vari-
ables, global variables or pointer variables. Performance units are as-

signments per second.

3. Memory This benchmark tests the performance of allocating and free-

ing physical memory. Memory sizes are allocated for arrays, matrices
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(pointer to an array) of different data type and of different sizes. Per-

formance units are allocations per second.

4. Loop measures loop overheads, for a simple for loop, a reverse for loop

and a while loop. Performance units are iterations per second.

5. Method determines the cost of a method call. The methods can be
of no arguments, taking basic data type such as int as arguments or
taking complex data type such as a pointer or a pointer pointing to a

pointer. Performance units are calls per second.

6. Serial measures the performance of serialisation, both writing and
reading of a dataset to and from a file. The types of dataset tested
are arrays, matrices and binary data. Performance units are bytes per

second.

3.3.2.2 Kernels Section

A kernel is generalisation of some instruction mix. In some specialised ap-
plications, one can identify a set of common operations, for example matrix
inversion. Different processors can then be compared on the basis of their
performances on these kernel operations. Some of the commonly used ker-
nels are Sieve, Puzzle, Tree Searching, Ackerman’s Function, Matrix Inver-
sion, and Sorting. However, unlike instruction mixes, most kernels are not
based on actual measurements of systems. Rather, they became popular af-

ter being used by a number of researchers trying to compare their processors’
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3.3 Power Analysis by Performance Benchmarking and Modelling

architecture. The following kernel benchmarks are chosen to be short codes

containing the type of computation likely to be found in Grande applications.

1. Fourier coefficient analysis computes the first N Fourier coefficient
of the function f(x) = (x + 1)*. This is computed on the interval 0,2.
Performance units are coefficients per second. This benchmark heavily

exercises transcendental and trigonometric functions.

2. LU factorisation solves an NxN linear system using LU factorisa-
tions followed by a triangular solve. This is a derivative of the well

known LINPACK benchmark [22]. Performance units are MFlops per

second. Memory and floating point intensive.

3. Heap Sort Algorithm sorts an array of N integers using a heap sort
algorithm. Performance unit is in units of items per second. Memory

and integer intensive.

4. Successive Qver-relaxation performs 100 iterations of successive
over-relaxation on an NxN grid. The performance unit is in iterations

per second.

5. Fast Fourier Transform performs a one-dimensional forward trans-
form of N complex numbers. This kernel exercises complex arithmetic,

shuffling, non-constant memory references and trigonometric functions.

6. Sparse Matrix Multiplication performs matrix-vector multiplica-

tion using an unstructured sparse matrix stored in compressed-row for-
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mat with a prescribed sparsity structure.

7. Matrixz Inversion performs inversion on an Nx/N matrix using Gauss-
Jordan elimination with pivoting and hence solves N linear equations [60].
Listing is an excerpt of matinvert.c showing matrix inversion

benchmark method using technique mentioned above.

3.3.2.3 Large Scale Applications

If computer systems are to be compared using a particular application, a
representative subset of functions for that application may be used. The
following benchmarks are intended to be representatives of some large scale
applications, suitably modified for inclusion in the benchmark suite by re-

moving any 1/O and graphical components.

#define SWAP(a,b) {temp=(a);(a)=(b);(b)=temp;}

void Inverttest(float **a, int n, float **b, int m) {
int icol,irow,1,11,1i,j,k;
float big,dum,pivinv,temp;
for (j=1;j<=n;j++) ipiv[j]=0;
for (i=1;i<=n;i++) {
big=0.0;
for (j=1;j<=n;j++)
if (ipiv[j] != 1)
for (k=1;k<=n;k++) {
if (ipiv[k] == 0) {
if (fabs(aljl[k]) >= big) {
big=fabs(alj] [k]);
irow=j;
icol=k;

66



17

18

19

20

21

22

23

24

25

26

27

3.3 Power Analysis by Performance Benchmarking and Modelling

}
} else if (ipiv([k] > 1) nrerror("gaussj: Singular Matrix-1");

3

}
for (1=n;1>=1;1--) {
if (indxr[1l] !'= indxc[1])
for (k=1;k<=n;k++)
SWAP (a[k] [indxr[1]],al[k] [indxc[1]1]);

Listing 3.15: An excerpt of matinvert.c showing matrix inversion bench-
mark method using Gauss-Jordan Elimination with pivoting technique, note
the use of macro SWAP.

1. Computational Fluid Dynamaics solves the time-dependent Euler
equations for flow in a channel with a “bump” on one of the walls.
A structured, irregular, Nx4N mesh is employed, and the solution
method is a finite volume scheme using a fourth order Runge-Kutta
method with both second and fourth order damping. The solution is
iterated for 200 time steps. Performance is reported in units of time

steps per second.

2. Molecular Dynamaics simulation is an N-body code modelling
particles interacting under a Lennard-Jones potential in a cubic spa-
tial volume with periodic boundary conditions. Performance unit is in

interactions per second and the number of particles is give by N.

All the mentioned benchmarks within the suite have been modified to

tailor the need for performance benchmark power analysis described below.
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3.3.3 Performance Benchmark Power Analysis
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Figure 3.2: PSim’s Power Trace Visualisation bundle - graphical visualisa-
tion of power trace data compiled by recording current drawn by a heapsort
algorithm

Performance Benchmark Power Analysis denotes the monitoring of energy
consumption while a particular workload is running on a targeted platform.
The monitoring is carried out externally by measuring and recording the
electric current passing through the main electric cable and the voltage across
it. The product of these yields the electrical power. This analysis adapts the
same approach and experimental platform as specified in the case study in

chapter [1] hence calculation can be carried out according to equation 1.1.
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3.3 Power Analysis by Performance Benchmarking and Modelling

void NumHeapSort() {

int temp,i;

int top = array_rows - 1;

for (i = top/2; i > 0; --1i)
NumSift(i,top);

for (i = top; i > 0; —--i) {
NumSift(0,1i);
temp = TestArray[0];
TestArray[0] = TestArray[i];
TestArray[i] = temp;

void NumSift(int min, int max) {
int k;
int temp;
while((min + min) <= max) {
k = min + min;
if (k < max)
if (TestArray[k] < TestArray[k+1]) ++k;
if (TestArray[min] < TestArray([k]) {
temp = TestArray[k];
TestArray[k] = TestArray[min];
TestArray[min] = temp;
min = k;
} else
min = max + 1;

Listing 3.16: An excerpt of heapsort. c showing a heap sort algorithm bench-
mark method.

During Performance Benchmark Power Analysis, the chosen benchmark
workloads which have been rewritten and modified in C are executed on an
experimental platform. At every N iterations of the workloads’ execution,

apart from power dissipation is measured, a selection of resource information
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3.3 Power Analysis by Performance Benchmarking and Modelling

is also recorded. Currently parts of the resource information include processor

cycle and memory utilisation.

Figure 3.2 shows screen shot of a graphical simulation in PSim displaying
a line representation of the power trace file compiled by recording current
drawn by a heap sort algorithm shown in listing 3.16. The vertical and
horizontal calibrations shown in the figure are the current drawn and the
execution time respectively. PSim is described in details in chapter [4. From
this graphical view it should be possible to depict repetitive patterns since

the algorithm is being executed for some N iterations.

static int al];
static void bubblesort() {
int i,j,tmp;
for ( i=0; i<6999; i++) {
for (j=6999; j>i; j—-) {
if C alj-11 > aljl ) {
swap (&a[j-1],&aljl);

}
}
}
}
static void swap(int *x,int *y) {
int tmp;
tmp = *x;
*xx = *y;
*y = tmp;

Listing 3.17: A C implementation of bubble sort algorithm with 7000 integer
array.
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3.3.3.1 Using the Classification Model

To demonstrate the concept of a power classification model, an implementa-
tion of the bubble sort algorithm shown in listing3.17 is used as an example.
This bubble sort algorithm re-orders the integer values in pointer variable a.
By simply stepping through the source code it is possible to identify simple
workloads within its construct which represents the nodes of the basic model
mentioned above. For example line 4 and 5 can be matched to the node
loop which represents iteration construct, the implementation of the loop
workload benchmark is shown in listing [3.18/ Line 7 which is a call to the
method swap can be matched to the node method as it represents the cost
of a method call, the implementation of the method workload benchmark is
shown in listing [3.19. Similarly, assuming the probability of executing line
7 is 0.5, we can also match line 15, 16 and 17 as global variable pointer as-
signment construct with the node assign, the implementation of the assign

workload benchmark is shown in listing 3.20.

void ArithLoop() {
size = INITSIZE;
while (size < MAXSIZE){
for (i=0;i<size;i++) {
}
size *=2;

3

Listing 3.18: An excerpt of arith.c showing the loop construct benchmark
method
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static void ArithMethod() {
size = INITSIZE;
while (size < MAXSIZE){
for (i=0;i<size;i++) {
static_method();

static_method();
static_method();
static_method();
static_method();

static_method();
static_method();
}
size *=2;

3

static void static_method(void) { }

Listing 3.19: An excerpt of arith.c showing the method workload bench-

mark method

int *al=1,*a2=2,*a3=3,*ad4=4;
void ArithAssignGlobal() {
size = INITSIZE;
while(size < MAXSIZE){
for (i=0;i<size;i++) {
al=a2;
a2=a3;
a3=a4;
ad=al;
al=a2;
a2=a3;
a3=a4;

a3=a4;
ad=al;
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size *=2;
}
}

Listing 3.20: An excerpt of arith.c showing the assign workload bench-
mark method

3.3.4 Observation

Although the example shown above is rather simple, it demonstrates the use
of the basic classification model, a more complex application might need to
utilise different levels or sections of the model i.e. kernel or grande. How-
ever observations show there are number of factors which might have major
significance to the development of this conceptual model. To enable further

development of this model, the following should be considered:

e Exhaustive Characterisation Units - The theoretical model has
not yet proven to be exhaustive at this preliminary stage. It is impor-
tant for the basic model to have an exhaustive collection of characteri-
sation/classification units and yet be extendable so that nodes or units

can be added or deleted as deemed necessary.

e Accuracy of the Analysis - Benchmarking results are considered to
be inaccurate for the basic model mentioned above. This has led to
the difficulty in creating concrete dependencies between workloads as

nodes in the model. The reasons for this inaccuracy are as follows:
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1. Complexity of the platform and the black-box method of power
analysis create a noise floor for accurate results to be obtained,

the black-box method is discussed in section 4.3.

2. Frequency of measurement is too small in comparison to processor
cycles so that it is impossible to capture all the relevant power

dissipation during recording.

3. Each benchmark method has certain pre-conditions such as mem-
ory storage or variable initialisation and produces post-conditions.

These conditions affects the accuracy of the analysis.

e Concrete nodes connection - Although there is a hierarchical re-
lationship between the workloads by their complexity, it is not yet
possible to connect them as node into the classification model that can

be used to characterise applications relatively.

3.4 Summary

This chapter described two proposed techniques and concepts in power-
metric analysis and application predictions, they are namely application level
analysis by defining implementation language operations as blocks of control
flow definitions and power analysis by using a classification workload model.
This chapter also introduced a dynamic set of tools known as PSim - Power
Trace Simulation and Characterisation Tools Suite to employ the techniques

described in this chapter. PSim is implemented in Java for its platform inde-
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pendence. The detail of PSim implementation is documented in chapter 4.

These power analysis techniques are both computational environment and
platform independent since the techniques mentioned abstract the underlying
platform into either the corresponding hardware object or an instantiation of
the basic model in performance benchmark power analysis, therefore in the-
ory, with the corresponding resource profile, applications can be analysed and
their energy consumption can be predicted for any types of computational

environment and platforms.
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Chapter 4

PSim: A Tool for Trace
Visualisation and Application

Prediction

4.1 Introduction

Whilst formulating the energy consumption analysis and prediction tech-
niques, which have been described in chapter 3| a tools suite called PStm -
Power Trace Simulation and Characterisation Tools Suite is developed to em-
body these techniques. PSim is written in Java’™ (J2SE version 1.4.2) and

the source code contains about 10,000 lines. PSim is split into two bundles

76



4.1 Introduction

Entity /Description Implementation Classes

Power Trace Visualisation:

To graphically visualise, playback Simulate, TimeChart,

and analyse trace information Trace,TraceException,

from application enery consumption printSummary, printTable, SimStep
measurements.

Characterisation and Prediction:
To characterise and predict applications’ | Simulate, Characterisation,
energy consumption based on bSemaphore, SourceView,
source code. TraceException

Table 4.1: A table showing an overview of the main functionalities of PSim
and their corresponding implementation class.

and their main functionalities are listed in table [4.1'. Power Trace Visuali-
sation is a bundle which provides detailed and dynamic graphical animation
as well as energy consumption analysis summaries based on recorded traces
from energy consumption analysis. Characterisation and Prediction is a bun-
dle which provides the capability to characterise and predict an application’s
energy consumption based on its source code. Section|4.2/describes the back-
ground and motivation of software visualisation, section 4.3 documents the
implementation and details of Power Trace Visualisation bundle (PTV) and
section 4.4 documents the implementation and details of Characterisation

and Prediction bundle (CP).

!The implementation package is uk.ac.warwick.dcs.hpsg.PSimulate and a simpli-
fied UML class diagram of this Java package is shown in appendix
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4.2 Visualisation Motivation and Background

Graphical visualisation is a standard technique for facilitating human com-
prehension of complex phenomena and large volumes of data [48]. This is
particularly crucial when investigating the behaviour of an application at a
source code level, coupling with their energy consumption activities. Thus
it seems natural to use visualisation techniques to gain insight into these
behaviours and activities so that application’s energy oriented performance

can be understood and improved.

Graphical visualisation of an applications’ performance activities is not
a new idea. In the past decade early graphical visualisation has already
addressed a wide variety of problems that range from algorithm animation
and visual programming to visualising software design issues of large-scale
systems. When visualising complex algorithms to assist comprehension and
analysis tasks associated with maintenance and re-engineering, it brings to-
gether research from software analysis, information visualisation, human-
computer interaction, and cognitive psychology. Research in software vi-
sualisation has flourished in the past decade and a large number of tools,

techniques, and methods were proposed to address various problems.

An analogy can be drawn between software visualisation and learning to
program. Programming is an activity that forces us to draw upon our abilities
to think analytically, logically, and verbally [65]. This requires using both

sides of our brain. The left hemisphere is responsible for analytical and logical
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thinking. The right hemisphere is responsible for more artistic and intuitive
thinking. It is also capable of processing in parallel to capture images as
a whole. In [65] the author gives four reasons why visual programming is

stimulated. They are as follows:

1. Pictures are a more powerful means of communication than words;
2. Pictures aid understanding and remembering;
3. Pictures can provide an incentive for learning to program;

4. Pictures are understood by people no matter what language they speak.

Similarly, understanding an application’s performance activities can be
augmented through the use of graphical visualisation. The power of a vi-
sualisation in programming language and representation is derived from its
semantic richness, simplicity, and level of abstraction which are also correct
when visualisng execution traces. The aim is to develop a representation
with fewer constructs, but at the same time with the ability to represent
a variety of elements with no ambiguity or loss of meaning. This section
gives an overview of some of the graphical visualisation tools for applica-
tions under two distinct types of computational environments, sequential
and parallel. Although the tools pertaining to these environments serve very
different purposes, nevertheless behind these visualisation tools lies a similar
motivation which is to allow greater understandings of both the applications’

constructs and their execution behaviour.
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4.2.1 Sequential Computational Environments

In the past, the goal of software visualisation in sequential environments is
to allow programs to run faster. There are three components to run-time
efficiency: algorithms, data structures and efficient coding [26]. To find the
inefficiencies in their code, programmers use a number of techniques to deter-
mine where the most CPU time is spent (“hotspot”) and then make changes
to reduce this time. Some of the techniques include “profiling” (enabling
code tuning) [26] (energy consious profiling is documented in section 2.2.3),
execution trace visualisation [62], and static analysis such as code browsing
with colour and height representation [27] [25]. In this section visualisation

tools Seesoft [27], Tarantula [62] and Source Viewer 3D [44], are described.

Seesoft - The Seesoft software visualisation system, developed by AT&T
Bell Laboratories employs the pixel metaphor and allows one to analyse up
to 50,000 lines of code simultaneously by mapping each line of code into
a thin row of pixels [27]. The display is similar to an extremely reduced

representation of code that has been typeset [26].

The system displays information through the use of version control, stati