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Abstract

A prerequisite for creating a safe and predictabé time computer system is to have knowledge &it®u
timing behavior during operation. The Worst Casedtxion Time (WCET) is one of the key values to
consider when predicting this timing behavior, sintcensures that every task meets its deadlingen
system. A missed deadline in systems with critiaaks can lead to severe consequences.

Dynamic WCET analysis is a widely used method tovéeWCET value in the industry today. The
method is based on using simulation and measureteehnhiques. The WCET value is derived by
performing a set of automatic tests on the systachraeasure its execution time. To ensure that @ saf
WCET value is derived the automatic tests must ctheworst case scenario, which is tough to firgmw
the systems increase in size and complexity.

Static WCET analysis is an alternative method, wthieis guaranteed that an overestimated WCET value
obtained. The method uses mathematical models eofsylstem hard and software to calculate WCET.
Therefore, this method has been the main researoject for many research groups. One of the key
components in making a safe and tight WCET valsimgustatic WCET analysis technique, is program
flow information.

The information describes the possible program $ldlwough the program; this information can beegith
provided to the WCET analyzer manually, by useraotomatically, by a flow analyzer. Deriving flow
information manually is done by:

Studying and analyzing the program source code, madually calculating loop bounds,
detecting infeasible paths and making recursiombsu

Providing the information to a WCET analyzer, ufudby writing them in form of
annotations in a program language supported bgriaé/zer.

The steps above are time consuming and unsafe thgeprogram complexity increases, that makes it
preferable to use flow analysis to provide flowoimhation. This has been shown in a previous study a
Volvo Construction Equipment, where the WCET anialysol aiT has been used. This work will complete
the study by evaluating an automatic method, ufiog analyzers to derive flow information for the
analyzed code.

Flow analyzers use mathematical methods to mod#idanive flow information of program source code.
This flow information makes deriving WCET estimatesfe, simple and requires no or minimum user
interaction. Therefore, Volvo CE is interestedhie tlevelopment of static WCET analysis tools wlieee
flow information is obtained automatically.

This work evaluated SWEdish Execution time Tool (&), a prototype WCET analysis tool built by a
research group from Malardalens University (MDHheTresults are compared to the ones obtained in
previous work using aiT, where the flow informatigrderived manually.

We have found that SWEET derived the same flowrin&dion that was derived manually, but since d is
prototype tool a lot of manual work was needed. Mamual work consisted mainly of adapting the Volvo
CE application to the SWEET analysis environmeritisTwork has also contributed in development of
SWEET, adding new functionality and making it masers friendly.
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Chapter 1

Introduction

Embedded computers has become very common in mammercial products; vehicles, airplanes,
telephones and microwave ovens. Some of these demsphave time-critical tasks such as controlling
airbag control systems, control of anti-lock braksystem (ABS) and engine control. Imagine what wil
happen in a car crash if the airbags inflates &® ¢r if an airplane engine control system respadad late
on pilot commands. These examples show the needticfl systems to be predictable and have abiglia
behavior, since their failure has catastrophic aunes.

Time critical tasks usually have deadlines which eery important to fulfill; if these are not fuléd it
could have disastrous effects on the system. Thesea part of predictable and reliable embedded
computer systems; also called hard real-time system

1.1 Background

There is several ways to make sure that the dezsdéire met in hard real-time systems. One way fbido

to find WCET (Worst Case Execution Time) estimdteshe tasks in the system. It is one of the ntios¢
consuming tasks for system designers while degighiard real-time systems. In practice to estimate
WCET is done by measuring its execution time wiffedent combinations of input data.

The measurement technique, also called dynamic Wea#alysis, is widely used in development of real
time systems today. The main drawback with using thchnique is that there is no guarantee that the
WCET estimates obtained are safe, i.e., the WCHibisinderestimated. Furthermore, to find the ¢ase
where the WCET value is obtained becomes morecdiffi when the tasks become larger and more
complex.

Another method to determine these estimates is s® static WCET analysis, which is based on
mathematical models of the real time systems hanehsad software. This method guarantees that the
WCET estimates obtained are not underestimated, rtraking analysis result safer and more trustworthy
Furthermore, this method requires information algyogram flow, e.g., loop bounds and recursion luept
to bind WCET estimates.

All the WCET estimates in this thesis are determibg the static analysis method. Several kindgaifcs
WCET analysis tools exist in the market today; nudghese require detailed flow information on pbles
execution paths in order to determine the longessiple path in a program. This includes upper loop
bounds and execution dependencies.

Flow information is provided by the user who mahuatudies the code and finds it. This could béreet
consuming task when the code increases in sizeamglexity. Not to mention that this has the patisib
of being the source of error. That created the méedaking flow information calculations more autatic
by making the tools less user dependent.

One commercial static WCET analysis tool is aiT][IBnis tool determines the longest possible path
through a program by analysing its binary file aigplaying the results in a combined flow and gadiph.
The graph also contains the WCET estimates forptuggram. This tool was used to derive WCET



estimates for Volvo CE code by Daniel Sehlberg asra of his master thesis [3], where he providea t
necessary flow information manually, to aiT.

This work will evaluate another static WCET anadysiol called SWEET, SWEdish Execution time Tool.
The main interest is to evaluate the flow analysig of this tool. The flow analysis part is deyedd to
obtain the flow information needed automaticallg.,i no code studies are needed to derive thens. Thi
makes WCET analysis work; less user dependent, tabtdtain safer WCET estimates and less system
development time consuming. This thesis is a stewdrd in the investigation of using static WCET
analysis tools in Volvo CE's embedded system deprakmt.

Volvo CE uses the Rubus Operating System as eopfatfor their software applications. Rubus is cedat
by Arcticus Systems [5]. Rubus is designed to na@intlifferent kinds of real time tasks; time-trigge
tasks (which runs periodically), event triggeresk&and interrupts. The applications are written-gode
and consist of many if-statements, case-statensmtssome loops. For the reliability and predictgbil
purposes there is no dynamic memory handling.

1.2 Thesis Focus

This thesis is a project in cooperation betweervd@onstruction Equipment and Malardalen University
The purpose is to analyze the tasks in Daniel Sedlb thesis with a prototype static WCET tool edll
SWEET (SWEdish Execution time Tool), which will aatatically find the flow information.

The evaluation will consist of performing flow apsis with SWEET on the task and to make a compariso
with the flow information that Daniel found manuyallOne of the interesting aspects is to find outho
much preparation work is needed in order to makectide analyzable by SWEET and to make sure that
the provided input values are correct.

Daniel analyzed thirteen tasks which varied in sind complexity; most of these tasks are small teasd
simpler functions, but there are some programs lwhie complex and large. Task size and complexity
measurements are presented in his thesis [3].

To summarize, the focus of this thesis is to:

Find the number of input value annotations needeS8WEET to calculate correct
flow information.

Study the type of flow information calculated by E®IT for each task.
Investigate the effects of this information on WCESults.

Translate SWEET results to aiT annotation and ceoenfiawith flow information
found by hand.

Investigate the upper limits for SWEET flow ana$ysi

Compare the WCET results derived by aiT 2.0 withahe derived by aiT 1.5 [3].

1.3 Thesis Outline

Chapter one will continue by introducing some abiatgons used in this paper. Chapter two presdms t
real time systems and WCET analysis concepts. @h#ptee will introduce Volvo CE and the electronic
systems used in their products. Chapter four wilfdduce SWEET and the WCET calculation method
used, and chapter five will briefly introduce aifE, annotation style and visualizing tool.

Chapter six will introduce the hardware and sofsvased in this thesis; this includes the scrip&iwand

the SWEET options used to analyze the tasks. Iptehgeven the method used to analyze the tagkssin
thesis will be described. The answers for the goesti.e. results, from previous sections are @&ned/in
chapter eight. The conclusions drawn in this propdmout SWEET, aiT are presented in chapter eight.
Chapter nine presents some future work and suggegir improvements that can be done in the WCET
analysis field.



1.4 Abbreviations
The list below presents the abbreviations usetispgaper.

ABS — Anti lock Brake System

BCET - Best Case Execution Time

ACET — Average Case Execution Time
WCET — Worst Case Execution Time
Volvo CE — Volvo Construction Equipment
SWEET — SWEdish Execution time Tool
RM — Rate Monotonic

EDF — Earliest Deadline First

IPET — Implicit Path Enumeration Technique
ECU - Electronic Control Unit

CAN - Controller Area Network

TECU — Transmission Electronic Control Unit
Rubus OS — Rubus Operating System
Rubus VS — Rubus Visual Studio

NIC — New Intermediate Code

BB — Basic Block

GDL - Graphical Description Language
SML - Standard ML

CIL — C Intermediate Language

OCAML — Objective Caml

SG or sg — Scope Graph

SGH or sgh — Scope Graph Hierarchy

CG or cg — Call graph

PDG - Program Dependency Graph
SVVA - State Variable Value Analysis

1.5 Related Work

Beside Daniel Sehlberg’s aiT evaluation at Volvo, ©&niel Sandell’s has evaluated the tool usingaEne
real-time operating system OSE in his Master Thesi2004. A comparison between static WCET and
dynamic WCET analysis has been preformed by OlesEon and Yina Zhang at CC Systems [30].

Stefan Bygde’s Master Thesis [13] about Abstraterpretation explains in detail the theory behihd t
abstract execution concept used in SWEET. The yheehind SWEET is presented for the first time in
1998, since then a number of articles and dissentahave been written describing SWEET in moraitiet

9.

Two PhD theses are written by Jan Gusstafssonifi32)00, and Andreas Ermedabhl [1] in 2003, aboet th
method and algorithms used in SWEET. More infororatabout SWEET can be found on the WCET
research group webpage [9].



Chapter 2

Concepts

2.1 Real Time Systems
According to TechWeb [6] a Real Time System is:

“As fast as required. A real-time system must respt a signal, event or request fast enough fefgat
some requirement. Real-time often refers to procesfrol and embedded systems.”

As mentioned above; apart from the requirement elfvering results a real time system has a time
constraint which must be fulfilled. There are twpés of real time systems; hard real-time systemrevit

is crucial to system operation that the systemngmequirements aralwaysfulfilled. The other type is
called soft real-time system, where ipigferredthat the timing requirements are fulfilled.

An example of hard real-time is the flight contsyistem in airplane. It is very crucial that thepkine’'s
control system never fails to meet a certain deadlA soft real-time system example is interneewid
(video streaming). If a frame is dropped (systeits ta meet deadline) it would not have disastrioogact
on system operation, i.e., the user would surviith @ missed frame but not a failure in a flighttrol
system.

Non Soft Hard
real-time < | real-time | > real-time
System User Internet Tele- Cruise Flight

simulation interface video communication control control

Figure 2.1: Electronic systems sorted by their -time requirement, [1

A real time system consist of program entitiesezhtiasks. Each task usually performs a specificabios.
A task can control the fuel consumption; anothex pray control the engine oil level, etc. Taskssamted
in two categories, time-triggered and event-trigger

2.2.1 Time-Triggered Tasks

This kind of task has often a release time, a pe@odeadline and a WCET. A release time is ofetrirs

the beginning of the task period time and the deadk set in the end of it. These tasks are erecut
periodically according to a schedule. The schedidald be created statically, before run time, or
dynamically, during run time. A scheduler in reiak¢ system decides the execution order of the tasks
using some scheduling algorithms.



One popular algorithm in real-time systems is Rdtnotonic (RM) scheduling, where tasks with the
shortest period are executed first. Another exanyparliest Deadline First (EDF), where the tasthw
the shortest time to its deadline is executed. first

2.2.2 Event-Triggered Tasks

Tasks in these systems respond to an event, teig evuld be the press of a button or a lever mevenif
the task is critical it could preempt the task vihis currently running, in other cases it waits $ame
spare time in the schedule.

Event-triggered tasks often have a priority andtacks size. The priority is often used to decide the
criticality of the task. Priority is often the abiute which decides if the task is critical or niog. can it
preempt the currently running task.

Event-triggered tasks are often executed accortbntheir priority; a higher priority leads to a kar
position in the execution queue. The priority ieenfdecided off-line, i.e. each task is given anity value
before it is executed and it never changes durixecwtion. This schedule is called event-triggered
paradigm with fixed priorities.

2.2 Execution Time Analysis

Every real-time embedded system, especially haatitime system, has a need of predictable execution
times in order to make the system predictable afiel Shree different kinds of parameters are esétha
by execution time analysis; WCET, BCET and ACET.

Worst-Case Execution Time (WCET) is defined asltingest possible execution time a program can ever
achieve when running on its target hardware. Thgosipe of WCET is the BCET, Best-Case Execution
Time, where the shortest execution time of the @ogis given. Average-Case Execution Time (ACET) is
a time value between WCET and BCET; it dependserdistribution of the execution time of the progra

[1].

The goal of timing analysis is to estimate WCET &QET for a program. To make those estimates Fulfil
the hard real-time system requirements they haveteafe. A safe estimation in WCET analysis isigme
than or equal to the actual program WCET. Useftiredes need to be tight, that the provided WCET
value has an acceptable level of overestimatiomfsgure 2.2.

probability
Actual Actual
BCET WCET
M, /!
tighter { tighter
/J \\
¥ )
execution time
safe BCET unsafe estimates safe WCET
estimates estimates

= possible execution limes

Figure 2.2: The distribution of execution timesineal-time application, [1].

Timing analysis is divided into two fields; dynantiming analysis and static timing analysis. Dynami
estimates are obtained by measurement, which iegalunning the system in a lab environment sirmgati
the input values and taking the highest execufioe value for WCET and lowest for BCET. Static timgi
analysis uses mathematical models of the systetfarive the estimates.

The main difference between using analysis and unea®ent is that the value provided by measurement
might not be safe, i.e., it may underestimate th@BW value. This occurs when the test cases doowarc
the real WCET, i.e. the subset of the possible eti@t paths (test cases) do not cover the pathhwtaies

the longest time to execute [2].
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2.3 Static WCET Analysis

WCET values, in a real time system, are importarérisure that system tasks meet their deadline. WCE
values are used to specify the time triggered taskods in an execution schedule. This makes WCET
analysis the most important field in the staticitigranalysis field.

The mathematical models used in static WCET aralysist correctly represent both the hardware and
software in the system. These models propertiesafimmbssible input combinations must be consideéoed
derive correct WCET estimates, due to their impecthe execution time of the program.

Deriving WCET estimates for a program involves deg hardware timing characteristics and the pdssib
program execution flow. Hardware timing characterssentails execution time of individual instrustj
memory access time, etc. The possible program érectlows derives execution frequency of each
program instruction [2].

Accordingly, static WCET analysis is usually divitiato three steps:
Flow analysis (possible program execution flows).
Low-level analysis (hardware timing characterigtics
Calculation stage (where the results from the tages are combined).

Two commercial WCET analysis tools using static WCihalysis are; Bound-T [31] from Tidorum Ltd
and aiT [18] from AbsInt. Figure 2.3 visualizes theee steps in static WCET analysis.

max #loop: 100

J’ ISntiin g program
(l =0;i<in execution
behaviour

data |
"‘\I'rlflna -
/ﬂ_\ =in+ co Flow
* initial value c( ﬁg;‘:;;issof

Calculation:
Derive WCET
estimate using
previous
analysis
results

clockeycles

Low-level
Analysis:
Analysis of
hardware

instruction
timing

Figure 2.3: The steps in static WCET analysis [9].

2.3.1 Flow analysis

Flow analysis is the method used to derive exenufiow information automatically. Deriving flow
information includes calculating the maximum numbéiterations for every loop in the program (loop
bounds), identifying infeasible execution pathsivdeg execution frequency of code parts etc. Teuza
safe WCET estimates, the flow analysis must inclitipossible execution paths in the analyzed anogr

Value Analysis

Value analysis is a method to determine the vadnge for processor registers and local variablevexty
program point. The results of this analysis metamdlused to determine infeasible paths and loopdsou
The resulting value ranges are used to determiednttirect memory accesses, which are important to
infeasible path and loop bound calculations [16].

Loop Bounds

Loop bounds information must be provided to deNVEET estimates; otherwise execution frequency of
the instructions inside the loop body will never lewn, which makes it impossible to derive WCET
estimates. Correspondingly, the recursion depth pfogram must also be derived in order to detiee t
estimates.

11



Several WCET analyzers provide ways to give thesetds manually, but this method has the tendency of
being the source of erroneous information. Thutraatic loop bound analysis is a very importanadre
static timing analysis research projects. For frtteading in the subject, please read [2] wheraeso
automatic methods are mentioned.

Infeasible Paths

Compared to loop bound analysis; identifying infelespaths is not required to derive WCET estimates
but it might tighten them. According to [2], infélale paths are defined as: “Paths which are exbtaita
according to the control flow graph structure, Imat feasible when considering the semantics of the
program and possible input data values”. Theravaoeypes of infeasible paths:

Infeasible paths caused by semantic dependencies
Input-data limitation depended infeasible paths

For more detailed explanation please read [2] i@@&.2) and [16] (section 3.2).

2.3.2 Low-level analysis

The main goal of this step is to create a timinglel@f the system hardware. The model is used tiwale
the processor time for each individual instructiarhich is highly affected by target hardware feasur
This includes the effects of various hardware enimgnfeatures, such as branch prediction, pipelines
memory system, out of order execution etc [10].

The timing model contains timing properties of th@cessor and some other system hardware which
affects the instruction timing. There is no needlefailed information as long as timing of the instions

can be derived. Usually safe approximations of Wward information are provided, since it is veryfidiflt

to find the precise timing. A typical example isaing that all instructions are fetched from tloavest
memory in the system [10].

The main difference between a cycle accurate psocesimulator and the timing model is that in the
timing model, a timing bound is derived with respée all possible executions of the instruction. In
contrary the cycle-accurate simulator uses justsingle concrete execution of the instructionsltorth

to mention that in this step the binary code ofggthegram must be used, since it has to analyzérttieg

for each program instruction.

2.3.3 WCET Calculations

This stage combines the results of the previous stages to calculate WCET and to derive the worst-
execution path for the program. The calculationhuodtused in this stage can be divided into thres ma
categories; Implicit Path Enumeration TechniqudE{lR, structure-based and path-based calculation.

IPET

As the category name indicates, the method usesnplicitly defined longest execution path of the
program to calculate the WCET. Program flow infotima and basic blockexecution time bounds are
represented using logical and/or algebraic comggalUsually in an IPET Control Flow Graph (CFGjet
execution time for each individual basic-block endted T, and execution frequency of basic blocks is
denoted Xy, The WCET is then derived by maximizing the sum:

- * -
il entities” ! '

Path-based

The execution times are calculated for each indi@igpart of the code, which could be a basic block
another well defined code part. This means that @act of the code has its own worst case execyibh
and thereby its own WCET. The overall WCET is thenived by sum the timing values of each individual

" Basic Block code that has one entry point, exit point angunap instructions contained within it [12]
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code part. The main difference between this medmwlIPET is that possible execution paths are expli
defined.

Structure-based

This method uses a syntax tree representationeopithgram; the syntax tree nodes illustrate thecgtre

of the program (if-statement, loops, etc). The tiegves represents the basic blocks of the program.
Traversing the tree follows some given rules, whegeh node represents an equation which expresses i
timing based on its children node timings.

For further reading in the subject of WCET caldolias, detailed description of methods and illusteat
examples can be found in [11] and [12].

2.4 Dynamic WCET analysis

Dynamic WCET analysis is used today by several-sgsiem developers; this method is based on
executing the program with many different inputd ameasuring the execution time for each run. Taiabt
the WCET the input must be found, in general oligirsuch an input combination is very hard. Thaefo

it is impossible (in general) to guarantee thatgregram WCET has been found, without using somm fo
of mathematical proof, i.e. analyzing the prograpstatic timing analysis.

The advantage of using this method is that theah¢tardware can be used to execute the progranchwhi
gives more accurate worst case timing informatiimere are different kinds of measurement techniques
used in practice, the most important techniquestants used today are: oscilloscopes, logic anatyze
hardware traces, high-resolution timers, perforreacounters, emulators, etc. These techniques are
described in more detail in [10].

a) Logic Analyzer b) Emulator

Figure 2.4: Dynamic WCET analysis tools, [27][28]

2.5 Hybrid WCET Analysis

This method is a combination of the methods desdribove, i.e. static and dynamic. Basically, teaiis

to create a model of the program with static anslg$ the source code and prepare to run on thie rea
hardware by partitioning it using measurement @ifthese partitions are then executed on the real
hardware and their timing measurement results aredht back to the static analysis and used tordexi
WCET estimate for the program.

The main disadvantage of this method is that thereo guarantee to derive safe WCET estimatesesinc
the timing of the partitions are obtained using suteaments. On the other hand, the main advantabatis
no timing model for the hardware is needed; instiéaid replaced by structured measurement of the
program partition using the real hardware. RapiTifnem Rapita Systems Ltd [29], is a WCET analysis
tool which calculates WCET estimates using hybri@E\ analysis.
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Chapter 3

Volvo CE

Volvo Construction Equipment (CE) is the one of keading manufacturers of construction equipment in
the world. Their products range includes motor gradVMG), articulated haulers (ART), excavators,

wheel loaders (WLO) and backhoe loaders. The m#iceoand the development of engines, electronics,
axels and transmissions for VMG, ART and WLO amated in Eskilstuna, Sweden. This thesis work was
performed at the electronic system department, Q4nCEskilstuna.

The electronic system architecture in Volvo CE ulds is a distributed computer system. The ECUs
(Electronic Control Unit) are nodes in the systerhich communicate with each other via a CAN bus and
a J1587 bus. The CAN bus is a high speed bus tirereked for data exchange, the slower J1587 bus is
primarily used for diagnostic and service of thetegn.

The number of ECU used varies depending on thetifumadity required in the vehicle. The most used
ECUs are listed below:

Vehicle ECU
Engine ECU
Transmission ECU
Instrument ECU
Cabin ECU

In this thesis thirteen tasks from the articulatexller transmission ECU (TECU) are analyzed with
SWEET, identical to the tasks analyzed in Danidlliserg’s thesis [3].

Figure 3.1: Volvo's articulated hauler (ART) [3]
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3.1 Hardware

The ECU hardware is built around the Infineon C187@icrocontroller, which is a single chip 16-bit
microcontroller with a four-stage pipeline. The nwgnspace in C167CS is 16 Megabyte in size angl it i
linearly addressed. The memory is shared by inttms, data, registers and I/O ports in accordamite
the Von Neumann memory architecture. C167CS héacl frequency of 33 MHz.

3.2 Software

The operating system used in the system is callezu® OS. Rubus is a real time operating systenezea
by the Swedish company Arcticus Systems [5]. Rubwesigned to provide services managing data flow
and related computation in the real-time distridutemputer system. Rubus supports execution oéthre
types of real-time system threads (hereafter cadlskis):

Green tasks: The interrupt tasks in the system Haeehighest priority in Rubus, i.e. they can
preempt all other kinds of tasks in the system. kVaeggreen task interrupt arrives it is handled
immediately, these are served by an interrupt semautine which takes care of the most critical
tasks in the system. An example is the CAN comnatitn controller.

Red tasks: The time-triggered tasks in the systeen called red tasks; they are executed
accordingly to a schedule which is generated o#-liThe red tasks are preemptive, but they are
seldom pre-empted since they often control somal @peration of the machine. The green
threads are the only kind of tasks which can preéeamed task, i.e., red threads have the second
highest priority level in Rubus.

Blue tasks: The lowest-priority tasks in the systefiese tasks are event-triggered and
preemptive. Blue tasks are executed when no otigieh priority task needs the CPU, i.e., blue
tasks execute when the CPU is idle.

Volvo CE develops the system using Rubus Visuatli8t@VsS), which is a graphical development tool
used to create system components with ports aratececommunication paths between them. A system
component is a thread visualized as a box witharisp out-ports and internal state variables. A gonent
can be one of the thread types mentioned above.

3.3 Code structure

The tasks are written in ANSI C and use the TasKiogl Chain [26] to compile the target CPU assemble
instructions. Volvo mainly uses a combination af @nd blue threads (tasks) in their system; a isk
function with a structure pointer as an argumeathetask has its own private structure. The stradbas
three main categories of members; input-, outpoud- state members.

The input members are pointers to data areas wduntain the input data for the task; the main reasfo
choosing pointers (instead of declaring privateadatas for each task) is performance. Copyingnieat

data to the tasks own data area every time a sskeécuted is time consuming and decreases system
performance. The input pointers are often strucpwiaters, which often has two members; an inpliera
and a port status.

On the other hand, output members are data areak ate declared privately for each function. Samto

an input member, the output member could be atsiriavith several members. The state members are
similar to output members, but they are declarepriasite data areas for the task.
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Chapter 4

SWEET

The SWEdish Execution time Tool, SWEET, is a prggettool developed by the WCET research group at
Malardalen University. SWEET handles full ANSI-Cograms including recursion, unstructured code and
pointers. Unlike most of the other WCET analysisl$oOSWEET has an integrated intermediate code
compiler. SWEET performs its flow analysis using ihtermediate representation of the program.sio al
has a low-level analysis part needed to calcula@EWestimates and find the longest execution pathe
program.

Figure 4.1, SWEET modules [11]

The estimates are derived with SWEET in four steps:

NIC: the C-code is fetched to the NIC compiler, in #tisp the program source code is compiled
into intermediate code format. Two types of files produced; “.nic” and “.tcd”.

Annotations: to be able to derive correct flow information tinput data has to be specified in
form of an annotation. The purpose of this stage igrovide value ranges for the input variables
and add information which complements the NIC code.

Flow Analysis: Flow-analysis calculates the necessary flow infidiam to bound tight and safe
WCET estimates. The flow analysis result is stoiredet of files where it is presented both
textually and graphically.

Low-level analysis & WCET calculationghe tcd-files and some other files form the infouthis
stage where the low level analysis is done togetlittr WCET calculations.

SWEET is built from several different modules, $8gure 4.1, these allows This makes SWEET more
flexible to adding new functionality and new aldgbms for optimizing WCET analysis.

4.1 NIC

The New Intermediate Code (NIC) format is an intedimte code format designed specially for embedded
systems by a research project at Uppsala Univetgigeting whole program analysis. The main purpdse
this code is to represent the embedded system todacilitate code analysis and compilation. NIC
instructions are generated from the C-code. Onefiieaf analyzing the NIC format of the prograntle
possibility of integrating the compiler into a &atVCET analysis framework [4].
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4.1.1 Syntax

The implicit expressions written in C are expresiged simpler way in NIC, which makes it hardemtap
the NIC code to its equivalent C code. One C-ciake ¢ould be expressed in more then 10 lines NIC of

instructions. This appears when the C-line is esgirgy an operation between two different data types
where many type conversions are involved.

However, NIC representation of the C code is clseugh that all data and control structures hadieeat
equivalent in NIC code. This makes it easier toarsthnd the flow analysis results, even if they are
addressed to NIC code snippet instead of C-cogmpsets. Table 1 lists the operators supported in; lHE
number in parenthesis represents the number ofremgts that the operator use.

Table 4.1: NIC operators [13]

The NIC syntax is similar to the LISP language aynthe language can be seen as a high-level aksemb
language. Data values are presented as bit stnihgse the operation applied on the bit string desidow
the string should be interpreted. For example,\s38i (32, 32) is a division where the s indicatat tthe
arguments for the operation are signed 32-bit ertegnd division results are also stored in a 8itsger.
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Data type sizes, Endiannéssid alignment are some target architecture deplepimerties which are not
presented in NIC format. These program propertie® o be specified by the user [4].

4.1.2 Memory model
Three different memory spaces are supported byfblil@ata storage:

1. Registers: used mainly for temporary data. For g@tapmfunction “A” calls function “B” with
some arguments (input data); the registers areubed as a temporary storage for argument data.

2. Global memory: used for data needed from the progstartup (hereafter called “global data”).
Example: Global variables in C, common for all ftiogs in the program.

3. Local memory: used for data needed in functioniestthereafter called “local data”). All the
variables declared inside a function are storetiiBémemory space.

Memory frames are used for allocating global anthlalata. NIC specifies frame id, size and when it
should be allocated. There is no actual memoryesddassigned for each data frame, instead the ficame
is used to make a reference to the frame. In doderap a frame id to a specific memory address mang
environment is used, a more detailed explanatigmdésented in [4].

Global frames are needed from the program staminzh means they are allocated and given values at
program startup. The local frames are allocatefliattions entries and de-allocated when the funstio
return. When a new frame is allocated the curreemory environment has to be updated with the new
mapping, where the new frame id is mapped to tieahenemory address where the frame is allocated.
This means that every time a function is callecear frame is allocated, with the guarantee thatwalyne
allocated frame is referred by the given frame id.

4.2 Annotations

The main goal of this step is to define the inpatues or values at certain points in the program.
Annotations are stored in a text file (.ann), wheaeh line in the file corresponds to one annatafithe
annotation is divided into two sections; the logatin the NIC code where the annotation will beeited
(called the “where” section), and the other sectitvat its functionality is (called the “what” semti).

The addressing of the position in the NIC code, toed“where” section, can be written in three diffat
ways, either by: explicit address, entry blockloé function or the parameter number of the functidre
second section, the “what” section, could contdtimee: a value range (integer or float), an annotafor a
pointer or an annotation for a pointer pointingtointerval of offsets.

Examples:

mainpar1int01;

funcBBO5reglint-15;

func entry reg 2 float -1.4711 2.4711 ;

main entry store input 032int15;

main entry store input 4 32int1 10 ;

main entry store structure 0 32 pointer variable 0;

ogkwnE

The first annotation in the list is used to setrgerval of integers [0...1] for the first parame(par 1) of
the program (main). The second example is usednotate register nr 1 in the program func () with a
interval of signed integers [-1...5], the BBO 5 iraties that the annotation is placed in basic blodk as
the fifth instruction. The third example has a $&mfunction as the second example; the main diffee is
that the annotation is placed at the function ewtnich is set automatically by SWEET.

Example nr 4 sets a 32-bit integer interval (14%)the global variable input with offset 0, the effs
facilitates writing intervals to variables insidedata structure which is the case in example 4.vehiable

" Endiannessis the attribute of a system that indicates whititegers are represented from left to right or
right to left.

18



input is a data structure containing several memhhbe offset is set according to the size of tkeenivers.
Example 5 a range is set for the member nr 2 irfitiput” structure; since the first member has edited
byte 0 to 3 (32-bit integer) member nr 2 has areaifbf 4 as written in example 5.

Example nr 6 is used when the structure contaimtps which are not assigned to any variables. This
annotation is useful when the software is builtnfrgeveral standalone functions, which are analyzed
separately. These systems often have one mainidanethich contains the initialization for all the
functions in the system, making the main functi@mylarge and unmanageable when generating a NIC
representation for one single function. Theref@®/EET offers the user the possibility to write such
assignments after NIC code generation.

4.3 Flow Analysis

This step in SWEET is based on a multi phase approa
First an optimization phase where a technique dafleogram slicing is used to reduce code
amount to be analyzed, i.e., it restricts the aialto the part of code that affects the prograw fl
[17].
Second phase is analyzing the code using the ealakysis and the pattern-matching techniques,
in this phase simpler case loop bounds are found.
Third, a unique method is used, called abstraatgi@n. The goal of this step is derive flow facts,
i.e. loop bounds, infeasible paths and node exatuibunds. It is not necessary to run all three
phases in flow analysis.

4.3.1 Scope Graph and Flow Facts

In order to describe how abstract execution wohleset is a need for defining a scope graph andlohe f
fact language syntax. Execution behavior of thegrm is represented using a format called scopehgra
[1]. A scope (node) in the graph represents a @udgpet or program part which can be repeated, e.g.
functions and loops. A containment relationshipepresented in a scope graph, e.g., if a loopliscta
inside a function then the loop scope will be betbe function. This is possible because the scopphgis
acyclic [2].

The scope graph used in SWEET describes how se@wpdrvoking other scopes. If a function or a li®p
called several times in the program, each call ddad represented with it own scope, i.e., the giaph
context sensitive. The context sensitivity in Hoepe graph makes the analysis more accurate atlgeco
(in time and computer power) since each conteXthweilanalyzed separately [2].

Flow facts are the flow information derived for basasic block in a program scope. A flow fact haes t
following syntax in SWEET:

scope: context: linear constraint

Scope

This field defines the scope name where the cansisaeffective. The scope name in SWEET contéies
name of all the scopes which are invoked to gehéotarget scope, i.e. the call string in the sogagh
from the top scope to the targeted scope.

Context

In this field the context range where this constrés effective is set. Here it is possible to sfyeif the
constraint holds; for each individual scope itemat(specified as <range>) or for all the possideps
iterations (specified as [range]). If the rangdef$ out, i.e. the field contain either “<>" or *[] then the
specified flow fact holds for all iterations [2].

Linear constraint

The flow fact in SWEET represents either loop bauadinfeasible paths. If BB3 is a loop header, #ed
loop iterates maximum four times, then SWEET exgessthis as: BB3 <5; in other words BB3 is
executed maximum four times. If BB3 is an infeasiblode, the expression would be: BB3 = 0. More
detailed information about scope graphs and flastsfaan be found in [1] and [2].
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4.3.2 Abstract Execution
Abstract execution, in [4] is defined as:

“A form of symbolic execution, based on abstrateipretation”

Abstract execution uses abstract operators andaabstalues for program variables when executirgg th
program in a so called abstract domain. The mdferdnce between this form and the traditional ratwst
interpretation is that in abstract execution alsgible executions at a certain program point asdyaad
separately.

The abstract domain in SWEET is a domain of intistvih means that each variable in the program will
hold an abstract value, which is an interval indte& a single value. Abstract execution inheritatttat
each program point new intervals are calculatethfooirrent ones for each variable in the prograomfr
abstract interpretation. The new intervals themesgnt the concrete values the variables could diofldat
point.

The Abstract interpretation framework guarantees the set of possible values are always repreddiyte
the abstract value. Thus, no execution paths wilhtissed by the analysis. But since the abstrdoesa
may overestimate the value range, the analysispraguce flow constrains which are not tight. Ineca$
infeasible path analysis this means that some $itfa execution paths are considered feasible,
consequently the result of WCET will be less tigfijt

In some condition nodes the abstract executionamifisider both true and false branches as possilles

in the execution path. In order to hold the restilhoth possible paths, two abstract states mustdmed.
This forces the abstract execution to handle mdosyract states in parallel. Furthermore, the states a
tendency to grow exponentially with the length loé texecution paths. This demands SWEET, and any
other tools using abstract execution, to use a imgmechanism to save space and analysis time.

Merging the states is usually done at program poirtere different paths join, but there are sevdrals

of merging strategies where the user has the freeafochoosing the actual merge points. That makes t
user able to choose between a fast analysis anokre pnecise one. The algorithms in SWEET merge the
abstract states which belong to the same scoggiderand program point.

To read more about the abstract execution algoriteed by SWEET please read section 4 in [4].

4.3.3 Calculation of Flow Information

The methods used by SWEET to calculate flow infdioma i.e. loop bounds and infeasible paths, are al
using the abstract execution technique. This sectmtains a brief presentation of these methods.

Loop Bound Calculation

A safe upper and lower bound of the total numbeiteshtions of a scope is found in this analysisisT
method is most useful to find loop bounds in sirlgtgps. Each scope has a counter which is setatatie
scope entry and incremented each time the scapeetsuted. The counter is then incremented at thpesc
exit.

For nested loops a simple variation of the singtgplanalysis is used. The inner loop has its owmt=y
which is incremented each time the inner loop &ited. Thus, this will calculate the maximum and
minimum number of iterations, for the inner loopr;, &ny single iteration of the outer loop.

Calculation of Infeasible Nodes, Edges and Paths

In SWEET an infeasible node is defined as the neldieh is never visited in any execution of a certai
scope. In this method a bit array is used to detdetsible nodes; for each scope execution treefsti
array, each bit corresponds to a node in the scldpearray is initiated to zero; once the nodesged the
corresponding bit is set to one.

When the scope is terminated, these bit arraysaltected and merged together in bitwise mannee Th
bits which are still zero indicate that the cor@sging node is never executed during the scopeutrec

It is worth mentioning that an infeasible node @t the equivalent of dead code, since there coeldtber
scopes of the same code where the node is exe¢Rechll that the analysis is context sensitive.)
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A generalization of the method mentioned abovesegito calculate upper bounds of node executidams. T
bit array is then replaced by an integer array. &ltay elements are then execution counters iadiab
zero and incremented each time a correspondentisaigted. The number in the counter is the maxim
number the node is executed during the scopeittesat

These algorithms are also applied to detect infidmsidges; an example is an if-statement whictwayes
true according to its conditions. The false edgettsd if-statement is then infeasible. Furthermore,
infeasible node pair detection gives a node pdiiclwcan not be executed together in the same &gacu
state of the program. These together with the sifda node detection facilitate finding infeasible
execution paths in the analyzed program.

4.3.4 Flow Analysis Results

The flow analysis results are presented in a sBlest

- Scope graph file (file.sg), containing the scopapdrand the results of algorithms which were
chosen to analyze the program.
Scope graph dot file containing the scope graple.¢fi.dot). When the file is read in an
appropriate visualizing tool, the scope graph &ndr.
Scope graph hierarchy dot file (file.sgh.dot), whitraws the relationship between scopes.
Call Graph dot file (file.cg.dot) draw the call map program functions, i.e., the relationship
between functions in the program. In addition itegi an idea of how many contexts each function
has, i.e., how many times it is executed duringgpam execution.

Scope graph file
Figure 4.2 shows an example of a scope graphhiileg follows a description of every section in files

scope: The scope name contains the name of all functhish were invoked in this scope,
beginning with the root function.

Type: a scope could be either a function or a loop. Heigalso specified if the function is the
root or if it is another ordinary function.

Backedges:In case of having a recursive function or a laiye, basic block where the function
jumps back into is specified here.

maxiter: the number of scope iteration is set here, in @asés a function this value is often 1 or
0 (if the scope is never invoked).

header: the basic block which contains the header codbefunction is specified here.

facts: the most important field of the scope graph filkthe results from the different algorithms
are presented here.

subordinates:the scopes which are invoked by this scope arepted here.

basicblocks:the basic blocks which belong to this scope atedigere.

internaledges:the relationship between scopes basic blocks gnessed here.

exitedges:the exit edge(s) of the scope is presented hei®,ctintains information on which

scopes this scope is invoking.

Scope graph dot file and Scope hierarchy file

These files contain a graphical description of paogflow and hierarchy; SWEET uses the DOT program
[14] to present the program flow and the programt®pe hierarchy. Graph Visualization Software,
Graphviz [15], can be used to view these graphs.

Figure 4.2-4 shows examples of a Scope hierarchyildpa Scope graph file and a Call Graph fil&eT
latter represents the functions call hierarchydeghe program.
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Figure 4.2: A snippet from a scope graph file arBtape graph dot file.

4.4 Low-level Analysis & WCET Calculation

The low-level analysis part of SWEET supports NEGVB and ARM9 processors at the moment,
therefore this part is not so interesting in thissis. Worth mentioning is that the low level as@yin
SWEET is divided into three phases; memory anglysigline analysis and the calculation phase.

In memory analysis phase, the memory which is astkeduring execution of the program is determined.
That includes instruction cache analysis if thgéahardware has such cache. From this phase écut
facts are derived. Execution facts can be inforomatibout the memory areas an instruction will reger
during runtime and also information about if thetinction will hit or miss the cache [11].

The execution facts are then used to impose wass#-timing behavior for every instruction in pipeli
analysis phase. In this phase a trace-driven @otewrate CPU model is used. The final phase in SWEE

is the calculation phase, where three different&inf calculation techniques are supported; fagt-pa
based, global IPET and a hybrid clustered technjgjuf

Figure 4.3: Call graph representation for Fast Fourier Trans function
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Figure 4.4: Scope graph hierarchy representatiopRdst Fourier Transform function.



Chapter 5

aiT

aiT is a commercial WCET analysis tool used by glehand aerospace industries. aiT is developed and
produced by the German company Absint [18]. Theppse is to obtain the execution time upper bound
for code snippets in the binary of the programséhenippets can be subroutines or tasks in a tesked
system. The reason for using program binary andh@source code is: information about instructitata
addresses and register usage is only provided énbthary format. This information is important to
consider when analyzing the cache and memory behafithe program [11].

The tool needs user input in form of annotationsider to derive WCET for these subroutines. The
annotation could be upper bounds for loops and stiove information (flow facts) which must be
provided by the user. Some of these annotatiorsiadprove the precision of WCET results but they ar
not necessary to derive them. Apart from the usualotations, aiT supports annotations specifyireg th
value of the registers and variables. This feaigseful for the analysis of state dependent softwi.e.,
software which is executed in different modes delpgmnon the value of the registers or variableg.[11

The aiT results are presented in form of a flowpbravisualized by aiSee [19]. The node in the graph
represents the basic block of the program. A basick has the same memory address as the first
instruction in it. Both aiT and SWEET has the sadeéinition of the basic block which facilitates the
mapping between their annotations considerably.fare information about the tool and its workspace,
please read Daniel Sehlberg’'s thesis [3] where $ed tthe tool to analyze the same tasks which are
analyzed in this thesis.

Furthermore, the paper written by C. Ferdinand BnéHeckmann [16] contains a detailed description of
the analysis techniques used in aiT.

5.1 User Annotations

The aiT annotations can be divided into two categor
Mandatory annotations, these annotations are ndadail to be able to analyze the code. A good
example is annotations which set upper boundsofapd, recursion depths and unresolved calls. If
these are not set aiT will warn the user to thisaumded problem and terminate the analysis.
Optional annotations are used to tighten the WCE&SLIts, infeasible paths and excluding pairs
are examples of annotations which tighten the W@isTilt.

There are two different ways of specifying annatagi, either in a separate input file or with a sdddnd
of comments in the source code of the analyzed t8sice in this project the same tasks which were
analyzed by Daniel Sehlberg [3] are used, we ctms@notate in a separate file as he did in higepto

Beside flow fact annotations and loop bounds, theotation file contains the following annotations:
Compiler name, CPU clock rate, memory addressgistee values and context specification. Exampfes o
these annotations are presented in [3], sectia2.3.3

There are two ways to write annotations: the firs¢ is using the absolute address of the basidk lftoc
instructions) which are needed when annotatingst#tond way is to use so called relative addresging
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relative address consists of the routine namevi@tbby some parameters, which specifies the basik b
or instruction needing the annotation. Absoluteragsied annotations are easier to write, sinceeiasy to
find the addresses either in the flow graph fileirothe warnings aiT print out in case of needimg a
annotation [3].

The down side is that when the source code is rpitechit could cause changes in the absolute addses
which makes the annotations useless. This makeethtve addressing method a more desirable way to
write the annotations, since aiT will automaticaitap these to the correct absolute address eaehtltien
project is recompiled. Worth mentioning is that evbe relative addresses needs to be rewrittetheif
subroutine source code has been restructured anthpéled. Another pro is that the annotations acegemn
readable when written in the relative addressiglg st

A: snippet 0x0: 0x231e is never executed;
B: snippet”_abs” is never executed;

Figure 5.1: an annotation which specifies thatrhatine”_abs” is infeasible, i.e. dead code.
written with absolute address style @h relative address style.

5.2 aiSee

aiSee is a visualization tool created by Absinfea calculates and visualizes a custom layoutragphs
written in Graph Description Language (GDL). aiS&aws the analyzed routine call graph, Figure 5,2.A
as the last step of its analysis. It also displégspredicted WCET for the program above the gréjain.
each subroutine in the call graph there is a flomph which describes the execution flow througfTlte
subroutines are visualized as boxes with the suim®name in it and a bar showing how much WCET the
subroutine has relative to the overall WCET.

When the subroutine box is unfolded it shows tleg/fgraph in the subroutine. The flow graph nodes ar
basic blocks and edges representing the possieleuégn paths in the subroutine, see Figure 5.2iedn
each basic block there is a white box where infeionaabout its WCET and the maximum number of
visits to it is displayed. There is even anothgelef unfolding where each instruction in the lodsliock is
displayed, see Figure 5.2.C. Furthermore, the bdsitk box in aiSee could contain either the saddress

of the basic block; see Figure 5.2.B, or the sowade which corresponds to the instructions inltasic

/<

Figure 5.2:A: Call Graph displayed in aiSe®#;, Flow graph for subroutine”_swap” a@ Basic block unfolded in”_swap”.
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Chapter 6

Project Tools

The hardware and software used in this projectiaseribed in this chapter. It begins with a desianipof
the hardware used, followed by a description oftthe main WCET analysis tools used in this project,
SWEET and aiT, together with a description of thepts used to facilitated the project tasks.

6.1 Hardware

The main hardware used in this project was two B@s,with Windows XP professional and the other one
with Linux Ubuntu 6.10 installed. No emulators @mslators were used for this project since the main
focus was program flow analysis. The other resauiéstaken from Daniel Sehlberg’s thesis. The Winslow
computer was a Pentium 4 with 3.4 GHz clock ratd anGB RAM. The Ubuntu machine was also a
Pentium 4 but with 2.0 GHz clock rate and 512 MBNRA

The main reason for using Ubuntu is that the NI@giter, also a prototype, works best in UNIX/LINUX
environments. It is very time consuming task to enétke NIC compiler to work in UNIX emulators in
Windows environment. SWEET on the other hand rundMindows (CygWin), Mac OS and Linux
environments.

6.2 Software

SWEET is the main software used in this project] since it is a prototype no version number co@dét

on it. The front end part of SWEET, the NIC compikend the low level analysis part of SWEET remdine
unchanged throughout the whole project. This bexdhe main focus was on the flow analysis part of
SWEET. SWEET was modified about ten times durirgyfihoject, adding new functionality and adapting
the tool to Volvo Code.

In order to generate the necessary intermediate wdtich is used as input for SWEET, we used the NIC
compiler. The NIC compiler used in this projectanstructed with the Icc [21] and some SML [22]. To
cover the cases where the analysis used code #oeera different source files the CIL [23] and OCAM
[24] are used, where the code needed is mergechmakie single file for the NIC compiler.

aiT C16x/ST10 version 2.0 was also used in projoice the project results are compared to thetresu
from Daniel Sehlberg’s thesis, all 13 tasks habaaeanalyzed. Due to the fact that the WCET rdsuit
Daniel's analysis needs to be verified (he usedivarl.5). Worth mentioning is with the aiT 2.0 ean
version of aiSee is supported. The new aiSee h@ddetter user interaction than its predecessors.

6.3 Scripts

SWEET is commando based tool with no GUI, therekmeeral shell scripts were used to facilitate the
work with SWEET. Some of these were specially writfor this project and others are used to connect
different parts (modules) in SWEET. In this sectioa will briefly describe the most important onesla
how to use them.
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6.3.1 c2nic

This script is the first step in WCET analysis WBWEET; it executes the necessary commands tcheun t
Icc and SML compilers. The input for this scripttie C-file of the analyzed application, the outsua
text file (.nic) containing the intermediate repmettion of the application. The2nicarm is a variation
of c2nic , the only difference is that the latter also prkithe input file (.tcd) for low level analysisvo
SWEET for the ARM9-based platforms.

6.3.2 build

build is an alternative script to2nic , which has the same functionality a2nic and c2nicarm
together. The main difference is that build hasdinectory name, containing the application c-&keinput
parameter. The script build performs the NIC coeegation in four steps:

1.Preprocessing, using lcc.

2.Patching, make the c-file more readable.
3.Compilation, running rcc.

4. Translation, translating the result from Icc to NIC

The script has the opticavcet if the low level analysis will be used. If thistam is selected a .tcd file
will be produced. The output is a directory struetaontaining the files produced in every step abdwhis
makes it easier to organize the project files ddd the user to find cause of errors if such o@aiduring
this step of analysis. This script was frequentbed during this project since it created a singid
ordered structure for the analyzed tasks, wherk &k had its own directory containing all the essary
files to analyze the task.

6.3.3 cilly_to_c

As mentioned in section 6.2, there are cases wieréask or program needed to be analyzed had been
constructed in such way that it depended on coala Beveral different source files. This is the cagth

the analyzed code in this project. Therefore it wasessary to write a script to handle these cases.
cilly_to_c performs NIC code generation in three steps:

1.Preprocessing; preprocesses all the “to-be-mergdites with the gcc compiler [25].
2.Merging; the necessary source files are mergedongcfile using cilly.
3.Build, calling the script build with a new resuilefas input and —wcet as an option.

Since thebuild script is a part o€illy_to_c the results of running these scripts are the sasnthe
build script, i.e. a directory structure.

6.3.4 runsweet

The script runsweet is created by the SWEET deestowvith the intention of running SWEET with a
combination of options creating four different aysé¢ modes. The modes are listed below with the@ogt
to run SWEET in them:

1. Single path, Basic mod&he simplest analysis mode, only simple loop lisuare calculated. This
because SWEET needs these facts in order to binB W@ the analyzed code. By single path we
mean that no value interval is assigned for theabdes which affect the program flow, i.e. no
annotations are used in this mode.

Linux command: runsweet -s -b directory-name;

2. Single path, Advanced mad&he flow analysis is run in single path mode, lusing more
algorithms to calculate the maximum set of flowt$ag.e. all types of loop bounds and infeasible
paths.

Linux command: runsweet -s -a directory-name;
3. Multi-path, Basic modeln this mode an annotations are used to assigrvahiables affecting the

program flow, but using the calculation of the sienjpop bounds
Linux command: runsweet -m -b directory-name;
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4. Multi-path, Advanced mod&he most advanced mode and the most time conguorie, all the
paths in the program are taken by assigning inkerea variables. Beside that, the full set of flow
facts is calculated in this mode.

Linux command: runsweet -m -a directory-name;

The output from the flow analysis using runsweet get of files:

A Scope Graph file, SG file, containing the scopegpd and the flow facts (file.sg)

A dot file containing a visualized SG (file.sg.dot)

A dot file containing the Scope Graph Hierarchy F5@le.sgh.dot)

A dot file containing the Call Graph (CG) (file.dgt)

A log file (file.sweet.log) containing the informat SWEET prints out during the
analysis; these could be diverse error messagesué list for the algorithms used in the
analysis, SWEET run time in CPU seconds, a viditasic-blocks and context counter,
etc. See Figure 6.1.

In addition to the aboveunsweet also supports running the low level SWEET. Butsithere is no
support for the target platform in this project ther level SWEET part was turned off.

SWEET - SWEdish Execution Time tool - Mon Jun 4 13 :35:01 2007
Reading file example/example.nic
Reads abstract assignments from annotation file exa mple/example.ann

Successfully added 3 abstract assignments
Removed 2 symbols out of 7

Removed O registers out of 2

Removed 0 initializations of globals out of 3
Removed 22 symbols from symbol table out of 30
Successfully parsed input

Creates scope graph

Runs PDG slicing

Removed 1 symbols out of 5

Removed 0 registers out of 2

Removed 0 initializations of globals out of 3
Removed 1 symbols from symbol table out of 8

PDG slicing finished, used 0 cpu seconds to remove 7 statements out of 28
Re-creates scope graph based on PDG slicing

Writing control flow graph graphically to example/e xample.cfg.dot
Writing call graph graphically to example/example.c g.dot

Skipping value analysis
Running Abstract Execution
WARNING: Type of stored value by annotation:

stmt_abs_reg_pointer 12

(register 0 has_man) ((symbol "$1_a" org _name "a" has_decl (gkey

"17) 0)

is not the same type as value previously s tored by NIC compiler: s:[-
2147483648,2147483647] CEbbeAbs32bitintervalinteger
Created 2 flowfacts of type in (infeasible nodes)

Created 1 flowfacts of type ep (excluding node pair S)

Created 2 flowfacts of type ina (infeasible nodes a Il iterations)
Created 0 flowfacts of type ine (infeasible nodes e ach iteration)
Created 9 flowfacts of type mmnc (min and max node count)

We visited 12 contexts and 9 basic blocks out of 11 (81%)

Used 0.01 cpu seconds

Writing scopes and flowfacts textually to example/e xample.sg
Writing the scope graph graphically to example/exam ple.sg.dot
Writing scope hierachy graphically to example/examp le.sgh.dot
Flow analysis finished, used 0.01 cpu seconds in to tal

Figure 6.1: Example of a runsweet log file.

6.3.5 sweet-nic

The main purpose of this script is to print out M€ code after it is fetched into SWEET. The Ni@le
produced by the c2nic compiler has a basic bloclefrh assignment in the c-code. SWEET modifies the
NIC code by putting all statements in a sequentiedne basic block and adds the annotations wriiten
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the user to it. In this script sweet is executethulie option “printprogram p " with value analysis
and abstract execution disabled.

The output of this script is a text file (file.sodntaining the NIC code produced by SWEET, aftetiragl

the annotations written by the user to the orighti file and some merging of basic blocks. Thie fs
necessary for NIC to C mapping, since all flow $agtoduced by SWEET are based on the modified NIC
code.

6.3.6 dot2pdf

This script is used to convert the dot files praetbby SWEET to postscript format and PDF formaeseh
facilitate presenting the graphs independent ofaipey system used. The input could be one of tte d
files and the output is a postscript version offileand a PDF version. The scripts uses two ogmmce
converters; a dot converter which converts dotdstgcript angs2pdf converter where the postscripts
file is converted to PDF format.

6.4 SWEET options

Besides using runsweet to analyze the tasks ipithiect, we analyzed some tasks using SWEET dyrectl
by calling it from the command prompt with the peopptions. This was done because some of SWEET
features were implemented by the SWEET developarsg this thesis. This resulted in adding new
options to the option list of SWEET. This sectioontains some of the most frequently used SWEET
options, both new and old ones. Some of these ke wwsed in the script runsweet, which will be
mentioned below for each option.

6.4.1 Type Check Annotations, -tca

This option is used to check if the annotationegiby the user specify the same data type for dhahle

as stored by the NIC compiler. There is the polisilof specifying the kind of the variables thagaded
checking, i.e., local or global variables. Thisioptwas implemented during the thesis to facilitate
annotation writing and check if the NIC compilemeerted the source code correctly. This optionsisdu

in the runsweet script; the warning in Figure 6.4 iprint out made by this option.

6.4.2 Slicing: -ss and -nops

Slicing is a method used to reduce the code thetlett to be analyzed, i.e., to remove all the stabém
which does not affect the program flow [17]. Thiethod is used to increase SWEET performance;
decrease analysis time and memory usage. SWEET dengral different kinds of slicing methods; the
most frequently used one in this thesis is the RmgDependency Graph (PDG) slicing, which is by
default active in SWEET and can be turned off bingisnops option. A simpler variant is the simple
slicing; which is activated by the optiesss turning both slicing methods on.

6.4.3 Value Analysis: -nova, pge and -pga

The abstract execution is the main analysis mets®t in this thesis, therefore thaova option is
usually used to turn the value analysis off. Theeee also cases where the value analysis had tedud
using the optionspge or —pga are such casespge is used to print the global variables values at th
program end point; this could be used to checlothput value of a program using a certain inputieal

The —pga has also the same function as Hge , the difference is that irpga all the possible input
values are considered. Therefore, the output istenval of values. Thepga and—pge also inspired the
implementation of SVVA, which basically is built dnese two options.

6.4.4 Abstract Execution: -noae, -Ib, -ip and —sm
This option group is frequently used in this thebisside the-noae option which turns off the abstract
execution there are three main options in thisisect

Loop Bound Calculation]b
Infeasible Path Calculatiorip
State Merge;sm
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Loop Bound calculation, -Ib

This option is used to calculate the upper loopnioisuusing abstract execution, see section 4.3.& Tw
calculation levels are available; Lev@where the upper bounds for the program loopstiasenax scope
iteration (maxiter) and Level where additional upper bounds are found for inaeps and are presented
as flow facts in the scope graph file.

Worth mentioning is that there exists another variaf loop calculation called Loop Analysidba ),
which is based on value analysis. This method issicered to be a faster analysis than the method
mentioned above, but since it has been implemeshtigithg this thesis it is still not well tested egbuto
verify that its result are correct.

Infeasible Path calculations, -ip

This option activates the infeasible path, edge modk calculations (see section 4.3-:3p has several
parameters which specify what kinds of infeasibtevffacts are calculated. The most frequently used
parameters arén(a) , infeasible nodes calculation for all iteratiom® , the same as the previous one
but for each iteratiorep, excluding pairs ip , infeasible pathannc andmec, max node count and max
edge count correspondingly.

State Merge, -sm

This option is mainly used to increase the perforceaof SWEET. The main reason is when using alistrac
execution the number of program states has thestexydto be very large, which slows down the analysi
Furthermore several of these states could exigaiallel at a certain program point which makes &WVE
consumes more memory. When state merging is usefiotl analysis flow information results are lindte
this is because when the states are merged togbtheletailed information about each individualesta
lost.

State Merge merges several states together afispgmiogram points (controlled by setting paramefer
—sm). These parameters afé: , merging at function termination, a very mild merly , merges at loop
termination;lbt , merges at loop body termination and finally ifie merge which merges the states at
each if-statement join program point. Tifje is the most extreme merge of them all; at thisgadevel
the analysis cannot tell the difference betweentrie and the false edge of if-statements. Thisanadke
analysis produce less flow facts, for example tkelueling pair algorithm is useless when usingithe
parameter.

6.4.5 State Variable Value Analysis (SVVA), -svva

It is necessary that the SWEET annotations proviogdhe user, provides correct value intervals for
variables affecting the program flow. These vaegabtan be input parameters, state variables ararén
occasions the program output. In this work statéabées are used to store the program state fonéxe
program run. These could be declared in the glelbeh or/and locally in the function. Usually it is
relatively easy to find out the value interval loétinput parameters.

A more complex task is to find the interval of statariables. Therefore, as a result of this thehis,
WCET research group added a new SWEET functiondbtyderive annotations for state variables
automatically. The method is called State Varidbdue Analysis (SVVA), which is activated with the
option-svva . This method uses the input range to derive theevange for variables which are specified
by the user and the results are presented as SVaREdtations.

State Variable Analysis iterates the program exeoutising all the possible input value combinations
together with results derived from the previousations. When the value range of the specifiedaides is
stabilized, i.e., the value range is not affectgdhe input combination nor by the program stategsailt
was file produced where all the value interval dations are stored. This file can be directly uasda
annotation file for flow analysis. This functionrcde used either by using value analysis, fixedpoi
iteration, or abstract execution.

The option-svva has five parameterffile , the input file specifies which state variables &r need
of a value intervalputfile , the output file contains the annotations produngdsvva .; sl , use slicing
which do not remove the code statements which tifigthe variables in the input file<function>

here the user specifies the function name whersttdte variables are calculated, this name isuded in
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the output file to specify the function where theetation should be set. The last parameter is evtiex
user specifies which kind of method SVVA will beng i.e., abstract execution or value analysis.

It is common in embedded software that the maimtion (or what corresponds to it) is used to assign
global variables an initial value, which is usudly This has a great effect on SVVA result, iffnoction
name is specified; SVVA will assume that the startpoint for each execution is the main functiohafl
will cause the variables to be set to their initialue, which makes SVVA to assume that they willagys
be it and thereby produce annotation with the vfdueQ]. For this reason thefunction>  parameter is
very important is specified correctly.

6.4.6 Draw & Print, -d, -v

SWEET generates the set of files mentioned in @ecti3.4 and 6.3.4 when the optied or —draw is
set. This option has been developed during theghemking it more flexible and has more user extéon
by adding two parameters which control it.

The first parameter fod , f, is used to set the function which will be thetrobthe graph. The second
option sets the depth level, i.e., the context liéptel for the SG. These additions are implemeitele
able to deal with larger flow graphs, and graphthwicreased complexity.

The other option in this section is —v or —verbatinprints out the details of an error message;In other

words, not just the warning/error message is piirtet, it prints also out the NIC code where therer
occurred.
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Chapter 7

Method

In the beginning of this report the purpose andntiaén task of this project was described in a nyaeeral
way. Since we have now described the tools usedraaty behind WCET and flow analysis it is time to
describe the methodology used to derive flow infation and WCET estimates. The analysis method is
divided into five phases:

Source Code Preparation & NIC Generation.
Deriving SWEET Annotations.

Flow Analysis using SWEET.

Source Binary Generation & aiT Annotations.
WCET Analysis using aiT.

agpLdE

Figure 7.1 shows a flow graph representation ofmie¢hod, where the input/output files of each phase
viewed. The arrows show the path to a WCET estinlateugh the different phases. The chapter will
contain a description of each phase, the toolsininet and the output files used by it.

Figure 7.1: WCET analysis method flow chart

32



7.1 Source code preparation & NIC generation

The analyzed tasks are mostly written in C. Howgetlegre are some code sections written in assembler
which belongs to Rubus OS. The system timer isxamgle of an assembler section in the system. The
analyzed task had very little dependency on theserabler sections. Since the c2nic compiler support
only C code, the assembler sections which the tdekended on had to be replaced by corresponding
routines written in C.

A minor difficulty was that the system programmiisgdone in a Windows environment which in theory

should not be an obstacle, but there were somessthiat had to be addressed prior to moving the cod
from the Windows environment to the Linux envirommheAn example is that all header file references
were written with addresses using backslashes wisiatot supported in the preprocessing stage of the
build script.

7.1.1 Function Wrapper

A more complex task in this section was isolatihg task from the whole system. The isolation was
necessary since it would be an infeasible taslotopile the whole system source code to NIC formae
isolation was done by writing a wrapper for eacle arf the 13 tasks. The wrapper contains all the
necessary declarations of data areas, structutsiata/structure pointer used by the task. The paap
also contains a root function (i.enain (void) ) containing a call to the task function with nexay
parameters and the assignments of pointers ands/abdata areas.

The wrapper is in a sense a simpler version ofmhele system. In some cases it also contains soatk m

library routines, such as the modulus functioad() , which is still not supported by the NIC generator

These routines had to be written as functions énvtinapper and the math library paths were remowed t
force the use of them. There were also some anmaytining values needed by the task which hadeto b
copied to the wrapper to reduce the size of thegged NIC code.

Task.c

\ 4

Code cilly to_c Task.nic
Preperation

A\ 4

Wrapper.c

\ 4

Figure 7.2: Phase 1, Code preparation & NIC géinera

7.1.2 Phase 1 Result

The final step is NIC generation, using ttiky to_c script. The input files are the function wrapper
and the source code file of the task. The resuthf phase is a NIC representation of the taskrthVo
mentioning is that each code statement is assigrmic block number by the NIC generator.

This assignment makes the basic block definitidittle bit blurred. For this reason SWEET first &sis

step is merging these basic blocks together to frpasic block as defined in [1] section 2.3. Fegudr2
visualizes the phase, the tools used, and the amithe output files of the phase.

7.2 Deriving SWEET Annotations

Most of the annotations written in this projectigssvalue intervals, hereafter called value annohst to
variables which affect program flow, see annotaaamples 4 and 5 in section 4.2. However, sinee th
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Volvo code has a structure pointer as argumentafibrthe analyzed tasks required using pointer
annotations, see example 6 in section 4.2.

Basically we needed to find value intervals for thput and state members of the task’s structuhe T
value intervals for the task’s input members wetgaeted from source files located in subdirec®iiie
the software project directory. Which was a rektiveasy task comparing with finding the intervids
state members; see section 3.3 for details abolwb\bmde structures.

7.2.1 Function Wrapper - Revisited

As we mentioned in the previous section we haddtate each task, in order to analyze it with SWEET
The wrapper used for task isolation is also used @side to find how the tasks associated memarg &
organized. The need of knowing of how task varialdaed data structures are organized in the memory
occurred when the structure members needed tosignas value or pointer annotations.

The problem occurs when the NIC generator renarfiethea structure member/variables names to the
structure name followed by an offset indicatingvéiich offset in the structure data area contaimgléta.
This makes it very hard for the user to map theecedtten in C to its corresponding NIC code. kal
makes it hard to write an annotation to a variableich is a structure member, without knowing whitse
data area is located, i.e., the offset value ierdyt the structure data area.

To facilitate this we assign a value to each irgiuicture member in the main function. We searcthén
NIC file for the corresponding NIC code snippet fbis assignment; the code snippet contains then th
input structure data area offset where the assigake is saved. This is repeated for every merimbtre
input structure.

All the analyzed tasks had such assignments inptdgect, and to make it more safe all the assignme
were repeated using pointer annotations for thatppimembers of the structure and register anwootati
point out the structure pointer (declared in thektevrapper) as its function parameter. Furthermtive,
state variable value analysis (SVVA) requires thistence of these annotations. This is becausé&eof t
value assignments written in wrapper. Which catrgeresetting of all the state variables to theitiah
value.

7.2.2 State Variable Annotations

The state variables are special since they staie ¥alues after the task has finished executind ae
used afterwards when the task is called again.efbes, it was hard to know their value intervalcgithey
can represent a Boolean or be an accumulator wdtald be set to zero inside the code. That is when
reaches a certain value.

Furthermore, the state variables were used heawv#pme tasks; some of the tasks had a larger nuafibe
state members then input members. This introdubedidea state variable value analysis (SVVA) in
SWEET, which derives annotation for the state \weis or any specified variable for that matter.c8ithe
SVVA was implemented during this thesis it was ity functional. But it successfully produced
annotations for the task’s state variables.

Resetting global variables is undesirable for SV\&ice it is built on saving the value of the state
variables for next iteration. Each time the SVV@ar#tes with new input, see section 6.4.5 for metaibtkd
functionality description, it begins the executirom the main function which resets all the variabl
values.

The solution was adding an argument, choosing wteteegin the SVVA. By that we mean that the first
run is from the main function, but after that thealgsis runs from a user specified function. Thiour
case is the task function. This makes SWEET anadyhenction with no value or pointer assigned from
iteration nr 2. This is the reason why it needes gbinter and register annotations. The generaldhf
this phase is the annotation file (.ann), whereesanmotations are manually provided and other ®hAS
generated.

7.2.3 Phase 2 result

Figure 7.3 shows the method process; note thaarfwevs show two ways through this phase, the dashed
showing the use of SVVA analysis and the otheriengithout the SVVA. This is because there are some
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tasks which didn't the need of SVVA, i.e. had natstvariables to analyze which lead to that noftifipe
for SVVA analysis is needed.

Note that there is an arrow back to the Task.aom fBVVA, this is because the annotations generayed
SVVA are added to the manually written annotatite Task.ann.

Figure 7.3: Phase 2, Deriving SWEET annotations.

7.3 Flow Analysis using SWEET

Flow analysis using SWEET can be done either byiingha shell script or manually, using SWEET
options, as mentioned in chapter 6. In this projeetrunsweet script was the most frequently used
method, this because SWEET has so many option& @éir arguments) that it resulted in very long
option list when analyzing a task. The long optiish made it difficult to guarantee that the sanpéians
were used during the analysis of all the 13 taBksthermore, the runsweet script organized theeptoj
files, making them easier to find.

7.3.1 The General Case

As mentioned above the runsweet script is freqyeugked in this project, which is the general case
phase is divided into four analysis steps usingahelysis modes in runsweet, see section 6.3.4s€The
steps can be described as follows:

1.

Single path, basic mode The Task.nic generated in phase 1 is used irstafs the main reason
using this analysis mode is to check if there i& mmassigned pointer value or undeclared data
area in the NIC file. SWEET asserts for all uns@yqminters and prints out an error message
where the unsigned pointer is first located in € code, its name, its size and the context
where the error occurred is printed in the swegffle. During this step is we jump back and
forth between phase 2, where the annotations foptinters and registers are written, and phase
3. In this step we make sure that SWEET fulfills #nalysis and generates the result files without
any errors or warnings.

Single path, advanced mode In this step we check if there are variables whieled to be
assigned value intervals. In this step SWEET ugyalbduces flow facts of type infeasible nodes
in the scope graph file, and it also gives infoipraabout how many basic blocks were visited
during this run in sweet.log file. The basic blodgits gives an idea of how much code SWEET
has analyzed during this run. In this step it ieflow since there is always an input value need
to be assigned an interval to increase the numbeisited basicblocks. The basic blocks which
are found to be infeasible in this step often &stdatement branches which are controlled by an
input or state variable. Having this information juenp back to phase 2 and write annotations to
assign the input and state variables value intsrval
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3. Multi path, basic mode —In this step we begin to use the first versionhaf annotation file, the
main reason of performing this step is to checthére are any syntax errors in the annotation.
Here we check if there is any difference in sizd type of the annotated variables and the NIC
generated size and type of the same variable. iB1dtep more unsigned pointer could be
discovered by SWEET. This is because SWEET nowsviabre basic blocks (it has more input
combinations to analyze). Therefore the same psoaesn step 1 is followed to annotate these
pointers.

4. Multi path, advanced mode -When the analysis reaches this step, a betteroversii the
annotation file is available from step 3. Howeubere is no guarantee that all the pointers are
assigned, since there could be still unvisiteddbkicks because of some program flow affecting
variables are still not annotated. The processriest in step 2 is followed to maximize the
number of visited basic blocks, hopefully visitialh the basic blocks. If that is not the case,gher
is some infeasible code (also called dead codieimnalyzed task.

These steps were used to derive flow informationvi@lve of the thirteen tasks. The remaining tasis
analyzed manually, i.e., we used some of SWEETonptmentioned in section 6.4.

7.3.2 The Special Case

As mentioned above, we were unable to analyze asle using runsweet. This special case contained 33
condition statements, for each statement thengdgobssible paths which means that there &tpdssible
paths through the program. Each program path hamih abstract state; each state has its own dojne o
whole program memory. This results in up fdabstract states to analyze in this task.

The number of condition statements, and the faaitélch abstract state has its own copy of the mgmo
made it impossible to analyze this task witlhsweet . SWEET memory consumption increased rapidly
when we analyzed this task with runsweet, thisédras to use the highest level of merging to deserdae
number of the analysis states. This resulted invleawere unable to analyze this task with allakailable
infeasible path calculation options. See secti@ghfér more description of the options mentionedhis
section.

Figure 7.4: Phase 3, Flow Analysis using SWEET

7.3.3 Phase 3 Results

The result of the phase is the file set mentiomeskiction 6.3.4 with the exception of the specisectask
where the sweet.log file is not generated sinceanayzed the task using SWEET manually. Figure 7.4
shows the result files from a general case analysis

7.4 Source Binary Generation & aiT Flow Annotations

This phase prepares the tasks to be analyzed bymdTtranslate the flow information generated by
SWEET to aiT annotations. aiT uses the binary ilich represents the whole ECU software to derive
WCET estimates. The binary file used in this projeas compiled using the c166-tasking compilealdb

has some options which had to be set to make amraecanalysis. These options configure the memory
model used in the target hardware, register comteditother hardware related option and values.
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The binary and the analyzer settings are the sani@aaiel Sehlberg used in his master thesis. Wetdad
use these to make a fair comparison between thidtged our analyses. The aiT annotations usedhis t
project are also partially written by Sehlberg.csiithere are configuration annotations which aeatidal

in both projects. Examples of these annotations thee clock rate annotation, known register value
annotation and compiler annotation. For more infion about the binary file, analyzer settings and
annotations read chapter 3 in [3].

In this project we used a newer version of aiT nalgze the tasks, which made it necessary to rgamal
the tasks with the flow annotations Sehlberg foorghually. The result, i.e. the flow graph, was used
derive flow annotations from SWEET flow facts. Thawv annotations are derived in this step usingsée

of files generated in phase three, the processapping the flow facts is divided into the followisteps:

1. Converting dot to PDF and generating the SWEET fW&C
2. Interpreting SWEET flow facts.
3. Writing aiT flow annotations.

To prevent confusion it is worth to mention thaistphase has a close relationship to fifth phasthy w
Sehlbergs project files we could regenerate theeife (Project.gdl) which we use in the secorgpst
listed above.

7.4.1 Converting Dot to PDF

The purpose of this step is to aid the user toamsbunderstand the flow graphs produced by SWEHET in
more flexible way, there is some tasks in this gebjvhich have very large scope graphs thereforaeee

a tool with good zooming options(such as adobe kmdroeader). The dot files are converted using the
dot2pdf script described in section 6.3.6.

The SWEET NIC file is the NIC representation of tade after entering SWEET. Before performing
analysis SWEET merges together several basic blmcksie basic block. This merging is done to djarif
which code statements are considered to be membarbasic block, which is defined in Section 2.3.3

Therefore all the flow facts SWEET generates adresbed to the basic block, which the code statemen
the flow fact concerns is in it. To print out ttNdC code we use the sweet-nic script, saving tkeltg in
Task.sn file.

7.4.2 Interpreting SWEET Flow Facts

Both SWEET and aiT visualize the flow graph usingsib blocks as nodes, which facilitate the
interpretation of the flow facts. The main diffitglin this step is to find the basic block(s) ifT avhich
corresponds to the basic block(s) which the floet fa addressed to. The method we used is:

First: Visual pattern matching is made between the flosply produced by SWEET
and its correspondent in aiT; this to make suréettimsame task has been analyzed.

Second:we take a look at the scope graph file where lilve facts are located, the
basic block number extracted from the file is tiiemnd in the PDF flow graph file
Task.sg.pdf.

Third: The NIC code corresponding to the basic block remrb found in the
Task.ann.sn file, the NIC code is then mappedéectirresponding C-code.

Fourth: The source code which corresponds to the SWEETE lidsck is then
found in aiT flow graph.
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Figure 7.5: Phase 4, from SWEET Flow Facts to aiin@ations

7.4.3 Writing aiT Flow Annotations

SWEET is a context sensitive analysis tool andgmesits flow facts according to it, i.e., a basiock
could have more than one flow fact if it is execute more than one context. On contrary, aiT is not
which made it harder to interpret the calculatesvffacts. The problem is when a flow fact does yield

for all program contexts according to SWEET flovalsis. This means that it is not guaranteed that t
flow fact yield in the context where the longeseeution path of the program is calculated.

It means that when we write the corresponding aiTotation, the context which the annotation yietdsst
be specified. But since aiT is not context sensjtihis kind of annotation does not exist. Thisurced
once, in task 12, where the task consists of segargler functions. These call each other in dédfe
contexts functioning as a state machine, that mwaitif a function is called more than one timekea
basic block in it has two flow facts of the samedki

An example is when a basic block from the sametfands called twice, in two different contexts. If
SWEET calculates that it has been visited in onatecd and not in the other context (infeasible node
calculation), it means that the basic block isinéasible since it is visited sometimes during aémalysis
but in only one of the contexts. Therefore, the hanof infeasible nodes in task 12, presentedbleta.2,

is very large, but not all of them are infeasiblaiT.

As a matter of fact, the statistics over the visit®des helps us do determine if any of these faetd as
an aiT annotation. If the number of visited nodakig is not 100%, it means one of the basic bldeks
never been visited and therefore it is an infeasilolde.

The interpretation of flow facts to aiT annotatiasglone in this step. As we mentioned in sectidntbere
are two annotation styles to choose between. Wesehto write the annotations in absolute addresgs, st
because we would analyze a code which has beenileohamd will not be changed. Furthermore, theestyl
is easier to write due to the fact that basic bleekber could be found in the flow graph in aiSz#.tThe
number is the memory address where the first iogtm in the basic block can be found. Figure 5.2 C
shows the basic block number 0x0:0x21c is writtarfiist line in the blue box.

The most frequently used aiT annotation is the flamstraint annotations. This is because thesebean

used to express the excluding pair flow fact eadilyere were also some cases where it was necessary
use the infeasible path annotation due to thetfattcode contained some infeasible code, i.e. dede.
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7.4.4 Phase 4 Results

The resulting files from this phase are the sofenlainary file and aiT annotation file, Figure 7Hows the
process where the SWEET flow facts are interprétediT annotations. Note that the binary generation
step is not visualized in Figure 7.5, neverthel#ds,step exist in this phase of the analysis.

7.5 WCET Analysis using aiT

In the final phase of analysis process the anmutdile (.ais), binary file (.bin) and machine &gt file
(.msf) is involved in this phase. The first twoefl are generated in phase 4 of this process. Thhimea
setting file is generated by Sehlberg [3]. No clenig this file has been made since there is noggsin
hardware used to run the analyzed code.

The results of this phase is two files; First i@ file (ait.log) where aiT print out informaticetbout the
memory access for each routine (function), registertent and WCET results for each function and the
total estimate. The second file (.gdl) contain gh@phical description of the program, i.e., thé-catd the
control flow graph. The .gdl file is used in aiSeeshow these graphs together with the calculat€Ew

7.6 Method Summary

To summarize the above; a task is compiled with tempilers, one generating an intermediate format
representation (NIC) and the other generating tdrgelware assembler instructions (Binary). The KNIk
together with the C file is used to create an s file. The NIC file and the annotation filetieen used

as input to SWEET, where the task goes throughrprodglow analysis. The flow information derived by
SWEET are used to write aiT flow- and infeasibl¢hpannotations. These together with machine setting
file and the binary are used to calculate WCE Thesstie for the task.
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Chapter 8

Results

Using the analysis method described in Chaptererwill try to answer the questions in Section h2his
chapter. The evaluation started with the simplesksaand after SWEET successfully derived flow
information for these we proceeded to analyze ncoraplex tasks. The analysis results for each tesk a
presented here.

8.1 SWEET Annotations

The number of input annotations needed by SWEETewve correct flow facts varies between the
analyzed tasks; this number depends on the sitleecinput structure. That is the number of inputd a
state- member that had to be annotated. Some fhg members were also structures with at least two
members, which had also to be annotated.

As mentioned in chapter seven, there were somes tiaskwhich we were able to use SVVA to derive
automatic state variable annotations. These tag#lsalditional annotations which were used to asalign
the task pointers. Table 8.1 shows the number obt@tions used for each task. “Interval annotatiems
these which are necessary to derive flow factsaitlthe use of SVVA and “Pointer annotations” dre t
number of additional annotations needed to angheeask with SVVA. If zero then the SVVA is noteas
for the task. “SVVA annotations” are the numberirdérval annotations which are automatically dedive
by SWEET using SVVA.

Task Interval Pointer SVVA
annotations | annotations | annotations
1 4 0 --
2 6 0 --
3 7 0 --
4 12 8 2
5 7 0 --
6 7 0 --
7 18 8 3
8 17 4 11
9 8 3 4
10 17 7 8
11 16 11 3
12 25 14 15
13 69 43 0

Table 8.1: Number of annotations needed for eaih ta
Task 13 is the only task which SVVA was unableralgze; it would take infeasible amount of time to

extract automatic annotations for this task. Tlesoa for this is that it takes nearly 6 CPU hoors f
SWEET to execute the task for all input combinatidrich corresponds to a single iteration for SVVA.
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Since SVVA iterate this analysis several timegauld take months to extract the 85 state variaipléask
13 with SVVA.

8.2 SWEET Flow Facts

The flow facts derived by SWEET are presented h€he. section begins with presenting the flow facts
derived by running flow analysis using the runswseatipt. The results are presented according to the
runsweet modes used to derive it. More informatiboutrunsweet's ~ modes can be found in section
7.3. The loop bound analysis will be mentioneckftyj due to the limited number of the analyzedsas
which contain loops.

8.2.1 Infeasible Edges, Nodes and Paths

There are two analysis cases to consider; the gkeoase, there we used the runsweet script, and the
special case, there SWEET option were used. Theestibn below will present the special case tasks
result. In section 8.2.2 results for the remairtagks are presented.

Special Case Analysis

Task 10 falls into the special case category; thhdst level of merge had to be used in order talide to
analyze this task. The high merging level limite thse of all infeasible paihip)  option in SWEET,
only the max node- and edge count (mnc and mec\a#able then. The analysis resulted in findiwg t
infeasible if-statement edges in the task. Thediate that the code snippet in this edge is neisited

during the analysis, which could be an indicatibthe existence of dead code in the task.

General Case Analysis

The remaining tasks were analyzed using runswedtleT8.2 presents the results when analyzing 8lesta
with the multi path, advanced mode in runsweet getion 7.3.1). The table contains the numbetos¥ f
facts derived for each task and its type, i.eeasfble nodes, infeasible paths and excluding pairs

Each one of the columns 2-5 corresponds to onbeofrifeasible path calculation option (-ip) argutsen
(see section 6.4.4 for detailed description). Famttore, it is worth mentioning that there is mofete
option —ip arguments used in runsweet, their resale not been presented since it would give theesa
flow information provided by the flow facts mentexhabove.

Task Infeasible nodes | Infeasible nodes | Infeasible paths Excluding pairs

(in) all iterations(ina) (ip) (ep)

1 0 0 0 0

2 0 0 0 0

3 0 0 0 0

4 0 0 0 4

5 0 0 1 2

6 2 2 0 0

7 0 0 5 7

8 0 0 0 5

9 0 0 0 0

10 - - -- -

11 0 0 0 4

12 379 354 8 10

13 124561 121419 340 346

Table 8.2: Number of flow facts for each task sbiig flow fact type.

8.2.2 Loop Bounds

Only the tasks 6, 7 and 13 contained loops, sedéeT&B. The loop in task 7 was written in assembler
which we had to remove to make the source compgatilth NIC compiler. We rewrote the code section
which depended on the loop.
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SWEET loop bound analysis had no problem calcuatiounds for these loops. We were able to perform
the loop analysis on task 13, because loop boualysia can be done separately and it's not depeonded
the flow analysis part where infeasible paths, edgel nodes are derived.

Task 4 5 6 7 8 9 10 11 12 13
Loops | O 0 0 0 0 1 1 0 0 0 0 0 18

Table 8.3: The number of loops in each task.

=
N
w

8.3 Analysis Time

A good measurement is the time SWEET takes to parftow analysis for each task. Table 8.4 contains
the time in CPU seconds for each task. Note thgit &0 is analyzed differently from the other tasks
therefore its time measurement is not directly caraple with the other times. The fact that leseasfble
path calculations and higher merging level is usadtes the analysis faster.

The last column presents a percentage value fondh&er of visited nodes during analysis; this gaki
indication if the task contains dead code. One ptkor is task 13; SWEET managed to analyze onlgra p
of this task since the input annotations were newverpleted due to the time limitation of this patje

Task Analysis Time Visited nodes
1 2,75 100%
2 0,02 100%
3 2,72 100%
4 7,47 100%
5 0,12 100%
6 0,07 92%
7 5,65 100%
8 0,41 100%
9 0,04 100%
10 15,08 97%
11 4,35 100%
12 173,34 99%
13 20467 25%

Table 8.4: Analysis times measured in CPU secondsagercentage value of visited node during aigalys

Note that task 13 has taken approximately 6 haum@nalyze, even though only 25% of the basic blocks
were visited. A good prediction is that it wouldkéamore than 24 hours to perform a complete arsabyfsi
it; this makes task 13's size and complexity thpardimit of what SWEET can perform flow analysis o

8.4 aiT Annotations

As mentioned in section 7.4.3, there are some oabese the context sensitivity gives us infeasitbee
flow facts which can'’t be interpreted to aiT anrimtas.

As we mentioned earlier, due to project time litiita and the limited flow analysis power of SWERie
were not able to derive any aiT annotations fok t63 There is also the special case flow analyss,in
task 10, where we could determine that there acenfeasible if-statement edges are infeasible.

Table 8.5, shows the number of SWEET produced famts that suitable aiT annotations. As comparison,

the last column shows the number of annotationsb8eifound by hand for the tasks. Note that tteplo
bound annotations are not counted with the flow feaxnbers presented in it.
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Task aiT Annotations by SWEET aiT Annotations by &hlberg
1 0 2
2 0 1
3 0 1
4 4 3
5 3 6
6 2 2
7 12 6
8 5 5
9 0 4
10 2 8
11 4 4
12 19 18
13 - 103

Table 8.5: aiT annotation automatically derived3WEET and by hand by Sehlberg.

8.5 WCET Comparison

Most of the aiT annotations found by SWEET are same as the ones found by hand, or they annotate
basic blocks which the longest execution path doegnthrough. This was determined by analyzing the
task with aiT twice, first with the manually foursthnotations and the second run with the new founded
annotations by SWEET.

We draw the conclusion that SWEET does not necdbssierive flow information which tightens the
WCET estimates. In task 12 we found an infeasiblgeni.e. dead code, which couldn’t be found bydhan
There is also task 10 where more flow annotatiangccbe found by, that because, as mentioned garlie
the limited performance of SWEET flow analysis.

8.6 aiT v1.5vs. v2.0

To increase the fairness of our comparison allahalyzed tasks was reanalyzed with newer aiT versio
2.0; this is because in Daniel Sehlberg’'s projeét€t\ersion 1.5 was used. The results differed bwut n
further investigation was done to discover the saasince it is out of thesis scope. Table 8.6 shtive
WCET estimates for each task, sorted by the aiSieewere used to estimate it.

Task aiT v1.5 aiT v2.0
1 4,788 4,849
2 5,879 5,879
3 12,122 12,304
4 13,394 13,455
5 22,364 22,485
6

7

8

9

27,243 27,545
29,091 29,334
30,455 28,273

36 34
10 55,091 60,91
11 70,273 61,364
12 143,606 146
13 1447 1421

Table 8.6: aiT WCET estimates with version 1.5 @exion 2.0 in microseconds.

8.7 Additional Information

Beside the flow facts presented in section 8.2, &Wprovided some additional information about the
code style in the tasks. One problem in the codegharaentioning is the out of array addressing, Whias
revealed during the analysis of one task. Afteresamestigation we found the cause of the probiemas
caused by one condition used in a While-loop.
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8.8 Problems and Solutions

Since SWEET is still a prototype, several issue todok addressed in order to begin the flow anshysth
it. In this section we will present some of timensoming tasks which had to be done in order tooperf
successful flow analysis on Volvo code.

The most time consuming task during this projecs wa study the NIC compiler; i.e. how it organized
memory, statements and functions. Under the fiosir fiweeks of this project we tried to analyze the
simplest tasks using SWEET, unfortunately withufiagl since we could not reveal how the input stmgctu
was interpreted by NIC. SWEET always halted ongmsil pointers in the tasks. After some investigatio
compiling some test cases and creating the wrapecould reveal how we address the input strusture

After this break through we were able to write thaction wrapper for each task, and write the fingtut
interval annotations for it. We began then to cheekh task to make sure that the input intervads ar
correct and all the possible pointers are correaigigned. It took another four weeks to complete t
perform this task.

During the whole project time SWEET was improveddiag new options and functionalities to improve
its performance. Type Check Annotations (-tca), €ate “dot” files (-draw) and State Variable Value
Analysis (-svva) presented in section 6.4 are seranples of new added and improved functionalities
SWEET.
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Chapter 9

Conclusions

The main goal of this project was to evaluate tHeBWV analyzer SWEET using real life embedded system
software, which has been successfully done. Sineas the first time that SWEET has been used ah re
life embedded code several modifications had tddiee to it make more user friendly. SWEET managed
to analyze almost all the thirteen tasks assigoeitl but due the time limitation of this projecewvere
unable to analyze task 13 completely.

9.1 Preparation Work

The preparation work done on code making it andligzhy SWEET is still very time-consuming task, the
main reason is the NIC compiler. There is not selmdocumentation available for this compiler siitde

a university prototype. Some of the bigger delaysnd) project time were caused by the NIC compiler,
example the memory organization and replacing t#reenof the structure members by the structure name
and an offset.

This preparation work results as much effort agas spend to find the derive flow annotations mépua
A suggestion would be to change the NIC languagh wimore informative intermediate representation
language.

9.2 WCET Effects

The flow facts calculated by SWEET were succesgfilinslated to aiT annotations (except for task 13
these flow facts have been compared with the cmarsdf by Daniel Sehlberg [3]. The following conclusi
can be drawn; SWEET managed to find “at least’sdume flow facts found previously by hand, but these
didn’t affect the WCET estimates for these tasks.

By “at least” we mean that in some analysis cabesetwere infeasible nodes SWEET detected, which
have never been detected before. In addition, sattm information about the code was found when we
analyzed the tasks with SWEET. This informationlddee a great help for writing safer embedded syste
code.

9.3 SWEET for Volvo

There is still a long way ahead for SWEET to becene®@mmercial product. Even though the flow analysi
part of it is nearly fully implemented it is toorbato state if it is of any good use for Volvo. fitieermore,
our analysis shows that the SWEET'’s flow analysigabilities are limited, due to the fact that taskis
the biggest code which can be analyzed in reasersabbunt of time.

We believe that task 13 is a example of code invadoftware, which needs to be analyzed by a flow
analyzer due to its complexity.

9.4 State Variable Value Analysis
This function is worth mentioning since it has beeweloped and implemented during the time thigepto

went on. According to the shown results, this aptiworks successfully. This makes us draw the
conclusion that more research power should be paieeeloping this function further.
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9.5 Future Work

The main focus of SWEET development should lay aking the analysis faster and user friendlier.
Functionalities such as type check annotationsteSisariable Value Analysis are worth further
development, since they facilitate the use of SWEBfsiderably.

The flow analysis part should be more focused oaiTn Our method shows that there is the possjhilit
making the flow analysis part of SWEET a plug-im &T, which could decrease the labor spent to find
flow information for aiT.

Furthermore, a better intermediate code formaeedad. In this thesis a lot of work was spent epathe
code to the NIC compiler, which can be avoidedtifi@are standardized intermediate code format is irsed
SWEET.

The algorithms in SWEET to derive flow informatibave tight relationship with each other. In thesgen
of that many of the complex algorithms are a furthevelopment of the simpler ones. This makes SWEET
to perform a lot of redundant analysis and themlayy flow facts produced are redundant. A functhaat
eliminates the redundant information would maker#sults more readable.
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