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ABSTRACT

This work presents the novel method for high-level performarme estimation of
systems consisting of multiple computational units. The gdas to support sys-
tem designers in the early phases of the system design flow. Thecus mainly
lies on embedded systems and in this first part of the work, wedgan from their
versions which perform parallel processing with executiorunits similar to each
other. Systems consisting of different types of processqrand the method expan-
sions to support them are also discussed.

The main idea was an attempt to reallocate a single processarload to multi-
ple simulated processors. The method uses measurements frauotual, existing
systems and relies on means of simulations with systems urrddesign. Instead
of competing with prototyping, the method is supposed to ge an estimation of
which kind of system architecture would fulfil the desired peformance require-
ments.

In the method, we process the mentioned measurement data aurhatically,
which results in a so-called workload model. The workload mod| is then exe-
cuted with a simulated system. This simulation run approximaes the proposed
system’s estimated performance. Due to automation at the naelling phase and
a high level of abstraction, the method allows the fast appimation of several
different configurations.

The first of the problem areas was to define which type of worklod model is
suitable and how it can be created. When the workload is meased from a uni-
processor system, its parts which can be parallel executedust be discovered, in
order to use the model with a multi-processor system. The send problem area
is the modelling of the performance-related parts of the sytem under design. The
larger problem is to study the validity and rationality of th e whole method.

We validated the method with two different test cases and bdt of them gave
reasonable results. The first validation consists of a simpléreaded application,
which uses an inter-thread synchronization mechanism. Ade internal function-
ality of the application is known, the characteristics of the method can be roughly
seen. The second validation method is a real-world algorithgwhich we will exe-
cute in both a simulated and existing two-processor systent.he margin for error
of the method can be calculated from the latter of the validaibn cases, by com-
paring the total execution times of the systems. The margin foerror for this case
was from 10 to 15 %. It was better than expected for a method wh a rather high
level of abstraction.

As research results, the work presents the parts needed fohé method: an
instrumentation for gathering the measurement data, the ceation of a workload
model out of it, a simulation of a multi-processor system wit the workload model,
and visualization of the simulation results. In addition, an analysis of these parts
and the whole method is presented.

Keywords: parallelism, workload modelling
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TIVISTELMA

Tama tyo esittelee menetelméan korkean tason suorituskykyaiointiin jarjestel-
malle, joka koostuu useammasta suoritinyksikdsta. Tarkduksena on tukea suun-
nittelijoita jarjestelméan maarittelyvaiheessa. Menetelné on tarkoitettu ensisijai-
sesti sulautetuille jarjestelmille, ja tassa laajemman t$in ensimmaisessa vaihees-
sa mielenkiinto oli niiden versioissa joissa rinnakkainensuoritus tapahtuu sa-
manlaisia suorittimia kayttden. Tydssa kasitelladan myos kskendan erityyppisista
suorittimista koostuvia jarjestelmia ja menetelman laajennusta tukemaan myads
niiden analyysia.

Tarkeimpéna osa-alueena menetelmassa on yrittdd jakaa yhdeprosessorin
kuorma useammalle simuloidulle prosessorille. Menetelméaé&yttad mitattua da-
taa olemassa olevista jarjestelmista ja tukeutuu simuloitiin suunnitteluvaiheessa
olevien jarjestelmien kanssa. Menetelmaa ei ole tarkoitett kilpailemaan proto-
typoinnin kanssa, vaan antamaan arvio siitd minkalainen akkitehtuuri tayttaisi
halutut suorituskykyvaatimukset.

Olemassa olevista jarjestelmistd mitattua kuormitusdata prosessoidaan auto-
maattisesti, ja tulosta kutsutaan kuormamalliksi. Tatd malia kaytetaan syoéttee-
na simulointivaiheelle, joka jaljittelee suunniteltavana olevan jarjestelman kay-
tosta. Simuloinnin tulokset antavat informaatiota jarjestelman ennustetusta suo-
rituskyvysté. Esimerkiksi tietyn kuorman kokonaissuoritu saika on yksinkertai-
nen suorituskyvyn mitta. Mallinnuksen automaatiosta seka nenetelmén korkeas-
ta abstraktiotasosta johtuen eri arkkitehtuurivaihtoeht ojen arviointi on nopeaa.

Ty6n ensimmainen ongelma-alue oli sopivan kuormamallin [gtaminen. Jotta
kuormamalli soveltuisi moniprosessorijarjestelmille, £n luonnollisesti tulee pys-
tya erottelemaan rinnakkaiseen suoritukseen soveltuvatsat kuten myos riippu-
vuudet eri osien valilla. Seuraava ongelma-alue on malliata suorituskykyyn liit-
tyvéat osa-alueet suunnittelussa olevasta jarjestelmastdsompana kokonaisuute-
na olivat koko menetelméan jarkevyyden ja oikeellisuuden takastelut.

Menetelma validoitiin kahta erilaista lahestymistapaa kaytden. Ensimmaéainen
validointitapa toteutettiin yksinkertaisella séikeistetylla ohjelmalla, joka kaytti
saikeidenvalistd synkronointia. Koska ohjelman sisdinemakenne on nyt tunnet-
tu, menetelman toiminnallisuus voidaan karkeasti ndhda. ®dinen validointitapa
on todellinen algoritmi, joka suoritettiin sek& simuloidulla etta olemassa olevalla
kaksiprosessorijarjestelmalld. Jalkimmaisesta validantitavasta pystyttiin laske-
maan menetelman virhemarginaali vertaamalla molempien ajjen kokonaissuo-
ritusaikoja. Virhemarginaaliksi télle tapaukselle saatiin noin 10 — 15 %. Taméa
virhemarginaali oli odotettua parempi, menetelman korkeaabstraktiotaso huo-
mioon ottaen.

Tutkimustuloksina esitelladn menetelm&an tarvittavat os-alueet: instrumen-
tointi mittausdatan saamiseksi, kuormamallin muodostamnen tasta datasta, mo-
niprosessorijarjestelmien simulointi edell& mainitun mdlin avulla seka tulosten
visualisointi. Lisaksi esitelladn menetelman ja sen osa-aiden analysointi.

Avainsanat: rinnakkaisuus, kuorman mallintaminen
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ACRONYMS AND ABBREVIATIONS

ALU Arithmetic and logic unit

ASIC Application-specific integrated circuit

BIC Bus interface controller (in the Cell-architecture)
CFS Completely fair scheduler

CMP Chip multi-processing

CPI Cycles per instruction

CPU Central processing unit

CuU Control unit

DSM Distributed shared-memory access

DSP Digital signal processing, Digital signal processor
EIB Element interconnect bus (in the Cell-architecture)
FCFS First-come-first-served

FIFO First-in-first-out

FPGA Field programmable gate array

FS Fully static (scheduling)

HRN Highest response ratio next (also HRRN)

I/O Input/output

ILP Instruction-level parallelism

IPC Inter-processor communication

ITEA Information Technology for European Advancement
ISA Instruction set architecture

LS Local storage (in the Cell-architecture)

MIC Memory interface controller (in the Cell-architecture)
MIMD Multiple instruction streams, multiple data streams
MIPS Million instructions per second

MISD Multiple instruction streams, single data stream
NFR Non-functional requirements

NUMA Non-uniform memory access

PC Personal computer

PPE Power processor element (in the Cell-architecture)
PPU Power processor unit (in the Cell-architecture)
RAM Random access memory

RE Requirements engineering

ROM Read-only memory

RPC Remote procedure call

RR Round-robin

SIMD Single instruction stream, multiple data streams
SISD Single instruction stream, single data stream

SJF Shortest-job-first

SPE Synergistic processor element (in the Cell-architertur
SPN Shortest process next

SPU Synergistic processing unit (in the Cell-architecture)
SRT Shortest remaining time

SXU Synergistic execution unit (in the Cell-architecture)
SMP Symmetric multi-processor, Shared-memory multi-pssor
SMT Simultaneous multi-threading

ST Self-timed (scheduling)



TLP Thread-level parallelism
UMA Uniform memory access
UML Unified modelling language
VLIW Very long instruction word



1. INTRODUCTION

1.1. Designing performance

Through the history of computers, there has always beenleadydistinctive factor
between products from two different generations — the pevémce. The performance
can have different interpretations depending on the systese. For example, a low
response time on user actions, a large throughput of dataednandling of several
simultaneous requests can be thought as representing gofmdrpance. Since an
increase in the performance is nearly always considered ablagatory requirement
when computer systems evolve, its analysis has receiveé ammt more attention.
Acquiring a good performance for the final product naturéggins from the early
phases of the design process.

One certain type of computer-based system, called embesjdgeim, usually has
both hardware and software affiliated in its design procesewise, both hardware
and software have an effect on the total performance of aredddd system. Tra-
ditionally, the hardware part of an embedded system has deesloped first, and
then the software engineers must try to fit in proper softwarerder to complete
the system. The current trend in the embedded systems’ageveht is to design
both hardware and software components simultaneouslg Way of action is called
co-design, and the general co-design flow is presented irefigfigure 2 in [1]).

Co-
management

System requirements development

'

System architecture development

'

Allocation and flow-down

Co-
specification

\

/b N\

SW development Interface design HW development

Integration and test

Co-
development

Figure 1. Activities in the co-design of an embedded system.
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System requirements developmei$o known as Requirements engineering (RE),
is the phase which aims at obtaining requirements for theesysinder design. We
define requirements as early stage specifications of whaldhe implemented, and
they can be descriptions of a system’s behaviour, progeditributes, constraints and
compatibility issues [2, p. 4]. The following are examplésygstem requirements [2,

p. 4]:
e Features provided for the user (e.g. a spell checker in a parcessor)
e General system properties (e.g. the securing of the pdrsdaamation)

e Constraints for the functionality of the system (e.g. a pgllinterval for a sen-
sor)

e Constraints in the development of the system (e.g. definiagptbgramming
language to be used)

Correspondingly, we define Requirements engineering (RExtaode all of the ac-
tivities related to discovering, documenting and maintajra set of requirements for
a computer-based system [2, p. 5]. In this work, we will corige on performance
requirements. The performance requirements belong teetiigrements class, which
is called either non-functional requirements (NFR) or semes quality attributes. In
information processing systems, the most often used pedioce requirements relate
to throughput and response times [3]. The typical problemseirformance require-
ments — some already discussed above — are the following [3]:

¢ Interactions and conflicts with other requirements: forregke, accuracy and
speed may form a trade-off in some systems

e Effect of choosing the development technique — an aspeahaiicostly to fix
after the development has started

¢ Global impact to the whole system: in the worst case, optigiperformance
can necessitate modifications in every system module

e Characteristics of the performance vary between differegarzations and dif-
ferent systems

System architecture developmensometimes also considered as a separate activity
in the specification phase; it contains the consideraticavailable hardware compo-
nents and the possible constraints set by software comsrjéh

Allocation and flow-dowmeans a decision of which functionalities should be per-
formed with hardware, and which with software. Roughly sjp@g@kadding more
hardware-based functionalities means more speed andumébely more costs. How-
ever, the adding of software-based solutions also hasaibhg costs, such as more
software development, larger read-only memories (ROMy],ia the worst case the
changing of the selected processor for a more powerful ane expensive version,
which also causes higher energy consumption. Relying omizaiedalso has problems
with a possible need for redesigning, which is much more dmaied on regarding
hardware than with software. Usually, the partitioningiden should be done at the
latest possible time. This is due to the fact that the undedsbg of the problem
evolves continuously, as the process advances. A drawbdhbkt debugging of soft-
ware is more complicated before the actual hardware is dzarg;-stage testing must
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be done with evaluation boards or so called stub codes, whigtic the behaviour of
the hardware. [4, p. 49]

Nowadays the partition decision is becoming more difficoéicause the advance-
ment of integrated circuits makes the implementation of eemplex algorithms pos-
sible with reasonable costs [4, p. 50]. The distinction eetmsoftware and hardware
is also blurring, as hardware designs and software desaogksduite alike, they are
just used with different compilers [4, pp. 55-56].

A product’s performance is substantially affected alreddying these presented
steps forming theo-specificatiorphase. The following phases are-development
and co-verification In co-development, the actual development work of hardwar
and software, as well as the proper interface between thespexformed. In co-
verification, these parts are integrated and tested. Thaedic@dion work of these
phases is calledo-managemenil1]

Our focus is to propose a new method for the described, ehdggs of the design
process. To be more specific, we are interested in the peafure) as it can be seen in
the next section.

1.2. Motivation

The work aims to provide a new, rather highly abstracted otetbr system designers
in a multi-processor domain. The method’s purpose is to eitligecture decisions
before prototyping. We will provide performance simulatiofor estimating the fea-
sibility of different design alternatives. The method véttempt to help the selection
of the most favourable ones to be validated with prototypdi®r all, we are doing the
simulation in a non-detailed and coarse way. We are favgugimulation, because it
is an applicable way to support the design flow due its modastat of work. Figure
2 (based on figure 1.1 on [5]) shows possible ways to examimeea gystem.

Naturally, the most straightforward way to examine the eysis toexperiment
with the actual systentself. If the system is however under design, it probablggio
not exist yet. This means that the actual system must becexphaith a temporary
implementation, in other words, one hasexperiment with a model of the system.
Some systems can be modelled witphhgysical modelfor example a scale model, but
this approach is hardly feasible in the domain of computstesys. A more practical
physical model for computer systems is a prototype, buetgbpment can be a heavy
and time-consuming process. The alternative to a physicaleins amathematical
mode] which means presenting the system’s essential or inbegeptirts with the
help of mathematics. The mathematical model can havenatytical solution but
unfortunately the solution can be impossible to find becafiske complexity of the
modelled system. This leavegnulationas the only alternative for the mathematical
model’s solution. As we are focusing on system architeatieneelopment, allocation
and flow-down phases where the actual system or prototype maeexist yet, the
selected method in our approach was the simulation.

A simulation intends the execution of a system model. A systeodel represents
some existing or planned real-world system or process anté#tures, which can
include logical, mathematical or structural propertiefie Tetail level of the model
should be selected according to the application’s need. mlsition model differs
from a generic system model by also associating time andgesathat occur over
time into the model. The models can be classified by theiticgldo time: the state
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Experiment
with the

actual

system

Experiment
with a model
of the system

Mathematical
model

Physical
model

Analytical
solution

Simulation

Figure 2. Different ways to study a system under interest.

of a discrete model can change only at discrete points in, mhereas a continuous
model can change its state at an arbitrary moment [6]. Compygtems are almost
always simulated with discrete simulation models, obvipdse to the discrete nature
of computers.

A simulation has some major benefits when compared to pratajy A simulation
model can be executed under arbitrary projected operatiaditons, as the control
of experimental conditions is better in a simulated envinent. Alternative designs
or operation policies can usually be examined and comparttdsmall changes and
even in a single simulation run, whereas in prototypingréhmay be the need for
one prototype per one design proposal. Control over the atmul time is also a
remarkable benefit: a simulation can be driven either in gesged or in expanded
time. [5, pp. 76-77]

Our method also includes experimentation with actual systewve are using data
gathered from existing versions to support our performastegnations for the next
generation product. The processing of this data is autaheatd therefore some of the
required steps in a common simulation study are performétbwi a user interaction
in our method.

1.3. Approach and research questions

In this work, the focus was to study whether our simulatiarcgss, shown in figure 3,
would be a feasible way to give a coarse estimate of perfocmaha proposed multi-
processor system. The figure shows the main steps in ourrpenfice analysis. The
method usesneasurement datkiom an existing device, which is possibly previous
development version with a single processor, and the nexioplanned to use more
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processors. The acquired data is utilized imadellingphase, where we build a so-
called workload model, which is an abstract presentatidheéssential characteristics
of a rather large amount of data. We will also develop a sitrarlanodel of the system
under design. The simulation model is modelled in sufficaettil to represent both
hardware architectures, mostly the amount of processashaw the workload is
allocated between these processors by scheduling polidiee workload model is
used as an input to the simulation model, whendineulationitself is executed. The
simulation’s output, for example the total execution tiroe & certain task set, is the
desired information and the goal of the method. Furdrealysisof the results is done
with a three-dimensional visualization tool named the P8V [7].

oy

Measurements from the
existing system

Modelling

)

(é:at;\\

Figure 3. The main steps of our performance analysis by wsmglation.

Analysis

The challenge is to find out if the idea of performance reguéets fulfilment esti-
mation could be done with this type of method. If the methofé&sible, it will be a
considerable addition to the tool range of a system designer

The research questions we are going to address in this werksaollows:

e How is the workload modelling performed, especially thelesgtion of depen-
dencies and parallel parts?

e How to model systems’ from the performance perspective?
e How these models and the whole method can be validated?

e How designers can make decisions based on the provided metkbd?

After this introduction part, the rest of the thesis is oligad into chapters giving
prerequisites on embedded systems, describing our agpnoasenting the obtained
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results and finally discussing these. We are roughly folhgwhe steps of the scientific
method, which consists of four sequential phases [8, p.:167]

e Analysis

e Hypothesis
e Synthesis
¢ Validation

The analysis phase includes gaining an understanding opaents of the prob-
lem domain, and the formulation of a problem descriptionp[8,182]. In this work,
we will prepare for the actual approach by reviewing the edied system'’s perfor-
mance related aspects from both hardware and software, sidekapters 2 and 3.
The hypothesis phase aims to propose a solution to achievask objective [8, p.
200]. The synthesis phase is about implementing the taskadd8, p. 220]. Both
of these are presented in the approach chapter (the chgpt&hd validation phase
decides whether the objective has been achieved [8, p. @&0]validation results are
presented in the results chapter (the chapter 5).
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2. EMBEDDED DUALITY — THE HARDWARE PART

This chapter introduces the hardware related areas, whichamnected to this work
and thereby gives a basis for our method. At first, we will tyidiscuss the special
characteristics of embedded systems’ hardware, and thers fon multi-processor
architectures as well as the processing units forming tidra.chapter is wrapped up
by discussing performance analysis by simulation methods.

2.1. Characteristics of an embedded hardware

We will begin familiarizing ourselves with the hardware afileedded systems by com-
paring it with a normal personal computer (PC). A PC’s genpuapose processor has
support for a wide range of different level computationgllagations; on an embedded
system, processing power is ordinarily fitted for a specdikt This is possible due
to the overflowing amount of microprocessor/microconéotthoices for embedded
systems. For personal computers, there are less currerggsar architecture alter-
natives. Embedded systems have stricter power consttatsdesktop PCs, firstly
because they are often powered by batteries, and secortiydetheir size may set
restrictions on cooling. Due to power saving, an embeddstésymay be completely
interrupt driven; the processor is in sleep mode and wakesiypupon timer ticks.
Environmental conditions, which an embedded system mistate, are sometimes
also totally different than for a PC. Aircraft, space and tarly applications must stand
extreme heat or cold, humidity, dust and vibration. The amhaf resources, for ex-
ample buses, main memory and mass storage space, is ircprabtiays smaller in
embedded systems, when compared to a PC. [4, pp. XxViii—xXiv]

2.2. Multi-processor systems

When a computer system has more than one “independent” catignal unit, it is
called as a multi-processor system. The three main reaspas fiscending popularity
of multi-processor systems are the following: Performang@ovements are achieved
in a logical way by connecting multiple processors togethdren the capacity of a
single processor is not sufficient. This is probably mord-edifcient that designing
a new, more powerful one. The second reason is the uncereoiut how long the
advancement rate can be kept up by increasing the complsiitpn and power of a
single processor. The third reason comes from the viewpbithte software; the trend
seems to be towards parallel operations. Server and emthadekes have a particularly
natural parallelism and utilizing multi-processor hardsvia a real advantage there. [9,
p. 528]

2.3. Classification of multi-processors

Multi-processor systems can be divided into differents#aswith at least three sepa-
rate classification rules. The division can be based on thBae between the system’s
instruction and data streams, the system’s memory ar¢hiteor the architecture’s hi-
erarchy.
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2.3.1. Division by input and output

The following classic, simple model to categorize compstetems has four classes,
which are still valid despite the model’s high age, althosghme multi-processors are
hybrids of more than one class [9, 10, p. 529]:

1. Single instruction stream, single data stream (SISDis ¢&tegory includes nor-
mal uni-processors, which process single data elementarsthgle instruction.

2. Single instruction stream, multiple data streams (SIMB3tructions are dis-
patched by a control processor to multiple processors, lwhave their own
data memories. One example of these kinds of systems is arv@cicessor,
which operates multiple data elements with a single infisnc Some multime-
dia extensions in current general-use processors can@lsonsidered as usage
of the SIMD method.

3. Multiple instruction streams, single data stream (MIS®3omprehensive MISD-
style commercial processor is not yet built, but some strpesnessors can be
loosely classified as this since single data stream is g@emaith successive
functional units.

4. Multiple instruction streams, multiple data streamsNNDI): Everything from
instruction fetching to data operating is handled by eadh@imultiple proces-
sors themselves. This category is the most used nowadaymera)-purpose
multi-processor systems, in contrast to the early mulhepssors which applied
SIMD.

The benefits of the MIMD systems are cost-efficiency and fléibCost-efficiency
is achieved due to the building of the system with a set of mbmmcroprocessors.
Flexibility appears in cases, where the same system can gimgée application at
a top performance by utilizing all the processors for theesaask, and secondly by
running several tasks simultaneously, when required.95@9-530]

2.3.2. Division by memory architecture

MIMD multi-processors can be further classified by their negyrorganization. The
first class is centralizedhared-memory architecturesigure 4 (based on figure 6.1
on [9, p. 531]) shows one example system of this approachs fjpe has at most
a few dozen processors, which have a shared single ceattatiemory, as well as a
shared I/O system. On the other hand, the processors havewrecaches, which
means one or more levels of very fast and relatively small orgrmA bus connects the
processors and the main memory. The relationship to the myeisisymmetric for all
processors, and the system can therefore be cabgchanetric shared-memory multi-
processor(SMP) and the whole architectureuaiform memory acceg¢)MA), since
the memory access time is identical for each processor-jpmeEessor communication
is easy due to shared memory. [9, pp. 530-531]

The second class of MIMD multi-processodsstributed memory architecturglsas
a physically distributed memory, like in figure 5 (based onifegg6.2 on [9, p. 532]).
This type is better for larger systems, as there will be @otd with bus bandwidth in
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Figure 4. A centralized shared-memory multi-processor.

shared-memory systems, when the number of processorseager. This distributed-
memory architecture can be thought to consist of nodes,endnery node includes a
processor, memory, sometimes an input/output (I/O) fonetity and an interface to
the interconnection network. Besides containing one psmresa single node can be
a small symmetric multi-processor system itself. The athges of the distributed-
memory multi-processor architecture are that smaller nmgip@andwidth is sufficient,
if it is assumed that most of the memory accesses will retatbe local memory, and
the memory access latency is also lower. The inter-processomunication is not as
simple as with the shared-memory architectures. [9, pp—532]

The communication in distributed-memory multi-processman be managed by two
different techniques. The first method is distributed sttaremory access (DSM),
which means that the memory is not shared but the address spdlce same physical
address in different processors refers to the same memeayido, and thereby the
memory access latency is different depending on which mgrnsareferenced — the
local memory versus the other node’s memory. This architeatan also be called
non-uniform memory access (NUMA). Still, a processor cdraogess every memory
location of the system; some parts require proper accdssriffhe second communi-
cation method has memories, which are totally isolated filmenother nodes’ proces-
sors and the architecture is called a message-passingpmutssor. Converted into
real terms, the same physical address in different processiers to different memory,
respectively. When there is a need for inter-processor camuation, the processor
sends a request for some data operation to other procedsioh van be thought of
being a remote procedure call (RPC). The destination processeives the message
via polling or interrupts, performs the requested operadind sends the response. The
requesting processor waits for the reply before it consinge the passing of the mes-
sage is synchronous. Asynchronous messaging is also [gostie writer of some
data is aware that other processors require that data semadis the data directly with-
out waiting for any requests and immediately continues dlfte messages have been
sent. The nodes in the message-passing multi-processotsediought to be sepa-
rate computers, and the architecture is thereby sometiailesi@ multi-computer. A
multi-computer can be built with completely separate cotapsuconnected to a local
area network, if the amount of the communication is smallp[%33]
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Figure 5. A distributed-memory multi-processor.

2.3.3. Division by the architecture’s hierarchy

Multi-processor systems can also be divided imtterogeneousndhomogeneousys-
tems. Homogeneous systems have computational units stmisach other, whereas
heterogeneous systems consist of different types of psocgsusually one or more
central processing units and also one or more applicatienifp hardware compo-
nents. Embedded systems, related to digital signal proapé3SP), are usually het-
erogeneous. Figure 6 (based on figure 1 on [11]) shows thdled &Garp architecture,
which is a small heterogeneous multi-processor systemendnstandard processor is
supported by a reconfigurable slave computational unit. etiefogeneous systems,
the central processing unit may be for example, a microobatror a programmable
digital signal processor, and the hardware processingegiemay be an application-
specific integrated circuit (ASIC) or some reconfigurableddoguch as a field pro-
grammable gate array (FPGA). One example of an embeddeensysthich could
utilize this kind of configuration, is a device which perfawideo or audio decoding,
like a present-day mobile phone. [12, p. 1]

One currently interesting heterogeneous processor aothit is the Cell Broad-
band Engine. It provides single-chip multi-processinghwiwo different core types
which are called power processor elements (PPES) and sgtiepyocessor elements
(SPEs). PPEs are responsible for system-wide servicesasugntual memory man-
agement, handling exceptions and thread scheduling. SfeEesponsible for most
of the data processing. SPEs perform the computation in BiDSityle. For exam-
ple, the configuration of a Cell chip can consist of one PPE égitt SPEs, like in
figure 7 (based on figure on the page 3 on [13]). The figure showsglach SPE con-
sists of a synergistic processing unit (SPU) and a synargisgmory flow controller
(MFC). Furthermore, each SPU consists of a synergistic éxagcunit (SXU) and a
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Figure 6. A block diagram of a heterogeneous multi-procesgstem, called as Garp.

local storage (LS). Each SPE has its own memory flow contralléch handles the
communication into an element interconnect bus (EIB) whichsed to transfer data
between the system memory and local storages. A power macesit (PPU) with a
level two cache forms a power processor element. PPU cerdistPowerPC execu-
tion unit (PXU) and level one cache. In addition, the syster® & memory interface
controller (MIC) and a bus interface controller (BIC). [13]

SPE
SPU SPU SPU SPU SPU SPU SPU SPU

‘ SXuU ‘ ‘ SXU ‘ ‘ SXU ‘ ‘ SXuU ‘ ‘ SXuU ‘ ‘ SXU ‘ ‘ SXU ‘ ‘ SXuU ‘

5} LS Ls 55] LS LS [5S] [5S]

EIB

PPE

MIC BIC

Figure 7. One possible Cell multi-processor configuration.

When two or more homogeneous processor cores are located sathe chip, the
architecture is called enulti-core processoand the whole technique Ehip multi-
processing CMP). The cores can also share some resources with each fothex-
ample regarding Intel’'s Core Duo architecture; each coralmas/ate level one cache
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memory but they share a level two cache. On the other harel’'siRentium D archi-
tecture also has private level two caches for each of theschoevever it is still called
a multi-core processor, as the cores reside on the samecphgBip. [14, p. 249]

2.4. Building blocks for multi-processor systems

As stated in section 2.3.3, a multi-processor system carsdenebled from a set of
different kinds of operational units. One significant diffece between these units is
their usability for varying tasks — as we move from centralgasssing units to digital
signal processors, field-programmable gate arrays andyfitmabpplication-specific
integrated circuits, software-dependency and flexibdiggline at the same time. This
is illustrated in figure 8. The above-mentioned units arsg@néd shortly next.

Efficiency

AN

ASIC

DSP

CPU

T Flexibility

Figure 8. A comparison between three different computatiomits. Efficiency on
the x-axle means the energy-efficiency of the unit, when jgegorming some task.
Flexibility on the y-axle means the suitability for varyitgsks of the unit, including
those which are not known of during the unit’s design-time.

2.4.1. Central processing unit

A central processing unit (CPU), sometimes also called jysbeessor, or nowadays
a microprocessor when the whole CPU is located in a singlgriated circuit, covers a
control unit (CU), arithmetic and logic unit (ALU), input/taut interface and internal
memory in the form of registers. The actual random accessane(RAM) is located
externally from the chip as its own component. Interprepnggram instructions and
processing data by arithmetic or logic operations are tagksh the CPU handles.
The actual tasks are performed by using software, whictzesilbasic operations sup-
ported by the processor — this provides versatility but atagses fairly modest energy
efficiency. [15, pp. 83—-84]
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2.4.2. Microcontroller

A microcontroller differs from a microprocessor by incladgia CPU, memory, which
can be random-access memory (RAM) or read-only memory (R@NU, other pe-
ripherals like 1/0-functionality in the same chip. In otheords, a microcontroller is
designed to fulfil a minimum complement of external partsl tinis compact package
has some advantages over microprocessor-based systenighek level of integra-
tion causes lower cost, as one part replaces many parts.r paekages and fewer
interconnections enhance reliability. Since system comapts are optimized for their
environment, and signals can remain on the same chip, arouagmperformance is
usually achieved. Fast signals do not radiate from a largedoand thereby the so
called radio frequency signature is lower. Due to thesedaspmicrocontrollers are
common and even dominant in embedded systems. [4, pp. 24-25]

In a multi-processor system, usually either a micropramessa microcontroller is
in control of the whole system, and other components can hsidered to be slaves
to them.

2.4.3. Digital signal processor

A digital signal processor (DSP) is a processor with enhayeces and optimizations
for digital signal processing and data transfer orientskigalt usually follows the Har-
vard architecture, where instruction codes and data hpaae memories and at least
one dedicated bus for both. Besides classification into fpa@dt and floating-point
DSPs, they can be categorized as general purpose and gpagiase DSPs. Special
purpose DSPs can be further classified as algorithm-speciftessors performing for
example digital filtering or fast Fourier transforms, anglagation-specific processors
performing some telecommunications or audio related t44ks pp. 615-618].

When compared with the von Neumann architecture, where seictions and data
are located in the same memory, the Harvard architectwweslhstruction codes to be
of a different size than the data, as well as their addre&seallel instruction fetching
and data reading is also possible. [17].

2.4.4. Application-specific integrated circuit

Application-specific integrated circuit (ASIC) is a compahewhich is designed to
constantly perform a specific task by hardware. It has acssttucture, where logic
gates and their interconnections are permanently decidedamufacturing. The ad-
vantages of ASICs are their performance, good energy efégiand small size due
to the fact, that it has only the required amount of logic gaiehe disadvantages are
a lack of flexibility, costs for small production batches)doturn-around time, which
is the time between the order and the delivery, and a veiiicavhich should be
performed before the actual production. [18]

2.4.5. Field-programmable gate array

Obviously, it would be good if the benefits of the ASICs and gahpurpose proces-
sors could be combined. In other words, there is a need fovealewhich relies
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on hardware in performing different tasks but maintainsaglity. These types of
components are called programmable logic devices (PLDg €ubtype of PLDs is
the field-programmable gate array (FPGA), which has cordigierwiring and logic

elements on one layer, and a personalization memory on tunddayer. This per-

sonalization memory is used to configure wiring and logierelets, according to the
components’ programming. These types of FPGAs are re-pnoguable, but there are
also one-time programmable versions, where the custoimzet based for instance
on fuses. However, a FPGA has a substantial cost overhead gdmpared to an
ASIC: both the personalization memory and configurable l@dgenents, with their

interconnections, have a remarkable amount of transjsémig depending on which
kind and the amount of logic elements really required, pathe transistors are un-
used in the current implementation. [19].

Since the microprocessor’s relatively slow instructiotciedecode-execute cycle
is not needed, the FPGA performs faster and consumes lesgyen@ynamically
reconfigurable systems can switch their configuration dutire run-time. This is
analogous to a microprocessor, when it changes a softwagegm under execution.
[20]

2.5. Performance gauging — the hardware perspective

Traditionally, processors and whole systems are compareldir performance. The
performance may be thought absolute or relative with othstiesns. Two classic units
of measurement in the area of performance are MIPS and @mgsThe first bench-
mark, MIPS, which stands for a million instructions per satooriginates from the
VAX 11/780 minicomputer, which was the first system which \wasertised to per-
form one MIPS. A single instruction, however, does not havemto do with actual
work performance; the same work scales into different urtston counts on different
architectures. Therefore, the MIPS is mostly a helpful only when comparing dif-
ferent versions of the same architecture. A more valuabielimaark is the Dhrystone,
which is a simple C program that compiles to about 2000 liressembly code. One
Dhrystone corresponds to the execution of 1757 progranmslpep second. Similarly
to the MIPS, the calibration is inherited from the same VAXamae, which could
execute the aforementioned 1757 loops per second. Thegonoigrindependent of
operating system services, but also has some weaknesgesxdraple, if this small
program fits an on-chip cache of an embedded system tota#lypeérformance results
are naturally skewed. The benchmark also has difficulti¢is @iploiting parallel per-
formance in the proper way, and compiler optimizations tolsdavourable Dhrystone
performance are also possible. [4, pp. 26—-27]

2.6. Performance simulations — the hardware perspective

Performance simulators are used for predicting the pedana of the given system.
In a computer domain these simulators are almost alwaywadtprograms written
with high-level languages. Analyzing the performance ob@puter system would be
naturally easiest to do with direct measurements — howévisrkind of method is a
post-design step and rarely contributes directly to thegdgsrocess of future systems.
Predicting the performance can be completed with analyticadels or the perfor-
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mance simulators, which are usually more detailed and filvergive more valuable
information to designers. For example, current micropseoes alone are enormously
complex systems and so are the simulators mimicking thefopeance. The most
accurate simulators work on a so called register transf@l End they simulate the
functionality of basic logic circuits. [21]

A few rather detailed performance simulation solutiongaesented next. Although
they actually simulate the complete combination of haréveard software, their low-
level orientation justifies their positioning in the hardeg@art of this chapter.

Rsimcan be used to simulate various non-uniform memory accessamemory
multi-processors (see section 2.3.2). The exploitatiomstfuction-level parallelism
(see section 3.1) is one of the main interests in the Rsim. Trhelator itself is a
discrete event-driven simulator. The events are used toehmdcessor pipelines,
caches, memories and the network connecting the multiegsmr architecture. The
Rsim models the competition over system resources andpnbeessor synchroniza-
tion in multi-processor systems plus speculative exenuiso in uni-processor sys-
tems. Actual program executables, compiled and linkedHer3parc V9 systems,
can be used as an input for the simulator; the gathered atistns are processed in
a fetch-decode-retire style, which means that the instmas dismissed in the third
step, in contrast to a real system which would perform thea&xecution as the last
step. The output of the simulation has statistics on thd &tacution cycles, how
many instructions per cycle were achieved, the usage rat#fefent functional units
in the processor and several readings on the cache, memanyedwork operations.
[22]

Simicsis a simulation platform simulating several different pFssor architectures
at the instruction-set level. The level of detail is suffitieo run unmodified operating
systems at the top of the simulation platform. The focus sEnwlate the full system
consisting of both hardware and the actual software ratter the test code, or even
a distributed system consisting of several nodes and eazlofoimnem are simulated.
In the above-mentioned distributed case, simulated noolgs e situated in several
hosts or justin a single one; the network connections intaloiged system can also be
simulated when required. The provided device models aneratzenough to utilize
the real firmware and device drivers. [23]

SimpleScalaiis a flexible instruction-set level processor simulatorjochhcan be
used in varying detail. The simplest and fastest model ontylates the instruction
set, whereas the most detailed microarchitectural modefdatures such as dynamic
scheduling, speculative execution and a multilevel memsgsgem. The SimpleScalar
is an event-driven simulation which uses actual prograrari®s as its input. [24]

Asimprovides modularity to performance modelling. It is a fravoek where the
total performance model consists of reusable software feeduwresenting physical
components. When the user has created the desired perfameatel by selecting
proper ready-made modules or writing their own modulessthmilation can be exe-
cuted in three different ways. A static trace, acquired feorather performance model,
or a real system can be fed into the simulator. A dynamic tvemeks in almost the
same way, but the trace is delivered forward simultaneowkije measuring it from
another model, thus saving storage capacity and time. Bieigtions can then finally
be fed into the simulator from a program binary. [25]
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3. EMBEDDED DUALITY — THE SOFTWARE PART

This chapter discusses topics from the software side of dddzksystems. Once again,
the focus is placed on areas affecting the performance. ddfitnderestimating the
actual software applications’ effect on the system’s gennce, in this work we will
maintain quite a neutral sentiment towards them and focug o the operating sys-
tem level. Translated into real terms, we will handle proggas processes and threads
and give special attention to their scheduling. We will fipaliscuss performance
from the software perspective and how it can be estimatetidyneans of workload
modelling and simulation.

3.1. Concepts of processes and threads

A process consists of a running program itself, and its stafgrocess is independent
from other processes, although processes can exchangaation. Thereby, utilizing
several processors with several processes is a quitetgfaigard matter. The concept
of a process is also widely used in uni-processor systenmes wlograms share a single
uni-processor computer. Processes are executed in gnerstices, known as time-
sharing, so it seems to the user that they are running sinadtasly. Process state
information is used when a process switch or a context swaitchirs: the state of the
preceding process is saved and the following is correspghdrestored. [9, p. 469].

The three most essential states for a process are runnady, aad blocked. A run-
ning process is logically a process that is currently undecetion. A ready process
is all set for execution and waiting for processor assignménblocked process is
waiting for some event, an I/O-event completion for exam[#6, p. 55].

Processes, which share their code and most of their adgrass,sare called threads,
as shown in figure 9. Threads are also used with uni-proceystems, but a multi-
processor system can utilize them perfectly. For a muticpssor system with n pro-
cessors, there must be at least n processes, threads or aatarbof these two, in
order to system run at full throughput. Threads are usuadigited by the programmer,
or in some cases the compiler can optimize a code by gengtatiads automatically.
The parallelism here is called thread-level parallelishR), and when compared to
instruction-level parallelism (ILP), the ILP is handled stly by hardware and it relates
to a single instruction at a time, whereas thread-levelllgdisan relates to a substantial
amount of instructions. [9, p. 272]

The utilization of threads within a single processor, ahitaulti-threading, is divided
into different approaches. Fine-grained multi-threadm@ version which switches
between threads on each instruction and skips threadshwalemot ready to run at that
precise moment. Practically, this kind of multi-threadnegjuires support for thread
switching at every clock cycle. The main advantage is thasttstem can execute other
threads when some of them stall. On the other hand, an indiVitiread’s execution
Is constantly interfered with by other threads. CoarsergGhimulti-threading does
switch between threads but only on costly long stalls. Arcaien of an individual
thread is more continuous, but the throughput of the systeaffected by shorter
stalls. In simultaneous multi-threading (SMT), both thePTand ILP are exploited
simultaneously. Various functional units of a processeneed to execute instructions
from different threads in a single clock cycle. The SMT dedsathe ability to fetch
instructions from different threads and also sufficienféu$paces. [9, pp. 608—610]
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Figure 9. The greatest difference between processes aeddthis the sharing of
address spaces.

Some operating systems, for example Linux, do not draw amdéference between
processes and threads. Linux threads have all the featuchsas normal processes,
however part of their resources are shared and therefoyatkecalled as lightweight
processes. [27, p. 80]

3.2. Scheduling levels and objectives

The assignment of physical processors to processes, intorgeocesses accomplish
work, is called processor scheduling [26, p. 249]. Respelgtia scheduling algorithm
Is a set of rules that determine the task to be executed atiaygar moment [28]. One
can say that the distributed system resource here, the CRJiira type of renewable
one. However, its handling is not a trivial task as we will sethe following sections.

The scheduling, performed by an operating system, can ledivnto three differ-
ent levels. High-level or long-term scheduling, also ahjt# or admission scheduling,
is used to determine jobs which shall be allowed to compeieedy for the system
resources. Once a job is admitted to the system, it becomescags or a group of
processes. Intermediate-level or medium-term scheddktegrmines which processes
shall be allowed to compete for the CPU and brought to the mamaony by swapping
them from the mass storage; the method used is suspendirgcavating processes
depending on fluctuations in the system’s load. The bendfii®kind of scheduling is
a smoother system operation and contribution to certaiiopeance goals. Low-level
or short-term scheduling determines the assignment ofyrpeatesses to the CPU.
This is called dispatching and the module responsible forlevel scheduling is cor-
respondingly called the dispatcher. The relationshipwéen different process states
(see section 3.1) and scheduling levels are presented i figu(based on figure 9.2
on [29, p. 396]). [26, 29, pp. 249-250, pp. 394-398]

Scheduling has several general objectives. Schedulingagbe fair — all processes
should be treated likewise. The number of serviced prosgseetime unit should
be maximized, whereas the response times should be mirdmiZée load of the
system should not have an effect on the scheduling, and #&rheads caused by the
scheduling should be minimal. Resource utilization shoelth&lanced, and the given
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Figure 10. Scheduling levels.

priorities obeyed. [26, pp. 250-251]

Scheduling is said to be non-pre-emptive, if the currentigcaiting process can-
not be forced to stop and release the CPU. Process switchirg mace when the
executing process decides to release the CPU. In contrastmmptive scheduling can
interrupt a currently running process, for example, whestlzer task with a higher pri-
ority is ready to run. In real-time and also in interactivetsyns, pre-emption is used
to guarantee proper response times. The disadvantage-emp#on is the overhead,
which is firstly caused by additional context switching tethtasks, and secondly by
the need to keep non-running processes in the main storageen to get them run-
ning quickly. Non-pre-emptive systems have more predietedsponse times, as the
incoming jobs do not replace running processes. On the btred, short jobs have to
wait for longer jobs to finish. [26, pp. 252—-253]

The mechanism, which an operating system uses to reclair@fte from a user
process, is called an interrupt clock or an interval timdre interrupt clock generates
an interrupt after a certain period of time, which causesojperating system to run
and decide which process is dispatched next. Of coursepdssible that the process
releases the CPU voluntarily before the clock interrupt,cone other interrupt takes
the CPU. The advantages of using the interrupt clock are eeldaresponse times
and the prevention of the system becoming stuck because pmuess is looping
infinitely. [26, p. 253]

The priorities for tasks can be assigned with few a diffetaatics. With the static
way, the priorities are assigned to all the tasks once. Dymanmorities can change
during scheduling, and a mixed scheduling algorithm costaarying priorities for
some tasks and static for the rest. [31]. The assignment egmetformed by the
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operating system or it may come from outside the system.icStabrities have a
low overhead, but they do not respond to changes which wagdire adjustments.
An overhead caused by dynamic priorities is usually comgeasfor by improved
responsiveness. [26, p. 253]

3.3. Scheduling algorithms from a uni-processor viewpoint

Uni-processor scheduling strategies are discussed irséicison, in order to ease the
understanding of their multi-processor versions. Schieduan be implemented with
several different algorithmsFirst-in-first-out (FIFO), also known afirst-come-first-
served(FCFS) scheduling, is a simple non-pre-emptive disciplirnéctv dispatches
processes based on their arrival time to a ready queue. Igiites predictable re-
sponse times, but long jobs force short jobs to wait, as vealiramportant jobs make
more important jobs wait. FIFO scheduling can be used astaopather scheduling
algorithms, for example on decisions among processes ateame priority. [26, 29,
pp. 254-255, pp. 403—-406]

Round robin(RR) scheduling works partially like the FIFO, but it only géve slice
of the CPU time, so called quantum to each process at a timeegges, which do
not finish their execution before the quantum has passegyerempted and placed at
the back of the ready list. Round robin has reasonable resgonss in time-sharing
environments. The quantum size can be fixed or variable; @nwal quantum size
causes the context switching overhead to grow larger thefulusork, whereas a too
long quantum makes the RR to function as with FIFO schedukingure 11 clarifies
the policy of this algorithm. When a new task arrives (evemtthe figure), it is placed
at the back of the queue. When a task under execution has dpehitstime slice,
it will also be placed at the back of the queue (event 2 in tharélg The next task to
be executed is the task which has spent the longest time iquéee (event 3 in the
figure). [26, 29, pp. 255-256, pp. 406—408]
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Figure 11. An example scenario of a round robin scheduling.

Shortest job firs(SJF), orshortest process nef®PN) is a non-pre-emptive schedul-
ing, which always selects the process with the lowest estidrain-time-to-completion.
The favouring of short jobs causes the number of waiting gsses in the system to
decrease fast and the average waiting time is also minimi#eel problem is where to
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gain the estimates — in environments, where the same jobs tamexecution in a pe-

riodic way, there may be good estimates, but the proper atgsrare often impossible
to obtain. SJF does not apply to time-sharing systems bedaissnon-pre-emptive.

[26, 29, p. 257, pp. 408-410]

The pre-emptive counterpart of the SJF is calmbrtest remaining timgSRT)
scheduling. The SRT may replace a currently running proaétbsa process, which
has a smaller run-time estimate. The replacement of a neanhpleted process with
only a slightly shorter job can be avoided by setting a tho&skalue, which guar-
antees that processes closing their completion can cantmaxecute uninterrupted.
This algorithm requires the recording of elapsed exectutiaes, which causes some
overhead. [26, 29, pp. 257-258, p. 410]

Highest response ratio nefdRN or HRRN) is a non-pre-emptive scheduling which
calculates a priority-ratio for processes as a sum of theselh waiting time and the
required service time, which is divided by the service tinibe denominator causes
shorter jobs to be preferred, but the increase in waiting tioalled aging, increases
the ratio and therefore guarantees that longer jobs wil la¢sexecuted. The weakness
of the HRRN is the need for service time estimates. [26, 29, 8, R5412]

A scheduling algorithm calledhultilevel feedback queuesnsists of a queuing net-
work, where a new process is placed at the back of the higkesltdueue, which has
the highest priority. When a process goes through this que&&HO-style, and does
not complete its execution in the given time quantum, it gpged into the lower level
and lower priority queue. Long processes go through the evhetwork, until they
are finally completed in the lowest level, which is usuallyplemented in RR style.
This method is based on imposing a penalty on processes Whigh run too long,
although the time quantum can increase at the lower levéls.nfethods advantage is
that service time estimates are not required. [26, 29, pp-261, pp. 412—-414].

3.4. Multi-processor scheduling

Scheduling can be thought to be the most essential factem &tuser reviews the per-
formance of an interactive system. When we are moving from-pratessor system
to a multi-processor version, its importance is emphaseash more. Particularly,
keeping all the processors as utilized as possible is oneeotdmmon scheduling
problems in a multi-processor domain. Scheduling relatgskbets therefore play an
important role in this work.

When scheduling multi-processor systems is considereddditian to the actual
dispatching of a process and the use of time-sharing on avidodl processor, the
assignment of processes to processors must be handled.tidassignment is the
simpler alternative: a process is assigned to one procéssdis whole execution
span. The disadvantage is that one processor may be idle, ther processors have
lot of assigned tasks waiting. A dynamic assignment bygagse problem because
the execution for the same process can take place in aneayljittocessor; however the
repetition of the assignment during scheduling creategesmrerhead. Implementation
for the assignment can be performed with master/slave ar gehitectures. The
master/slave architecture uses a particular processrpetnite the key kernel functions
of the operating system, such as scheduling. In this apprdlae master processor can
become a bottleneck for the whole system’s performancetaridiiure will also halt
other processors. Peer architecture can execute thesd kerations on any processor
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and therefore the processors self-schedule their tasks.approach must have some
kind of synchronization and conflict resolution, as prooessnay compete for same
processes. An intermediate solution is to perform schedun a subset of processors.
[29, pp. 440-441]

Methods for the actual implementation of the multi-processheduling include for
exampleload sharing gang schedulingdedicated processor assignmeamiddynamic
scheduling Load sharing uses a global queue of ready threads, whidesan even
distribution of work to all processors, and also bypassegtbblem of idle processors
if there is work available. Scheduling decisions are mada nmon-centralized way;
the operating system is run on an available processor totdéke next thread for it.
Arranging the queue can be based on basic FCFS, or jobs wiimthkest number of
unscheduled threads can be alternatively executed firg.pidblems in this method
are the synchronization of the global ready queue, exterssixapping of the cached
data because pre-empted threads are often forced to centieir execution on dif-
ferent processor, and a distortion on the execution timekepéndent threads, which
would need to be executed concurrently. [29, pp. 444—-445]

The performance bottleneck of the load sharing methodsusezhby interacting
threads or processes, when they are executed in separatsltim. Repetitive and
unnecessary context switches occur because the syncétionipoints are reached
at different times. This can be avoided through gang scimegiudlso called group
scheduling, which schedules closely related processeshagads to be executed in
parallel. A performance gain comes from reduced contexickivig, which is conse-
guence of reduced synchronization blocking — threads haessibility to catch up to
synchronization points in a much shorter time interval dupdrallel execution. The
scheduling related overhead is smaller, because decisiermade for a group of jobs
at the one time. Resource allocation is also more efficiertalrse the cooperating
threads are probably interested in the same resource, waiche accessed by several
threads via their cooperation. [29, 30, pp. 446—447]

A dedicated processor assignment does not use pre-emptroanlgprogramming
at all; instead, a group of processors is dedicated to thikcagipn. In this approach,
applications must be able to dynamically control the nunadfgarocesses, depending
on the amount of the assigned processors. Processes aadsthiten on the same
processor until their completion — an absence of contexickimg causes improved
performance. A lack of multiprogramming is justified in larggystems, because the
single processor’s blocking does not substantially affeetefficiency of the whole
system. [29, 31, p. 447]

Equally, in dynamic scheduling, the number of threads isadyigally controllable
by applications. A dynamic allocator primarily fulfils newquests with unallocated
processors. If there are not any, allocated but currentlysed processors are used
next. The last possibility is to enforce equipartition bygq@mpting processors from
an application with the largest amount of processors. [29p3449]

3.4.1. Algorithms especially for embedded systems

We will next look at multi-processor scheduling models, evhare particularly uti-
lized in embedded systems. They focus on task-level pasatieAll of these models
are restricted to fulfil non-pre-emptive scheduling: taafes executed as long as they
wish once they are started; there is no forced context singfsee section 3.2). This
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restriction is justified with the implementation overheadised by the pre-emption,
which is unwanted in embedded time-critical systems. A aataiponal task is called
an actor; actors are types of sub-functions, which join#lgrg out some larger func-
tion. The scheduling of these actors starts from the processignment step, which
means choosing the processor where an actor will be execiitesl next task is the
actor ordering step, which means the order that these aatert® execute when con-
sidering just a single processor. Finally, the executiant sime, called firing, is de-
termined for each actor. Different strategies can be dladsbased on which of the
above-mentioned tasks are performed at the compile-tirdendaich at the run-time.
A fully-static strategydoes each of the three tasks at the compile timesetimed
strategydetermines the start times at run-time, by communicatidwéen the proces-
sors in order to get tasks synchronized, but the orderinga#ladation to processors
are decided during the compiling. #atic allocation schedulingnly performs pro-
cessor assignment step at the compile time. If all schegluletisions are made at
the run-time, the strategy is callédlly dynamic These are the four main classes;
there are also two more modifications of thesequaasi-static techniqubas a small
amount of run-time control, which handles ordering in thteag#epended parts of the
execution. Anordered-transaction strategg almost like a self-timed approach, but
the inter-processor communication order is determinetletompile time. [12, 33,
pp. 55—-67]

A fully-static (FS) strategy is used in systolic arrays and in very longrucsion
word (VLIW) processors. The timing of operations is knowntet tcompile time, and
this is enforced during the run-time, either by the progrémsselves or by a program
sequencer. The goal is usually to minimize the total sclesldmgth, the make-span of
the schedule, which also minimizes the idle periods for gaokessor. This strategy
can further be divided into blocked and overlapping scheslulA blocked schedule
completes the whole iteration before proceeding into the are; the dependencies
between successive iterations can thereby be ignored.efigéhl of the critical path —
which is the longest delay free path — specifies the minimenaiton period T for a
blocked schedule. Some of the FS scheduling heuristicstaksointo account inter-
processor communication (IPC), which causes costs whentlcegsors need to com-
municate with each other. The enhancements to blocked slgseare unfolding and
retiming. The unfolding strategy improves blocking scHedwy scheduling the N
iterations together. The number of replicated iterationg/hich is called the blocking
factor, also increases usage of the program memory by the fator. In the retiming
strategy, delays are manipulated in order to shorten thieadrpath, which directly
affects the minimum of the iteration period. The overlagystrategy interleaves suc-
cessive iterations, and is capable of lower iteration plsritnan blocking schedules,
even when unfolding and retiming are used. [12, pp. 57-62]

When actor execution times are not known beforehand, in atloeds when exe-
cution times are varying, the fully-static strategy can beduwith worst-case execu-
tion times. This is obviously an inefficient way, and secgnttie precise worst-case
estimates may be unknown. Insalf-timedscheduling (ST), the fully-static sched-
ule is first built based on execution time estimates. Timimfgrimation is discarded;
processor assignment and the ordering of the actors aeathsised as such. Some
of the actors are so called communication actors, perfayra@nd or receive opera-
tions; these are executed after all the input data is availd®ending actors are also
blocked if the target buffer is full; correspondingly, raéeg actors are blocked if the
source buffer is empty. The sender-receiver synchrowizas thus performed at the
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run-time; the disadvantage is a higher interprocessor aamgation cost due to this
synchronization, when compared to the FS strategy. In F&dsdimg, there are typi-
cally only a few processor cycles required for the IPC, wheme&T scheduling, the
amount is dozens, unless special hardware for flow contudesl. On the other hand,
ST scheduling simplifies the compiler software becausedsamt have to adjust exact
timing. [12, pp. 62—64]

A fully dynamicapproach makes all the scheduling related decisions atutie r
time. It has a very general applicability for various kindstasks; however it also
has disadvantages such as the cost of performing thesénardécisions by special
purpose hardware, like in superscalar processors, or Ioglerunning on one or more
processors. Another disadvantage is that a dynamic sdaredgsiially only performs
locally optimal decisions. [12, pp. 64—-65]

A guasi-staticscheduling is feasible with data-dependent executiongjméich is
generally caused by data-depended control structurel,asiconditionals and data-
dependent iterations [12, pp. 65—67]. The firing of all nodetecided at the compile
time, but they are adjusted, when absolutely necessary,atlthe run-time. Execu-
tion and scheduling progresses normally, until it reacloesesdata-dependent control
structure. At this point, for example in the case of a brangh two unequal execu-
tion times, a run-time scheduler generates two differdmtduales, one for each branch.
The difference here is that the initial pattern of processaiilability is arbitrary. Ob-
tained schedules are adjusted by padding them with idlegerin order to make
the processor availability patterns symmetric. If somesp#ind of synchronization
between the processors is present, padding may not be edquirthere is probabil-
ity information available, about which branch will be exesal the higher probability
branch can be scheduled first, and the second branch willdskegao fulfil the same
pattern of processor availability. The absolute time valde not have to be identical,
just the pattern. Finally, when this data-dependent patti@fchedule is completed,
the original schedule can continue normally. [34].

3.4.2. Scheduling in shared memory systems

Fixed-priority scheduling algorithms in shared-memoryltiqarocessor systems can
also be divided between two methods: partitioned and notitipaed. With the
partitioned method, the execution of all instances of a takks place on the same
processor, which is already chosen before the run-time, jgraétioning algorithm.
The non-partitioned version, which is also known as “dyrabinding” and “global
scheduling”, allows the task to be executed on any procedsus also includes the
case when the task is continued after pre-emption. The aditipned method has
less pre-emptions, since high-priority processes cair@tgossible idle processors,
rather than replace the executing task on the same proceSswe the partitioned
method is guided by worst-case execution time estimatesnexer the actual execu-
tion times may be substantially lower than this, the uttlaa of processors remain
low and would be better with a non-partitioned method. [35]
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3.5. Performance gauging — the software perspective

In addition to the aspects mentioned in section 2.5, reatfirmarking includes application-
specific measuring. In real-time embedded systems, thecfugincontext-switching
and interrupt handling are two components required for algeal-time performance.
The best results can be achieved with benchmark suites maseeal-world algo-
rithms. [4, pp. 28-31]

The over-designing of hardware could usually be avoidet mioper software tun-
ing, and the applicable points of the software can be pointgdwith performance
testing. The basic operation in performance testing is teasurement of the time
consumed in the execution of a function. The execution iegadly a nondeterministic
process, factors such as the contents of instruction ardoda&hes, operating system
task loading, interrupts and other exceptions and finaltg-g@ocessing requirements
in the function cause diversity in the execution time. Thanes the statistical measur-
ing of minimum, maximum, average, and cumulative executiors is recommended.
The execution times can basically be measured by idengfihe memory addresses
of the entry and exit points of the desired functions from lihk map file. By ob-
serving the address bus, and recording the times when thesponding addresses
are detected, the execution time can be calculated. Theutii#is in this technique
include the calls of other functions inside the interesting, with possible recursion,
and interrupts whilst the function is executing; both aspewist be noticed in order to
obtain correct results. Fortunately, the commercial tboi# for performance testing
can usually handle these kinds of problems. On-chip cosifs&e section 3.7.4) can
be also used as performance measurement tools, for exampbeint elapsed time.
[4, pp. 201-205]

3.6. Performance simulations — the software perspective

As explained in section 2.6, the division between hardwared software-oriented
performance simulators is a matter of opinion, as the perdoice is affected by both
of them. This section wields simulators more from the sidsaffware.

One approach in performance simulations is to have separatiels for the ap-
plications to be executed, and for the hardware itself. &vesn possible to use two
different modelling languages to represent these two nsoélel example the Unified
modelling language (UML) for the applications and System&@ieiling language for
the hardware. The applications can be modelled by utiliaiggrithm descriptions or
the source code. To allow the execution of the applicatioodetied in a different lan-
guage than the system, a proper interface between the mmodstsbe implemented.
[36]

It is also possible to estimate the performance with a mughédrilevel of abstrac-
tion. This usually means more abstraction to the hardware f@2ne practical and
efficient way to simulate the performance of a computer-thaystem is to abstract
their load somehow and then to consume it in an abstract atedibnvironment. The
input data processing — called workload modelling — is anartgnt step in this kind
of simulation.

Simulation naturally has also its disadvantages and [sitfalhe development of
a simulation model takes time and resources, the outputeo§ithulation is just an
estimate of the true system’s characteristics and oftesithalation results are given
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much more confidentiality than justified. [5, p. 77]. Esp#gian cases where a
modelled system is only just at the proposal phase, itsatid cannot be performed
against any real world system, which causes an uncertairiheiresults.

3.7. Workload modelling

Workload modelling can be described as an attempt to creatmple and general
model, which can be used to generate synthetic workloadsy&iems that are under
some kind of evaluation. One typical case, where a workleadquired, is a perfor-
mance analysis of computer-based systems. The workloadmisethe software that is
meant to be executed in the actual system. A synthetic wadkétould be as similar
as possible with the real workload. A good workload moded afgkes it possible
to generate various kinds of workloads with slight modifimas. The workload mod-
elling is usually based on measurements from the systenteskst; the record or data
log of workload-related events is often called a trace. Aamagle of a single trace en-
try could consist of the arrival time of a job, where it was@xed and what resources
it required. This type of measurement-based modelling hagr@ngly as late as the
1990’s, when it was noticed that mathematical analysegdas assumptions, differ
notably from real workloads. [37, p. 10]

Workload modelling is about generalization and simpliimat Measurements are
always limited, the measuring process may be inconvenienbstly to realize, and
the measurement instrumentation may cause an overheadaredore disturb the
results. The collected data is valid under strict condgjdor example, data which is
collected from a 128-node supercomputer does not applgttire 64- or 256-node
supercomputers, but with a valid model based on the merdiomsasurement, this
limit can be overtaken. Models can also be executed witlewdifft seeds for random
numbers, and therefore the statistical conditions renf@rsaime, as required in the
calculation of confidence intervals. This is not possiblehimi a single trace. [37, pp.
10-12]

3.7.1. Alternative approaches in workload modelling

There are two different approaches to analyze or evaluatstams design with a mea-
sured workload. A simulation can be driven with a traced Waa#l directly or alter-
natively with a model, which has been created from the tradéhen using a trace
directly, which means the measured workload, the systemoirggghrough a realis-
tic test as the workload is accurate, and the person penfigrithie analysis does not
have to know every detail about the workload. On the othedhangeneralization
to other systems or other system configurations may be agmlilecause different
systems with different architectures are probably unablese the same trace at all.
Information on the circumstances, when the trace was ¢etieshould also be known.
[38]
Workload models have some advantages, when compared ¢s {Z&]:

e Models provide full information of workload characterestito the modeller, for
example, a correlation of different parameters is visible
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e Model parameters can be changed one at a time, whereas radiniguraces
with such an accuracy is challenging at the very least

e Models are not affected by the policies and constraintsefdicording site

e Models enable the easier cleaning of so called bogus dat@hvdan be for
example killed jobs, which are executed multiple times befmmpletion

e Workload modelling also increases understanding on thiesysequirements
and can lead to new designs

3.7.2. Creating a workload model

The creation of a workload model is based on data analysstead of trusting just
the statistical methods, which are the primary tools in thgk, it is desirable to also
use graphical methods and common sense. Depending on tineedlasage of the
workload model one can choose between two different mogelsty37, pp. 15-16]:

e A descriptive model tries to describe just the measured @inenon

e A generative model tries to articulate the process thairmalty generated the
measured workload

Descriptive modelling usually relies on creating a stai@tsummary of the ob-
served workload. In most cases, the observation perioddleuas long as possible.
Once the model is created, the synthetic workload can bengatdy sampling the
distribution functions of the model. The proper distrilatican be selected not by just
fitting its shape, but also by some other feature, such as mismE€apturing a certain
feature from the observed workload is sometimes sufficieutwhen the effects of
other features are unknown, it is safer to try the modelliag@mplete as possible.
The validity of the model is dependent on many factors; if attebute is modelled
with great precision and other ones are formed by baselsssngsions, the validity
is clearly not the best. The advantage of generative, wiielsio called indirect mod-
elling, is that the workload-generation process can be pudaiied, in order to obtain
different types of workloads, which are still correct. [pp,. 15—-16]

The structure of a workload model depends on its purposdptlmsving examples
are given in [37, pp. 5-6]. For scheduling problems, thevealg sufficient attributes
for the model are the arrival and running times for each jolerd is no need for very
specific details on what happens during the execution obihelj the memory aspects
of some system are also being examined, there is usuallyetbé for total memory
consumption and also a locality of reference. When I/O-@ses are taken into con-
sideration, the appropriate attributes are a distribubioiiO sizes and how they inter-
leave with the execution. A typical case is that either cotatpon or I/O is the scope of
the evaluation, and the other one is modelled in a very atisttavay — just spending
some time between the more interesting tasks. Parallelgabslso have the number
of processors used as an additional parameter. In conirst) new microprocessor
architecture is evaluated, the workload model must be mumte specific. This type
of model requires details such as instruction mix, instanctount between branches,
loop sizes and dependencies between the instructionsdwuation-level parallelism
[39].
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3.7.3. Types of workload

The workload itself can be classified into two different typ&7, pp. 7-8]:
e A static workload has a certain amount of work, it gets cortgulet the end

¢ A dynamic workload contains jobs that are arriving all timedj and it will never
get finished

Because dynamic workloads include an arrival process, it Imeiglso character-
ized and implemented properly which causes extra effortydadhic workload model
should include all possible jobs and also their realisigérency of occurrence. The
difference between input distribution and “live systempsteot” must be noticed: even
if the input has substantially more shorter jobs, a randoapsihot may give an erro-
neous impression that longer jobs would be more common. drfigsates from the
fact that the longer jobs naturally stay in the system forreyéy period of time. The
state of the system may affect the evaluation; a clean systaynhave a better per-
formance than a system which has been executing a dynamidoadr Aging may
also be present in a system; for example, memory leaks areamee for this kind
of property in computer systems. Therefore, a dynamic veaidkimodel is usually the
best representation of a real workload. [37, pp. 7-8]

3.7.4. Gathering data for modelling

As mentioned before in section 3.7, workload modelling @idglly based on mea-
sured data. In some cases, data may be already availablexdowple, larger server
machines usually log requests and other activities. Howéwese logs may not have a
sufficient level of detail. If the data must be collectedahde done by instrumenting
the system in a way that its activities can be recorded. Theired facilities should
not modify the behaviour of the system at all; however, tlas be problematic to
implement. Depending on the instrumentations interaatith the actual system, the
instrumentations can be divided into the following clad8&s pp. 18, 25—-26]:

e A passive instrumentation does not modify the system itself

e An active instrumentation is integrated into the systemthggiat the design phase
or afterwards

Passive instrumentations are implemented with extermapoments, which monitor
system activity without interfering with it. For exampléstening nodes can be added
to the network in communication networks. These can reaygs &bout the activity of
the network, without sending any data into it. An exampleroetive instrumentation
could be a microprocessor, which includes counters usedite down the amount
of multiplication, division, load and store operations.eEk can be utilized when the
workload is being modelled. [37, pp. 18, 25—-26]

With active instrumentations, their interference shoutdas minimal as possible,
and data buffering is one possible technique to reduce itmdans that a note of
an event is stored in an internal buffer, and its output takase later, in order to
minimize the overhead caused by the data transfer [37, pR6L&7]. The so called
instrumentation uncertainty principle has the followirspects [40]:
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¢ Instrumentation causes perturbation into the system state
e Execution phenomena and instrumentation have a logicalesziion
e \olume and accuracy are contrary to each other

Another method to manage instrumentations interferentmeaseate models of per-
turbations, and then use them when approximating the trasetey would be with-
out instrumentation. This is called as perturbation anglysnd it consists of two
phases: execution timing analysis and event trace analyses goal of the execution
timing analysis is to adjust the trace event times, so thetgmtions are removed.
This is based on the measured costs of instrumentation. dnt éxace analysis, the
sequence of events is adjusted based on event dependencieder to remove re-
ordering caused by the instrumentation. [40]

One possible interference reduction technique is dyndiypisealable instrumenta-
tion. The instrumentation can be inserted and altered duhie execution of a pro-
gram. This is implemented by modifying the binary image & pinogram while it is
running. The volume of collected data is controlled by axlieg only the informa-
tion required at the moment, and also by adjusting the sagpéite. Instrumentation
can be added in defined locations of application, calledtpoiimstrumentation op-
erations, which alter counters and timers, are called tixies. Boolean expressions,
which affect instrumentation execution, are called pragis. Manual invocation is
also possible. [41]

If the amount of collected data becomes too great, it is iswatommended to
take samples over a longer period of time, than shorten thegida of the whole pro-
cess. Anyway, sampling has some problems: choosing a camsterval between the
samples can cause an aliasing effect on periodic data, atiteasther hand, random
sampling can also hide some characteristics of the dathe Ifiata includes some in-
ternal structure, the sampling strategy should be corsiiigo that such structures are
preserved. [37, p. 27]

One solution, providing dynamic instrumentation supportlfinux operating sys-
tems, is named SystemTap. If a Linux kernel supports Sysaenahd has proper
debugging information included, the core of the operatygiesn can be instrumented
dynamically during the run-time. Probes are written witlatigely simple scripting
language. After compilation of a probe, it is injected intkeginel binary image. Be-
sides the function entry and exit points, arbitrary statei:mare opportune probe posi-
tions. Whereas the probe’s own variables can be used for dgampount the amount
of calls to a particular kernel function, whilst local vaslas in the target system can
also be traced. [42]
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4. PERFORMANCE SIMULATION APPROACH

This chapter describes the researched and implementeddnadining this work.

4.1. Our performance simulation process

The proposed simulation process can be divided into theviillg five steps, which
are also presented in figure 12:

1.

Workload modelling, which includes the instrumentatidithe desired system,
measuring performance data from it and finally creating &igad model from
the gathered data

System modelling, which includes exploring the perfanoearelated parts of the
system, like the degree of co-processing and schedulirdypegsenting these
with a programming language

. Validation, if possible at all, can be done by executirg ghmulation model of

some existing system and then comparing the simulatioritsesith the real-
world system

Simulation, which means the actual execution of the sitmt models with the
workload model, and gathering the desired results

. Analysis, which can include three-dimensional viswlan of the simulation

results and possible comparison with the given performaegeirements

4.2. Workload modelling

The workload modelling process in our case was formed outrefet different ques-

tions:

¢ What should we measure?

e How should we measure it?

e How should we process it?

Section 4.2.1 attempts to answer the first question. In@edti2.2, possible solutions
to the second question are discussed. Finally, sectio dd¥ers the third question.
In addition, we should also ask how our processed workloaglislated to remain
valid, however, in this work; we saw the postponement of tledation for a little bit
as useful option. We will validate it together with the sieeld system.
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1. Workload modelling 2. System modelling

3. Validation of the models
A system model

4. Simulation 5. Analysis of the results

% > r’f.

Figure 12. Coarse representation of the main tasks of peafocensimulation process.

4.2.1. Proper data and its sources

An essential part of our method is to form appropriate in@iador the performance
simulator. We use measurements from existing systems, diudlirectly. Instead,
we utilize the acquired data by creating a workload modelodit (see section 3.7).
Due the nature of these simulations, approximating howdhéd bf the uni-processor-
system would execute in a multi-processor-environmentilevcequire more informa-
tion than with a typical execution trace log. The most indéirey required additional
information is related to the dependencies between preses¥ threads. The work-
load model will contain details about executed tasks, CPlggithey have used and
dependencies between various parts. These dependenltirawsia substantial role
in the execution in a multi-processor system, although #mesalso applies for uni-
processor systems. In the extreme case, a performance gjaotcbe achieved by
increasing the amount of processors, if the workload iststrsequential. Some kind
of enhancement is usually possible, but its ratio to higlaedWware costs must be taken
into account.

The goal is to expose thread-level parallelism as much aslgegsee section 3.1),
and on the other hand, try to keep the parallelism accuratéhi$ work, the chosen
approach was to research whether the scheduler of the mpesytstem would be
a feasible place to expose parallelism. The migration distasetween ready and
blocked queues, or corresponding task state changes, waghthto be a possible
approach, in order to seek for dependencies and possitabgb@arts. One deficiency
— known already beforehand — is that a critical dependentydsn two processes
can already be fulfilled before the latter process is execatell. These processes
should naturally be executed chronologically in the rightes, but such dependency
will remain unseen in this approach. Therefore, these tesk&l be executed in an
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inverse order in our method. This all means that some partiseoivorkload models

may be too optimistic. In order to bypass the described prablwe would need a
great deal of additional information from the operatingteys For starters, we should
measure every possible synchronization mechanism, and.stmaddition, we also

see only the last event which causes a task to be activatedsk @an certainly have
more than one of the prerequisites before its executionthisipproach is unable to
find them.

Besides dependencies, we are also interested in the amowatrlofperformed in
the system. The amount of execution can be represented byalternatives. Firstly,
it may be simply represented as a time since most systenvg @iley measurement of
the system time at the beginning and ending points of deswedt. The system time
usually proceeds as a normal “wall clock” and therefore atiprehensibility for hu-
mans is good. However, this kind of representation is coatgaronly within identical
systems, since devices with different computational céipamaturally do different
amounts of work within an equal time interval. When these &ioldneasurements are
used in simulation-related tasks, where the architectndeuinterest probably differs
from the original one, this causes additional work and tfegeereduces the usefulness
of time-based representations.

By switching the unit from the time into processor clock cgclsome of the previ-
ously mentioned problems can be bypassed. The clock cydeoeparable between
identical processor architectures running constantlyvenedynamically in different
frequencies. There may be a difference between differehitactures, on how many
cycles the processors require in order to execute the sastradtion. The average of
this processor-specific attribute is called cycles peruasion (CPI) [9, p. 42]. It also
depends on the current workload, in other words what typestfilbution of low-level
Instructions it has, but in the long run and with varying tasks, processor-specific
values can be approximated. By dividing the measured wadkiozycles with this
value, the value is converted into an approximated totaluarnhof instructions. The
workload is now comparable between different architestuas long as they imple-
ment the same instruction set architecture (ISA). An irtdtom set architecture is the
interface between the hardware and the software [9, pp.. 8f9Je do not want to
take architecture modifications into account at all, theylmasimply skipped by using
equal values for the workload and a simulated system.

In Linux, the basic operating system scheduling concepts ¢ection 3.2) are used
with minor modifications. Traditionally, the Linux scheduhas used a data structure
called a run queue to gather together all the tasks whicheaayrto run or currently
running on the CPU. These tasks have their state informagibtosunning and when
deciding the next task to run, the scheduler does its seteutithin this queue. With
large number of tasks in the system, the scheduling decigilbhowever have a sub-
stantial overhead. This naturally affects the performari¢ee whole system. Another
deficiency was that multi-processor systems will have Bsors queuing for the next
task, since the single queue must be locked, while one ofrtheepsors is choosing its
task. The enhancements for the problems were per-CPU amatipaty run queues,
which overcame both of the problems: per-CPU run queues obljicolve the prob-
lem related to locking, and storing runnable tasks intogpegrity lists changes the
rather complicated scheduling decision into the schedukdrknowing the highest
priority level which has tasks [27, pp. 266—268]. There a@ different priority lev-
els in total and also 140 lists respectively. Moving a task the run queue is called
activating a task, and correspondingly, deactivating la tasans its removal from the
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run queue. So, instead of having both running and ready guéuRix uses the same
gueue for currently running tasks and for those which ar¢ingato receive processor
time. The centralized blocked queue, discussed in sectiyns3also split into several
smaller per-event or per-resource entities in Linux; thesecalled wait queues and
tasks in these are said to be suspended. The state of thelseofitasks is set to in-
terruptible or uninterruptible, depending on their reactio possibly arriving signals
[27, pp. 81-82].

Linux kernel versions 2.6.23 and 2.6.24, which were theenirofficial mainline
versions during this work, have a so called completely felresluler (CFS). It does
not use run queues as with former versions; runnable tagkstared instead into a
data structure called a red-black tree. However, from oenwvgbint, its functionality
is the same as that of a run queue because the relevant inionnms the temporal
relations and dependencies between tasks. The activatiartask is handled with
one centralized function, as well as its deactivation. Alhtext switches are also
progressed through a centralized place in the kernel cogewNMMook at these three
places in more detail in section 4.2.2. In summary, the Liopgrating systems are
evidently providing the data that we are interested of.

4.2.2. Instrumentation

The tracing part in this work evolved through two differeppaoaches. The first im-
plemented instrumentation into the Linux scheduler rezguikernel source code modi-
fications. It consists of actual logging functions and a s$engontrolling functionality
via the Linux Procfs virtual file system, to begin and end threasurements as we do
not want to normally measure all the time. Each of the loggoigts stores the system
time, which is provided at nanosecond accuracy by the keamel selected relevant
kernel variable values. An existing Linux feature, calledriel messages, was found
to be feasible for the trace logging task and no modificatimneew features were
therefore needed to that functionality. The kernel mesgages primarily saved into
a size-limited virtual file and at intervals into a physicé fiThe physical file is use-
ful, when a desired data is transferred into the next phaste avorkload modelling
process.

The second tracing approach was the utilization of Syst@nfirfBanework (see sec-
tion 3.7.4). Due to its dynamical instrumentation abisifi@o kernel code modifica-
tions and recompilation are required. This helps partityla tracing the develop-
ment phase and in principle, it gives an easier conversitwdan different kernel
versions. When tracing function entry and exit points, modifons are not needed
as long as both the kernels still have the same functions. eMeryin our approach
we also had probe positions which had to be placed insiddgingby using source
code line numbers and therefore the probes must be fine-tanedch kernel version
separately.

During the latter approach, the unit of time measurement alss changed from
nanoseconds to processor clock cycles. Because the worikldaadlly presented as
an amount of processor instructions, measurements bas#t®ystem time must
be first converted to clock cycles and then scaled with a gsmrespecific CPI ratio.
Performing the tracing directly with clock cycles reducet ainnecessary step from
the modelling.

The selected points, already mentioned briefly in the seetid.1, were three func-
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tions responsible for task activations, task deactivatiand actual scheduling. Both
activation and deactivation are short simple functions #redprobing point inside
these does not matter much. In the actual scheduling fundtie probing point was
selected just before the actual context switching, in otdeansure that the function
is really going to switch tasks. Thus, we have three probinigtp and three differ-
ent message types, respectively. All of the messages batfiravtimestamp, which
was already mentioned to be in the CPU cycles. The messagédseatype identi-
fier: ACTI, DEAC or COSW for activation, deactivation or contexvitch messages
respectively. The following parts are message-specifionadill look at them next.

Table 1 presents a message from the probe located in thedtgktian function.
The message has an activated task’s ID as its third field. dinef field denotes the
previous state of this task, which is the state before aativaln Linux, O is the only
executable state and numbers above O are different class#sc&ed or otherwise
non-executable states. Because the task’s state is inguvtaafter an activation, we
do not have to include it into this message. As the last fi¢ld, message has the
activated task’s priority.

Table 1. The form of a task activation message with an example
Timestamp| Message type Task ID | Previous state Priority
387000567 ACTI 3959 1 120

Table 2 presents a corresponding message from the degtifanction. Respec-
tively, it has a deactivated task’s ID as its third field. Tharth field denotes the new
state of the task. Deactivation of a task is about switchmgtate to something above
0. The last field is the task’s priority.

Table 2. The form of a task deactivation message with an ebeamp
Timestamp| Message type Task ID | New state| Priority
387051332 DEAC 3959 1 120

Table 3 presents a message denoting a context switch. Im#ssage, the third
field means the previous task, which is about to be removed the processor. The
fourth field denotes its state — if it is O, the task would di#l runnable, otherwise it
has been deactivated and we presumably already have avd#iactimessage on that
event. The fifth field is the priority of the previous task. T$igth field denotes the
next task, which the system is about to execute. The lastriglietsents the priority of
the next task.

Table 3. The form of a context-switch message with an example
Timestamp| Message type Prev.| Prev. state Prev. prio.| Next | Next prio.
387009901 COSW 3963 0 120 3959 120

With the described message types, the instrumentatiorrgesean execution log.
Figure 13 shows what kind of output we get from the instruragon. In the figure, a
task numbered 3959 is emphasized in order to clarify howkgs@tion progresses.

4.2.3. Creating the workload model

The workload model presents the workload as bipartite ast-ueues. The two el-
ements forming these queues arecutableandwaiting elementsand due bipartite
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Starting #***Scheduler tracing*#*#*

#46387000567 :ACTL:3959:1:120:
#146387009901:C0OSW:3963:0:120:3959: 120:
#46387036811:ACTL:3961:1:120:
#46387051332:DEAC:3959:1: 120
#146387056948:C0SW:3959:1:120:3961: 120:
#46393472149:DEAC:3961:1:120:
#446393479299:C0SW:3961:1:120:3963: 120:
#46399771559: ACTL:3959:1:120:
#46399782609:C0SW:3963:0:120:3959:120:
#146399806542 :DEAC:3959:1:120:
#146399812288: C0SW:3959:1:120:3963:120:
#46399833530:ACTL:3959:1:120:
#146399841616:COSW:3963:0:120:3959: 120:
#46399959773:DEAC:3959:1:120:
#146399965844 : COSW:3959:1:120:3963: 120:
#146399985994 :ACTL :3959:1:120:
#46399993599: C0SW:3963:0:120:3959:120:
#46400016271:ACTL:3961:1:120:
#46400027815:DEAC:3959:1:120:
#46400033119:C05W:3959:1:120:3961:120:
#46405992527 :ACTL :3245:1:120:
#46408105001:ACTL:4037:1:115:

Figure 13. Short clip from a log produced by the scheduldrunsentation.

structure, an executable element is always followed by divgaelement and vice
versa. Either of the elements can be the first element in aequieypending on the ini-
tial state of the corresponding task. An executable eleinehtdes a finite amount of
instructions which must be “executed” before the elemedeisted from the head of
the queue. Additionally, it can have one or moreaofivations which activate other,
possibly blocked tasks. A waiting element is removed from llead of the queue,
when a dependency related to it is fulfilled. Figure 14 shdvesstructure of a simple
workload. The white rectangles present executable palisy @re followed by hexag-
onal waiting elements. Small rectangles inside execuiadntes are activations, which
become realized during the execution of executable parts.

Task Executable load, Waiting for 5 Executable load, Waiting for 6 Executable load,
3301 40000 instructions 9 36000 instructions 9 28000 instructions
A A A
1 2 8!
P N AN
\
\\
N\
Executable load Executable load
Task ’ - Executable load, . ’
3303 ) 2400_0 Waiting for 1 46000 instructions Waiting for 3 . 2400_0
[ instructions instructions
| i B
\ 7 5] 6

Task
3305

Executable load,
38000 instructions

Executable load,

Waiting for 2 26000 instructions

Wiaiting for 4

Figure 14. Our workload model’s structure.

The described model is created by reading our tracing logs@nted in section
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4.2.2) line by line. Figure 15 presents the high level stiieebf the developed algo-
rithm responsible for the model creation. Each timestamfhefmessage is used to
increase the the amount of processing of the currently ngnigisk. During a context
switch, the next task will gain a new executable elementsrgueue’s tail, if there
is not one already. If the the state of the previous task iskad, its queue will be
lengthened with a new waiting element with a unique deperystamp. An acti-
vation message causes the tail of the queue of the activas&dd be examined; the
number of the dependency it has been waiting for is fetchddharew activation event
Is associated into currently running task’s element. A tiea@ton message causes the
deactivated task’s executable element to be tagged asw@geadi in order to handle it
properly during the next context switch.

switch Message typdo
caseContext switch
switch Task typedo
caseNext

if No executable element in the ttilen
| Create a new executable element;

end
end

casePrevious
Add the amount of processing for this task;

if State==blockedhen
| Create a new waiting element with a new dependency stamp;

end
end
end
end

caseActivation
Add the amount of processing for the currently running task;

Fetch the dependency stamp from the tail of the activatdg tas
Create a new activation event into the currently running;task
end

aseDeactivation
Add the amount of processing for the currently running task;

Tag the deactivated task as deactivated,;
end

end

o

Figure 15. Pseudo code of the workload modeller.

The deactivation message is redundant for most of the tisienly the currently
running task will be typically deactivated, and the very sateactivation information
could be acquired during the next context switch from theipres task’s state. There
are however occasions, where tasks use kernel-providedomat order to access
their state information directly and thereby passing ndératéivation and deactiva-
tion functions. These kinds of “invisible” activations addactivations will disturb
the algorithm and in the worst case they cause a deadlocleimtidel. Therefore,
when handling context switches, we treat cases where sifiemiation is accessed
directly in a special way. Since no deactivation messageurd, it is also a sign of
a missing activation message in the near future. We thergfiacess these cases, as
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the deactivated task would remain runnable. The amountrof®ecaused by this was
empirically discovered to be insignificant; since theseesagem to be quite rare and
on the other hand, these tasks are usually returned to tloaitexe just in a couple of
context switches anyhow.

The current version also includes the idle task as a norrmabutable work. The
reason for this is that the idle can often represent the tilmervthe system is waiting
for user interactions. The response times of the user muistatiy also be taken into
account also in the simulated system, and the easiest waystoreeit is to let the
processors also execute the idle sections.

4.3. System modelling and simulation

In our case, the system modelling means the development absinact consumer
for the generated workload model. Obviously, the workldaoldd also be consumed
equally such as with the real system, which we are trying tdehoThe abstraction
level of the simulator, for the actual execution part of theks, is very high — basically,
we just perform a repetitive subtraction operation, at &dpmkefined by the simulated
processors’ cycles-per-instruction value. The schedusirmodelled more accurately,
and the dependencies, presented in the workload modelatuealty strictly obeyed
when the tasks are executed.

The implemented performance simulator has some modylaritytherefore differ-
ent scheduling algorithms and system architecture alii@asashould be easy to add
afterwards. The first system implemented and discussedsnmbrk is a homoge-
neous architecture with a centralized scheduler. This s#&at the processors use the
scheduler individually to fetch the next task, and the sahed can only take place for
one processor at a time. Other processors will be forced itaftlaere is a concurrent
attempt for scheduler access. This causes an extra oveihdasystem, besides the
normal scheduling overhead. The main memory is also cereéthlind shared in the
model (see section 2.3.2), which eases the simulation asonyeancess times can be
thought to be same as in the original system. The simulatpleiments the finite state
machine presented in figure 16.

The simulator is fed with the workload model (see section3).2First, the model
Is checked to be deadlock-free, because a part of the warkidhotherwise remain
unexecuted. The simulator begins by forming initial run avadt queues. Initially
runnable tasks of the workload model are naturally placeal iihe run queue, and
non-runnable tasks respectively into the wait queue. Thegasors are modelled in
dedicated threads, which are synchronously proceedingl@iion steps. The simu-
lation step is freely adjustable, beginning from one clog&le. The first actual state
after the initial preparations is thdle state. However, a flag denoting a need for
rescheduling is initially up and each processor therefalle the scheduler. One of the
processors manages to access the scheduler, whilst oteds@ed to wait.Waiting
for the schedulers modelled as a dedicated state in the state machine. Ampshy
mentioned, this is one factor that lowers the efficiency attems with a centralized
scheduler, as the processors are unable to do useful woile thby are waiting for
the scheduler. After successful access to the schedulleer diy waiting for or ac-
cessing it directly, the simulation models theheduling overheadvhich presents the
overhead related to the scheduling procedures. Selettengext task from a group
of several tasks causes some extra computation. Addiyprsaheduling is usually
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“\_ Reschedule / No task available
“Scheduler free |

Reschedule / '
Scheduler busy”

v

Overhead done &&
Reschedule

Scheduler free

Scheduling overhead

Waiting for scheduler

Overhead done /

Reschedule || End of timeslice || End Reschedule || End of timeslice || End
of task / / of task /

Scheduler busy Scheduler free

Processing a task

Figure 16. A finite state machine, with rather few statessiesduto simulate a homo-
geneous architecture with a centralized scheduler.

followed by a context switch, which means transferring thtadf the next task to the

processor. This also causes some overhead, but in our baseeasured workload

already includes both the scheduling and context switcbwverhead. The amount
of the overhead can be set to represent an estimate of thicoadtioverhead caused
by the multi-processor scheduling. As already said, qugethe scheduler access is
taken into account in this simulation and it does not needetajproximated in the

scheduling overhead.

In the worst case, a context switch may require a reloaditigeofvhole cache mem-
ory. This situation is called a cold cache. A cold cache iscthresequence of a “new”
task’s scheduling to a processor: its cache is occupiedépitivious task’s data and
the cache must be thereby cleared and then loaded with tipepdata. This means
that the tasks should be kept running within the same proc@ssmuch as possible.
If the cache has the correct data ready for a task, the caalespectively called a
hot cache. Multi-processor scheduling algorithms canzetiknowledge on the tasks’
previously allocated processors and thereby, they camptteo avoid movement of
the tasks between different processors. The implemenggtidm in the simulator
did not include this kind of feature, as the measured workklao includes the cache
overhead from the original system.

After the scheduling overhead has been consumed, the agxistisually the actual
execution of a task, in a state calledpscessing a taskThe only exceptions to this
are the cases when a rescheduling flag has been raised cheisgheduling overhead
consumption, which causes the processor to schedule agatinat there is no task
available to the processor, which causes it to enter thestdle. Without an immedi-
ate rescheduling, the simulation begins to execute thedsb task. Depending on
the set CPI value, one instruction usually takes more thapfonexample 1.5 cycles
to complete. As with the workload modelling, we do not use sace instruction-
specific CPI value but an estimated average of it. During tleewtion of tasks, the
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dependencies presented in the workload model becomeddlfilThe fulfilment trig-
gers the following operations in the simulator: an update thependency matrix, a
migration of corresponding tasks from the wait queue to timequeue and a possible
rescheduling. The dependency matrix is used for trackitfgléal dependencies — a
waiting point in the workload model can be simply skippedh& tequired dependency
is already filled in the simulated run. The task executiontiooies until a need for
reschedule flag is raised, the task uses its entire time @&titee runnable part of the
task is consumed totally. All of these cause the processechiedule, and depend-
ing on the scheduler’s availability, the next possibleestare waiting the scheduler or
processing the scheduler overhead.

The implemented scheduling algorithm has a centralizeejueue, which further-
more consists of separate round-robin (see section 3.3)jseaibes for each priority. In
general terms, this algorithm is a simplified and centrdlizersion of the algorithm of
the previous Linux versions (see section 4.2.1). Becaushigfieest priority process
with the longest waiting time is always selected, and on therchand a rescheduling
occurs every time tasks are activated, the algorithm assheat N runnable processes
with the highest priorities are always executing in a systdth N processors. When
looking more closely at the simulators internal functiatyaln addition to the task it-
self, the scheduler also returns the scheduling overheatraa slice values, as shown
in figure 17. As this type of per-priority run queue schediiles a virtually constant
overhead, and the workload model itself includes a schegloverhead from the orig-
inal system, we did not develop any kind of approximatiorction for the scheduling
overhead. Instead, the used scheduler returns a smalbobm@shount of cycles. Of
course, the overhead could be also accurately modelledi lsasthe actual computa-
tion needed in picking the next task. In the current verdiloa given time slice is also
modelled in a coarse way: it varies stochastically betwhervalues that we observed
with measurements from the real-world system. The realatpgy systems calculate
this value premising on characteristics of the task, su¢heakad of the system.

The task’s event queue

Scheduling overhead Time slice

Figure 17. The scheduler returns a structure, which caneisthe whole task event
gueue, scheduling overhead and time slice values.
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4.4. Analysis with visualization

A 3D-visualization tool called PerVisGL, originally creat by Yrjonen [7], was ex-
tended during this work to support multiple data logs, ineortb visualize multi-
processor systems. In addition, we also developed othesrrfeatures for it, mostly
related to easier task identification. PerVisGL allows tlse of three-dimensional
space freely, to represent arbitrary data after a datafspesader has been developed.
In this case, we selected adjacent 100 x 10 x 10 rectangulasiio present the ex-
ecution. Each of the described boxes denotes one proceldseiongest dimension
is aligned with the x-axis and is 100 units. This denotes itne,tand despite of the
actual duration of the log, the whole log is scaled to thienval. The y-axis, up to
10 units, denotes the relative load of the CPU in a linear tashirhe z-axis, up to
10 units as well, is relative to the priorities of the taskg, ot linearly. Normal non-
real-time tasks use a scale from 0 to 8 units, real-time tas&ghe next distance from
8 to 9 units and so called background load, which is the sdhmegdaverhead, is the
longest in the z-direction, reaching a full 10 units. Thing tthickness” of the graph
presents the importance of the work; the background loadnmoaipe esteemed, but it
is obligatory and at least important to notify.

We also use colours as an additional dimension. Tasks cadengified by their
colours; the colour value for a task is calculated from igktaumber. The function,
calculating this value, uses a simple hash method in ordeletoly present different
colours for consecutive task numbers. One can also giveetdketsisk numbers, which
will be the only ones to be coloured. This notably emphasizeggraph, when there
are dozens or hundreds of tasks presented simultaneously.

Instead of drawing the tasks strictly in a sequential ort@rgathe time-axis, the ap-
plication splits the space into smaller blocks. This is duthe overwhelming amount
of context switches present in a typical log; the graph wdndds hard to read as the
original, raw text-form log itself. For example, if we wart present our data in ten
blocks, the first block represents the distribution of cotapan in the first tenth of the
log, and its dimensions are 10 x 10 x 10 respectively. The $presenting individual
tasks are drawn in this space, one upon the other. Tasks l@thighest priorities
go to the bottom, because they were also the thickest ones.blblck now fills the
x-axis for one tenth of the total distance, but the y- and Hages have varying sizes
in different positions. The height of a box presents theesponding task’s share of
computation during the block interval, and because the $axe piled vertically, the
top of the topmost box also shows the total relative compmutatAny free space over
the topmost box correspondingly represents the amountl@f ithe z-dimension is
also task-wise and represents the priority, as alreadyiomt in this section.

Figure 18 is used here as a practical example of the fundtipoéthe visualization.
The figure has roughly ten blocks visible. In the very firstdilahree different tasks,
drawn in blue, red and orange, have been executed, and dieof have different
priorities. “The orange task” had the highest priority ahdrefore it is drawn at the
bottom with the thickest box. Furthermore, these threestasigether, used roughly 55
percent of the available CPU time during this block’s intérsance there are 4.5 units
of free space at the top in the y-axis. In the next blocks, oediyand blue tasks have
been running, and finally in the last blocks visible, thererily/ a green task running.

Figure 18 also shows how the visualization tool draws gadsdaip in the determin-
ing of load and priority values. The distance between twd gries is one unit, so
in the direction of the y-axis, the lines correspond to a gleaof 10 % in the load of
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Figure 18. A simple visualization to clarify the visualizat applications functionality.

the system. In the direction of the x-axis, the scale is m&dr since most of it, the
values from O to 8 units, were defined for non-real-time taskse are usually more
interested of them. Non-real-time tasks in Linux have orllypfiorities against the
100 priorities of real-time tasks [27, p. 265].

The interface between the simulator and the visualizatoh it a set of log files:
one file per simulated processor. One line in a log represesés time interval, how-
ever a context switch, always triggers the logging so th&t da each task’s execution
is acquired properly. Each line has a time stamp, the amdwweshead in the inter-
val, the amount of the actual processing in the intervalsk raimber and a priority.
Because the time stamp in the log file is in processor cyclessitnulated device’s
clock rate must be entered into the visualization tool, ideorto present the correct
“wall clock” time values in the graph.
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5. RESULTS

This chapter presents the results achieved during the wbristly, the performed
validations are discussed and then we will analyze the winefiod.

5.1. Validation of the models

As explained in section 3.6 the simulation models can be tavdlidate completely.
In this work, two somewhat different validation methods &applied. The first one
was more coarse and meant for early phase testing, whereasetiond one gives
useful results about the accuracy and feasibility of the'@gogh.

The first validation was performed with a simple self-madgliaption, which runs a
selected amount of threads using an inter-thread synctatomn mechanism. We will
measure the execution of this application, model it and lfireimulate the acquired
workload with different multi-processor systems. As thieinal functionality of the
application is known, it is possible to see if our perform@asonulation method gives
too optimistic or too pessimistic results for the given wosd.

The second validation method is more general and clearlyemballenging. The
workload was measured from a dual-core PC with operatingsy#hich was forced
to use only one core. The measured workload is then simulatetbdelled dual-
processor architecture and the simulation results are amdpo a run of the same
tasks in a PC which is using the both cores. The modelled aaldvarld systems
should now be effectively the same. The result of this is thatdifference in the
results directly presents the accuracy of the whole method.

In other words, we are validating the workload model, theusation model and the
whole method at the same time.

5.1.1. Threads with barrier synchronization

The self-made application for this validation purpose perfed repetitive memory
operations with three child threads. These child threads kad 250 iterations and the
iterations were synchronized with the so called barriecchyonization, which holds
the threads in a barrier point, until they have all reachedntour case, with three
threads, the first and second threads to reach the barribtaied temporarily. The
third thread continues its execution directly without limg at the barrier, and this
event also releases the two other ones to continue.

This test case was selected to be inconvenient for our metBatte, one of the
threads in every iteration proceeds without blocking, theghrad will not see that de-
pendency at all, although there clearly is one by knowingekeapplication’s internal
structure. Thereby, the method could produce results thaba optimistic. However,
in the long run, the threads will encounter an equal amourtiatking when com-
pared to each other, and therefore they are still clearlglaymized with each other,
although one dependency per iteration is missed. This nteanhshe method should
be able to also simulate the execution in a roughly syncheahivay.

Figure 19 presents the visualization of the trace achiensd the described test ap-
plication. Only the threads affiliated to the test applicatione parent, number 11786,
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Figure 19. Visualization of the test application’s trace.

and three child threads, numbers 11787, 11788 and 11788pkmared. Particularly
in the middle part, the three child threads can be seen tagxgaite equally.

Table 4 presents the original trace and the results for fdterdnt simulated plat-
forms. The amount of total execution is given in millions of CBycles, and the
relative performance, which is the ratio of execution timesscaled to be 1 for the
measured device. As we knew that there is thread-levellphsatl between the three
threads, one could expect a linear gain in performance withand three processors.
The CPI values were the same for all of the systems includiagrteasured one, so
we do modelled similar architectures with different degrefparallel processing. The
dual-processor gets very close to doubling the performanmthe system with three
processors is not so far from triplication. So far, the rssate within the presump-
tions.

Table 4. Results of the first part of the validation

System| Total execution| Relative performance
Trace 15755 1

Dual 7978 1.97

Triple 5557 2.84

Quad 4939 3.19

Octa 4767 3.31

So it seems as if the method performed quite well in exposifficgent parallelism
for the simulated architectures with two and three proasssbigure 20 presents a
visualization of the simulation run with two processorsikade. The utilization for
both of the processors can be seen to be quite high, as theneiramable threads
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available all the time.
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Figure 20. The visualization of the test application run siraulated dual-processor
system.

In figure 21, the test application is simulated to use threegssors. The workload
manages to keep all the available processors relatively, lsch is still reasonable
since we know that the three threads should be able to rurucamtly.

FPS+, 142052 best: 75,087

Figure 21. The visualization of the test application run siraulated triple-processor
system.

When we add one more processor to the system, we should nosiggiifecant per-
formance gain, because there is not enough parallelisfablai The small exceeding
of the relative performance of 3 with four processors candpéagned with other small
tasks present in the workload. In figure 22, we can see howxtheugon is divided
among four processing units. The graphical analysis alséiroas that there are idle
slots clearly visible, and the utilization of the system @ the best possible. Figure
23 demonstrates the scalability of the simulation also ohitaah to the visualization.
The simulated system has eight processors and therefovald be a type of super-
computer. The figure clearly shows that the amount of padistian the workload was
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not sufficient for this kind of architecture and therefore grocessors are idling a lot.
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Figure 22. The visualization of the test application run siraulated quad-processor
system.

Besides the total execution times and 3D-graphs, we can atsmve additional
information about the execution. Table 5 presents pergasm characteristics about
the simulated architectures. We had four states in the stathine representing one
processor (see section 4.3). The simulator counts how maihgsceach processor has
spent in each of the states. The numbers are averaged harthandividual statistics
of the processors. All of the units are in millions of cycl&he amounts of processing
and idle are a partially repetition of what we have alreagguassed, but the scheduling
statistics have not been reviewed yet. As expected, théneadr caused by having a
single scheduler for multiple processors, rises quickdythee amount of processors
increases. On the other hand, the per-processor schedwingead decreases. This
is due to the fact that with a static amount of workload andrengasing number of
processors, one processor has less scheduling occasions.

Table 5. Per-processor details about the simulation runs
System| Processing Idle | Waiting for scheduler Scheduling overhead

Dual 7882 93.1 1.1 2.3
Triple 5254 298 2 2
Quad 3941 993 2.6 1.8

Octa 1971 2790 5.1 1.6
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FF5: 11.4833 best: 19.90035

Figure 23. The visualization of the test application run siraulated super-computer,
which has eight processors in total.

5.1.2. Threaded video encoding

The selected application for the second part of the vabdatias FFmpeg [43], which
is a multi-threaded video encoding software for Linux. Nalythe application se-
lects a suitable amount of threads to use depending on tlisvhes, naturally one
thread per one processor, but in this case, it was forcedetdwes threads for encod-
ing. In addition to the two threads performing the encodihg, application’s “main
thread” is also running and probably performing some kindawitrol tasks, but it does
not utilize the CPU as heavily as the two other threads. Thederts threads also have
a lot of dependencies between them; threads are almostablagked when they are
switched from the execution. This is a good situation for walidation purposes.
For example, a threaded file compression was initially pdanas a validation case,
but its threads were noticed to remain runnable when theg wetitched out. Due
to this fact, the validation would have been too trivial, las dependencies and their
fulfilments would only have had a small effect.

The operating system was Fedora Core 8 Linux with a self-lithel version
2.6.24.3. Self-building of the kernel was required due ® 8ystemTap instrumen-
tation. The operating system was forced to use only one aitbeores provided by
the Core 2 Duo workstation, running at 2.16 GHz. The test casetvencode a mo-
tion JPEG AVI file into a DVD PAL MPEG-2 format. The size of thaginal file was
10.0 megabytes and the output file enlarged to 23.7 megalittiesencoding process
was measured and then fed into the combination of the wadkioadeller and simu-
lator. Figure 24 shows that there were also plenty of othekstanvolved. However,
most of the processing was done by the three threads of tke eidcoder.

The video encoding was also executed in the described vedidsiwith both cores
in use, in order to provide reference results. The totalggs©f the uni-core measure-
ment, the simulated two-processor execution and the realawe execution, was
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Figure 24. The visualization of the trace, from the encogirgcess, which was used
when the workload model was created.

repeated five times, as there was some deviations in the ne@asats. This is due
the fact that we used a normal operating system with obligdtackground tasks run-
ning. There will also be a number of other tasks running al Ile¢ heads and tails
of logs, which must be subtracted before the results are acabfe to each other. In
other words, we are interested in the part, which begins vherwideo encoder was
launched, and ends when the video encoder exits. Table énisahe results. Both of
the workload statistics are given in millions of CPU cyclebeTelative performance
is scaled to be 1 for the real uni-core system. For this waidk|the simulation gave an
average of 12 % too pessimistic results. However, by takiagdard deviations into
account, the results are overlapping with the real systernthesresults in the outline
were quite much as expected. Once again, we used identicataDi®¥s in order to

only focus on the validation of the parallelism at first.

Table 6. Results of the second part of the validation

System Average| Standard deviation Relative performance
Real uni-core 83241 5333 1

Real dual-core 37576 3648 2.21
Simulated dual-processor 42093 2874 1.98

Figure 25 shows the visualization of the output of the sitmula After arbitrary
tasks at the beginning, it can be seen that the video encedeceiving CPU time
quite equally from both processors. As the current implaatesn of the simulated
scheduler does not have any policy for keeping the samed$iremning in the same
processors, the threads are migrating a lot between theegsors. The workload
model actually already has some extra variables for additimformation, and one
of them is the last place of execution. So, a more sophisticatheduling algorithm
could use this information when it decides the next taskh@ugh this figure has other
tasks present at both ends of the graphs, the values givablan@ were calculated by
using the first and the last occurrence of the encoder’'sdisrea

Figure 26 has only the encoder’s threads emphasized, fiegresslerstanding. This
figure also shows that, in the beginning, there is a groupherdasks causing the load
to the system. After that, the visualization reveals thate¢hcoding process is able to
roughly utilize 90 % of the available processing power in giatulated two-processor
architecture. This type of information can be a very usedud system designer, and
on the other hand, obtaining the value from raw text-formsleguld probably be
troublesome or inconvenient. In addition to this broad sy, the visualization also
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Figure 25. The visualization of the encoding simulatioruhesswith all the tasks shown
equally.

shows more detailed statistics. For example, some highanitgrprocesses, longer in
the Z-direction and drawn with black and grey, are also dooadly receiving small
partitions of the CPU time.

Colors_for_threads:
+Thread_3963 - 19.5§° .5466
mThread_3961

@ Thread_3959

@Eackground_load

Figure 26. The visualization of the encoding simulatiorutss where only the threads
belonging to the encoding task are emphasized.

In figure 27, we have selected a short interval of about 1.BamiCPU cycles from
the first processor’s graph under closer examination. Wesearthat two threads per-
forming the actual encoding, numbers 3961 and 3963, aremesige for nearly two
thirds of the CPU’s utilization. Since the visualizationitbad only the three encoding
threads emphasized, the numeric summary also only givedeteinformation only
about these threads, and all the other 15 threads have gistttmbined CPU time

visible.
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Statistics timeframe: from 22437769000 to 23718795000; length 1281026000
Thread 39359 has consumed 17 % of CFU time
Thread 3961 has consumed 34 ¥ of CPU time
Thread 3963 has consumed 29 % of CFU time
15 other threads, they hawve consumed 9 ¥ of CPU time
Average background load in this interwval: O %
Amount of 1dle i1n this interwal: 11 %
st EREER | ll']'] R 13,7115

FFS: 35.@769 best: 59.7013 }

Figure 27. The visualization tool allows to pick arbitrapgion under closer exami-
nation.

5.2. Analysis of the whole method

We have already analyzed the individual cases, and in tbisosewe will look more
at the whole method. Even though the synchronization mesimain the first valida-
tion case was intentionally selected to be difficult, theultsswere logical. Despite
the periodical loss of “invisible” dependencies during theasurement, the acquired
workload model seemed to be feasible in the longer run. Thelated architecture’s
scaling to a virtually unlimited quantity of processors vadéso found to be functional.

In the latter validation case, the encoder’s relative peremce was well over 2 in
the real two-processor architecture. Our method has adtiealrupper limit of 2 for
dual-processor simulations, as it always executes evag/that we have measured,
and at its best with double speed, but not any faster. Althowg simulated a central-
ized scheduler, whereas the real dual-core platform usdidated run queues for both
of the processors and load balancing between the queuesnelegied, these differ-
ences were not relevant. The simulator spent less thani@mdf CPU cycles waiting
for the scheduler in the runs averaging 42 billion of cyclesich is less than 0.02 %.
The video encoding algorithm seems to have some kind of fgyfidoenefits, when
it is running in multiple cores. Some reasons for this candendy processing the
measured log files a little. One event causing the unexpageed-up is the fact that
by counting the context switches related to these encotiregtls, the amount was 37
% smaller on average in the real-world dual-core system itisaimi-core configura-
tion. Because the current version of the workload modellisg ancludes the context
switching overhead from the measured system as an exeewtabkload, the simu-
lation is unable to achieve this kind of performance gaimssummary, some factors
of a parallel processing performance gain are unobtainfableur method’s current
functionality. The instrumentation also has its effectlo&ineasured workload, which
we will look closer at in section 6.2.

The greatest disappointment this time was not found in thiaoaks characteristics,
but from the practical implementation of its one part. Thegenance simulator itself
is very slow to execute, and despite an adjustable simulatep, the simulation takes
significantly more time than the corresponding real-wondcess. The code of the
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simulator should be optimized.

Despite the promise of two cases, we have to remember thaeriermed several
validation steps at once, including the workload model, ¢hstem model and the
method in general. The scope of these two cases in the dorheomputer systems,
where workloads can be virtually anything, is also far fromffisient. However, in
summary, we are satisfied with the obtained results.



58

6. DISCUSSION

We will review here the strengths and weaknesses of the mefsthe work was just
the first phase of a larger work, we will also cover some pdsdiiure scenarios.

6.1. Advantages of the method

This section presents the aspects that we found partigacicessful during the work.
We will look first at the subtopics and then discuss the whad¢hod.

The instrumentatiorprovides an easy completion of measurements, since we only
need information from three different points of an opemgsystem: task activations,
task deactivations and context switches. If the states eftalsks can be reliably
checked during the context switches, a previous task camuedfout to be deac-
tivated from the context switch’s probing point. Probing ttheactivations becomes
effectively redundant and thereby only two points of theraprg system must be in-
strumented. The instrumentation’s functionality is alsoe and needs only a few
lines of additional code. Due to these facts, all operatysgesns, implementing some-
what the same kind of centralized active and blocked tasHliray should be possible
to instrument with the given guidelines.

The workload modellingstep is automated and does not require user interaction,
excluding possible CPI value settings. When compared to sdhe methods, the
user does not need to be familiar with the workload in detail.

Due to thesimulation’saccurate modelling of the scheduling, it could be used in a
uni-processor domain as well — in addition to parallel pssaogg, one could test uni-
processor scheduling algorithms. As the simulator usekla@ads which are measured
from real-world devices, the algorithms would be underisgialtesting.

Our visualizationapproach is commonly thought to be easy to understand. It can
handle varying amounts of data and visualize them in an gguatierstandable way.
Emphasizing the desired parts of the execution, and giiagstcs on the selected
areas were noticed to be useful resources.

Despite thewhole method’sigh level of abstraction, the cases selected for vali-
dation at least gave reasonable and comparatively aca@wsiéds. The autonomous
processing of measurements from real-world devices, agidlthkage into simulated
domains was also found to be a working solution. This remthwedemand for manual
workload creation present in several other methods. The imp®rtant breakthrough
during the work was the exploration of parallelism and delesicies by instrumenting
the scheduling queues. This idea also proved to be feasidleedatively straightfor-
ward to implement.

6.2. Considerations of the method

We already had knowledge of some of the method’s restristairthe beginning of
the work, and we also encountered some new ones during thie wldris section
declares these aspects. Once again, we will first look anttigidual areas and then
the complete method.

Despite the small code size of thestrumentationwe are probing a very sensitive
part of an operating system. The target events are alsorimegwery frequently. This
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causes an unavoidable probing effect, which makes the waxklto seem larger than
they really are. Equally, the measured system seems to Wwerslahich also affects
the simulated system. Table 7 presents statistics on fiveues, where the video en-
coding task from the second validation case was run with atitbwt instrumentation,
in order to estimate the amount of the probing effect. Thatiom of the encoding
process was measured in seconds. The amount of the ovedaesed by the instru-
mentation, seems to be 5.1 % in this case. The value depenitie dask switching
pace of the workload, as every context switch, task actiwaéind task deactivation
cause an additional logging event. By measuring this kindcefibration value” for
a given process, and then scaling the amounts of the exaaiiiong the workload
model creation, the method’s accuracy could be refineddurtbn the other hand, the
relative performance gain between the instrumented @igystem and the simulated
system should be roughly the same as between the uninstreh@niginal system and
the real-world system which we are trying to model. This ig ¢lu the fact that the
instrumentation slows down both the measured and simutgttdm at the same ratio.
In summary, one could focus more on the relative performgadae than the absolute
duration of the execution, in order to bypass the error chbgehe instrumentation.

Table 7. Test runs of a real system with and without instruatem

System Average| Standard deviation
Uni-core without instrumentation 35.237 s 1.3043 s
Uni-core with instrumentation | 37.031 s 1.2602 s

The sizes of the logs are also large, as there are plenty eksary events. Some
kind of sampling — but still conserving the dependencies w#ld/be useful if we desire
to measure longer executions. In this work, we focused onlguick example runs.
However, the results can be also easily extrapolated fay lasting cases.

Because we are gain dependencies only by observing taslatamtisy and deacti-
vations, we do not know what the class of the dependency is.e¥ample, when a
task is blocked, we do not know whether it is waiting for a usput, waiting for data
from some device, or is it synchronized to proceed exactthi@same rate as its sib-
ling threads. By spreading instrumentation into other amfean operating system,
we could also gain this kind of data, but also compromise enitistrumentation’s
adaptability in other operating systems. As already meetian the section 4.2.1, the
method has also some “blind spots” for detecting dependendihe method will not
recognize dependencies, which were fulfilled before thgjrearance. In the case of
several prerequisites, only the last one which actualliyatets some task is noticed.

The measurements could also be cleared out of the schedabngext switching
and cache reloading overheads. This could be performed by wide-ranging kernel
instrumentation. For example, instead of one probe in thiellaiof the main schedul-
ing function, there could be probes at the beginning andeattial of the function. With
pure amounts of execution, we would have to take more detadghe simulation; it
would however also improve the method’s accuracy.

In order to measure multi-processor systems, for exampididg the load from
a dual-processor system to a simulated quad-processaowetse instrumentation
would only require a processor ID number to its messages.impEmented Linux-
instrumentation already views all events from each of tleeg@ssors, but because our
focus was to measure uni-processor systems, the currembrneloes not separate the
events of different processors in any way.

Our simulationprocess was found to be slower to execute, than the procash wh
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it is mimicking. Simulation studies are typically perforchen accelerated time for
systems, whose internal working does not need to be knowrnvemadetailed way
[5, p. 77]. This would be advantageous for us, in order to lilgxexamine several
possible architectures, however the current implememntatoes not provide this kind
of quickness. For example, the encoding tasks presenteztiios 5.1.2 were under
40 and 20 seconds when executed in uni- and dual-core systéhes duration of
the simulation run for this workload was nearly 60 minuteke Ttilization of rather
heavy-weighted data structures such as C++ vectors and m#psworkload models,
as well as in the run and waiting queues is probably the maisorefor the slowness.

Thevisualizationapplication does not give any kind of information on depeies
at its present state. This kind of extension is easy to impldrat a code level, however,
finding a practical and understandable graphical form isenddficult.

Because thenethodis seeking thread-level parallelism (see section 3.1) gntoa
already existing threads, we do not gain much new informadiat of the workloads
which are not using threads. However, the method will findtbatindependent pro-
cesses and allocate them to different processors when@pgie but that is an assign-
ment which could be essentially completed by using just comaense, instead of any
kind of simulations. For example, we can say that executidr@sword processor and
an Internet browser — two clearly uncorrelated applicatiercould be successfully
allocated to different processors in order to get a perfogaagain. In addition, some
multi-threaded applications are adaptive enough to ereonly a single thread in a
single processor system, which would obviously harm mesaseants in our method.
The method does not try to find parallelism inside applicatioritten sequentially.

6.3. Future work

During this work, we only focused on the homogeneous systefnsimulation of
heterogeneous systems would be technically a lightweigtiate. On the other hand,
knowledge on the workload’s parts, which could be executetbn-general-purpose
processors, is hard to automate. Another difficulty is tarapinate the amount of the
scaled workload in such processors. One possible way wautd lmanually seek for
tasks executing some algorithms, which are known to belbagy implement with
more hardware-oriented solutions. The ID numbers of thaeslestwould then be fed
to the simulator with a configuration file. The scheduler wlogive these tasks only
to co-processors, when they are runnable. Another possfigeoach would require
more details on the workload model. The next detail leveldtbe a representation of
work with very basic operations, such as memory reads, mgmates and executions
[36]. With characteristics modelled for these operatioasgach computational unit,
the heterogeneous system would be able to consume the adriki@ proper way.
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7. CONCLUSION

This thesis presented a novel method for exposing thresd-pearallelism from an
existing device’s workload and simulating its executiormimulti-processor environ-
ment. The work confirmed that the original, high-level idéa onodelling load from
existing devices to new, more parallel architectures idbtina

We also presented a validation of the method with two prattases: the first
case with an “ad-hoc” test application and the second orteawihore common video
encoding process. According to the case studies, the agpsaems to be valid. The
achieved estimation of the method’s accuracy was from 16 % 10n the other hand,
more wide-ranging validation cases will be still requireddye the true characteristics
of the method are known.

The method supports system designers in the early phades ®fstem design flow,
when the required amount of co-processing for the new systdrming decided. The
most important contributions provided by this work are:

e An automatic generation of workload models from measurasen
e Finding parallelism from a few simple locations of an opEgsystem
¢ Highly abstracted simulation models

e Easily understandable visualizations of multi-procesystems’ load

As our method has the automated workload generation, tham@imbrequired work
Is small when compared to several, more detailed simulatdutions. The results are
still useful, especially if the alternative is just an ediechguess about the designed
system’s performance. The method however does not giveosufip analysing a
single processor’s internal architecture changes.

The method exposes parallelism at the level of an operayisigs, and therefore
does not require a detailed knowledge on the workload'snatestructure. Our method
provides support for many kinds of workloads without modifions, although the
most obvious way would be to attempt to find parallelism diygfcom the applications
and algorithms running on the measured system — and thessbyHe versatility. The
restriction is that the workload must be a threaded one. HEmemlization of the
method for other source systems is good, because the réqnggumentation was
kept intentionally as minimal as possible. This is natyralting adaptability to other
operating systems.

The high level of abstraction with the models mimicking tlgetems under design
also provides easiness for the system designers. The metguwadability for a wide
range of number of parallel processors in the simulatedesystas found to be rea-
sonable. The extension of the method for heterogeneousmsystipport was also
discussed and seems doable.

The method also provides support for the analysis of resasgtsur 3D-visualizations
were proved to be more informative than typical raw data.lddee designer can have
a quick overview of the distribution of the load in the systata glance, whereas it
would not be possible with unprocessed text-form data.
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