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Multi-core architectures have proliferated embedded processor
designs ; however, few embedded software engineers know how to
program them. The current state-of-the-art technology in multi-core
programming is based on the use of language extensions or libraries,
such as OpenMP and Intel Threading Building Blocks (TBB) that
require parallel computing expertise. To accelerate the adoption of
paralel programming technologies by embedded software
designers, we extend our tool, Verifiable Embedded Real-Time
Application Framework (VERTAF), for multi-core embedded
software design and verification. Our primary goal is model-driven
architecture (MDA) development for such software. In this article,
we focus on the code generation for multi-core embedded software
using TBB which isa C++ library and helps us to leverage multi-
core processor performance. TBB also represents a higher-level,
task-based parallelism for performance and scalability. We will use
an exampleto illustrate the integration of TBB into VERTAF.

Several issues crop up when developing a model-driven architecture
for multi-core embedded software. First of all, how much and what
kinds of explicit parallelism must be specified by a software
engineer through system modeling. Second, how can we
automatically and correctly realize the user-specified models into
multi-core embedded software code? Third, how do we test and
validate the generated code. Finally, how do we apply a software
engineering process to the development of multi-core embedded
software? We will try to provide partial solutionsto the above
issues, which are still open to more research work.



The VERTAF/Multi-Core (VMC) framework takes SysML models
as input which contains user-specified modellevel explicit
parallelism and automatically generates corresponding multi-core
embedded software code in C++, which are scheduled and tested for
aparticular platform such as ARM 11MPCore and Linux OS.

The VMC project has been divided into seven subjects, including
VMC_REM,VMC_MUM, VMC DSS,VMC _SYN,VMC_AM,
and VMC_TMS. These subprojects cooperate together to solve the
problems af orementioned.
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Abstract
Multi-core architectures have proliferated embedded processor designs; however, few embedded
software engineers know how to program them. The current state-of-the-art technology in multi-core
programming is based on the use of language extensions or libraries, such as OpenMP and Intel
Threading Building Blocks (TBB) that require parallel computing expertise. To accelerate the
adoption of parallel programming technologies by embedded software designers, we extend our tool,
Verifiable Embedded Real-Time Application Framework (VERTAF), for multi-core embedded
software design and verification. Our primary goal is model-driven architecture (MDA) development
for such software. In this article, we focus on the code generation for multi-core embedded software
using TBB which is a C++ library and helps us to leverage multi-core processor performance. TBB
also represents a higher-level, task-based parallelism for performance and scalability. We will use an
example to illustrate the integration of TBB into VERTAF.

Several issues crop up when developing a model-driven architecture for multi-core embedded
software. First of all, how much and what kinds of explicit parallelism must be specified by a
software engineer through system modeling. Second, how can we automatically and correctly realize
the user-specified models into multi-core embedded software code? Third, how do we test and
validate the generated code. Finally, how do we apply a software engineering process to the
development of multi-core embedded software? We will try to provide partial solutions to the above

issues, which are still open to more research work.

The VERTAF/Multi-Core (VMC) framework takes SysML models as input which contains
user-specified modellevel explicit parallelism and automatically generates corresponding multi-core
embedded software code in C++, which are scheduled and tested for a particular platform such as
ARM 11MPCore and Linux OS.

The VMC project has been divided into seven subjects, including VMC_REM, VMC_MUM,
VMC_DSS, VMC_SYN, VMC_AM, and VMC_TMS. These subprojects cooperate together to solve

the problems aforementioned.

Keyword: multicore, Embedded system, model driven, UML, SysML, Open Source, framework.
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Quantization Usecase  UseCasedia.. Quantization (lass PVEBDD Abstraction Link New  2011/6/16 75
Image Capture~ Usecase  UseCasedia.. ImageCapture  Class PVEEBDD Abstraction Link  New  2011/6/16 75,
EntropyEncoding  Usecase  UseCasedia.. EntropyEncoding  Class PVEBDD Abstraction Link  New 2D11f6/16'FfP
Encoded DataBu.. Usecase  VSSUseCase  EncodedDataB. Class VSSB0D AbstractionLink New ~ 2011/6/16 %
Database Sever  Usecase  VSSUseCase  DatabaseServer  Class Database Server  AbstractionLink New  2011/8/16 %
Database Server  Usecase  VSSUseCase  DatabaseSever  Class VSSBOD AbstractionLink New  2011/6/16 T4
Connection Server  Usecase  VSSUseCase  Connection Server  Class Connection Ser..  AbstractionLink New  2011/8/16 %
Connection Server  Usecase  VSSUseCase  Connection Server  Class VSSEDD AbstractionLink New  2011/6/16 'Ft_
Connection Server  Class VS5 Class Dia..  Connection Server  State Machine  State Machine .. AbstractionLink New  2011/6/16 T%
Connection Server  Class ConnectionS..  Connection Server  State Machine  State Machine .. Integrationlink New  2011/6/16 F&
(| n | r

B] 46 Link Event View

( Linkevent . (. MaintenanceLog]

Search: Use case

Search Options: [[]From: Name [¥] From Type [[]To: Name [[]To Type [[Link Type [Status

From: Name From: Type From:Diagra.. To:Name To:Type  To:DiagramN.. Link Type Status  Date

Video Streaming .. Usecase  VSSUseCase  Video Streaming.. Class VSS BDD AbstractionLink New  2011/6/16 T4 02:00:
Status Manager  Usecase  VSSUseCase  StatusManager  Class VSS BDD AbstractionLink New  2011/6/16 T 02:00:
Quantization Usecase  UseCasedia.. Quantization Class PVE BDD Abstraction Link  Mew  2011/6/16 T5 02:49:
Image Capture Usecase  UseCasedia.. Image Capture Class PVE BDD AbstractionLink  New  2011/6/16 T 02:48:
Entropy Encoding  Usecase  UseCasedia.. EntropyEncoding  Class PVEBDD AbstractionLink  New  2011/6/16 5 02:49;
Encoded DataBu.. Usecase  VSSUseCase  Encoded DataB.. Class VSS 80D Abstraction Link  Mew  2011/6/16 T5 02:00:
Database Server  Usecase  VSSUseCase  Database Server  Class Database Server  Abstraction Link Mew  2011/6/16 T5 02:00:
Database Server  Usecase  VSSUseCase  Database Server  Class VSS BDD Abstraction Link  Mew  2011/6/16 -5 02:00:
Connection Server  Usecase VS5 UseCase  Connection Server  Class Connection Ser..  Abstraction Link Mew  2011/6/16 T5 02:00:
Connection Server  Usecase  VSSUseCase  Connection Server  Class VSS BDD Abstraction Link  Mew  2011/6/16 -5 02:00:
‘ 1 | b
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feheni 3

( modelxum 3 =0
Diagram Element Dependencies Element
4 48 Use Case Diagram * || Name Type  Diagram Name File Date

Ve Seaming Manager EopyEncodi Bock  PVEBDD  PVEBDDG2  2011/6/16 7024915
© Connection Server

O Encoded Data Buffer Manager | _
O Status Manager 1
© Database Server

O UseCase 0 B

© Image Capture

© Discrete Cosine Transformation

) Quantization Similary Element
O Entropy Encoding ) ; ’
£ Confirm Name Type  Diagram Name File
4 By Class Diagram
E Video Capture [ Confirm VideoEncoding  Class  PVE Class Diagram  PVE Class Diagra...

E! Video Encoding
E Status Manager
E Database Server

[ Conradad Nabn Doffne bannnae

o

Dependencies | Setting

( LinkEvent | Maintenancelog i

Description Date
Change use case name to "Entrapy” 2011/6/10 T4 16:10:20
Change use case name to "Enfropy Encoding”  2011/6/10 T 16:23:54

Bl 48Maintenance Log View
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PIM Design
PIM Design Profile
Pattern
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heismadsl Constraint
[ <<Constraint On>>
PIV Design N :<<Instance Ofs>
Model
PIM Level
PSM Level Transformation
Specification ~------ Transform
with ATL Model
PSM Design
PSM Design Profile
Pattern
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: Meta-model Specification Meta-model !
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conforms to executes conforms to
Meta-model level
Model level
ource mode arget mode
S del (1) Target model
Model Transformation
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I Template 1
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M2 Level !
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Model
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dEBFEHAPT g P A Time0 pFicd ¢ M Aif & & H2 Wi r - BRI DEHE
= FilterA »r14 FilterA & F X AJE 2 2 9 4 Boehl (ER 2 (5 1 it S Ay ¢ 4
Wil (e F o @ d 2% FilterB £.T 7 cndi i B > 0t e Time3 ehphiz > 4 4 ¢ s
d ¢ B K i FilterC 25 it che - BRPADGE RSP RBL TN F &
LIEER RGILL ENF o d - BT FehiFE BT T 7 RILAT G a1 (Ep

FilterA | FilterB | FilterC

(serial) (parallel) (parallel) -
- ._.. - P]ltet’ )
Time0 u - m N <— live token
Timel | = mg¥e .
Time2 | @ m | m® " ow|
Time3 E E [ m

v token
Timing
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B 5545 % 7 — @ TBB # M T 5 b= k3t ahdg i) - o+ TBB # sk 0 T
oMkt i & 4 Client 2 Delegate % 4w #rie s » #rrl HAg A€ ¢ 3
Client 2 Delegate % 4 ¢ > H @ Client ¢~ Operation ¢ #-1 ¥4 7% Delegate
SubOperation & #4 {7 » g2 F & ¥ 7 fpen1 iFpF e @ £ 9Pl A 7 71 & BAAHE
P 44 R PEE T 7R UML A& R0 -
B 56 R4 7 — B TBB # 4450 T S it k3 enigiid) > a2 9477 %

BALHA % £ 4 13 PR T 70 UML AR HET) - A7 125 7] TBB % sk

i

T S kA &4 Client ~ thb:pipeline 2 tbb:filter % 2§

£

[ o 1 -
Feend & TBB F 4% > » ¢ run &3% < f @ ~ — % max_number_of_live_tokens
cR2 3= BRIV IES I S TS R N SR PR A 1)
EBAFET RET - BERRELRLTEH S8 ¥ b £ B filter 2[4+ § 3 -

i order iR 4% @ k3w 1 (FPFER RIS ERE o

{um]) furnl) (o)
Class Association Operation
-
A A A A A
+instantiateSerialDelegate
astereotypen astereotypes |+ SUPPlier «stereotyper astereotypes astereotypes
Client SerialDelegate +instantiateSerialDeldgatd Instantiate SerialDelegate +invoker| Operation SubOperation
= Order: int invok
-
*+owner L «stereotyper IMVOREM o) nenOperation
astereotypes InstantiateParallelDelegat
ParallelDelegate [*Supplier arsiie g +ownenperation
-2 +instantiateParallelDelegate +instantiateParallelDelegate
= Order. int +owngnOperation
[ +owner
+owner

B 55 TBB ¢ 44T 5 b &3« #4) (TBB-Pipeline PIM meta-model )



# OTBB # MR\ T SRR eh 5 T

UML meta-model | Stereotype Tagged-value Description

Class client FARSS Y i Ko
tbb::pipeline ¥ % TBB g &g ¢ o
tbb::filter % 3% TBB 1 {¥pkEcnd & o

ConcreteFilter

filter_order: int
filter_mode:
mode

THEREMI FFRenE s o H Y
filter_order ¥_% 7 %2
g Booom filter_mode B %3 0 3% (TR
B TR T T AR

fEry £ i i

Generalization

ConcreteFilter

£ g8 (PP HGK TBB 1 (7 Rk B -

astergotypen
add_filter

+ownenOperation

+ invoker +instantiateFilter

InstantiateFilter

astereotypen

+ownenDperatign

+ instantiateFilter

ExtendFilter LR T4 o

Association InstantiateFilt d TBB ¢ & i¢ * 3| TBB 1 (FFF £ b
er 4 o

Operation run max_number_of | TBB ¢ 444 {7 § & iz i3 cfk ¥ > # ¢

_live_tokens: int | max_number_of_live_tokens %_& 7 3
IERFERY iR L ER R e e
clear TBB ¢ 5% 73 ¢ ST i3cdf i o
add_filter TBB # &t 4c » ATeng AUIE 73 el 1F
FilterConstruc 1 (EpE B erud ﬁg:} T o
tor
operator 3 IFRF BT T e (TN B4R o
(umi} (umi) (umi)
A iati -  Operation Class
3 r A A A + +
«stereotypes astereotypes |4
tbb_pipeline r— tbb filter
aSlErrEuD;ypEn anﬂ +ownen . owner | TSURRliEr TS
+ ofwner ConcreteFilter
=] max_number_of live_tokens: size t =64 |+ ownenOperatign
£ filter_order: int
«stereotypes + ownfer =} filter_mode: mode
clear +ownenOperation

{arl)

«stersotyper
FilterConstructor

Generalization

+

nenCperation

)

o2 RARMH R
ER AR RRE PR A2 (8 0 A PRI S g R ATL Ry it 4k

S A e d 119 A7 0 TBB F AU AT

«stereotypes
operator

«stereotypes
ConcreteFilterExtendFilter

'

AT A

( TBB-Pipeline PSM meta-model )
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SHF AT HRM 2% 7 B 557 Client g &) BB 4% 2
fs¢ A2 2% H 567 Client - tbb:pipeline 12 2 thb:filter % 2|4 e &) - & & *

serialDelegate 2 parallelDelegate =135 |4 %] § 2 4 41 & * ConcreteFilter <73 &
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UML meta-model | Stereotype Tagged-value Descrlptlon

Class client BAPRG Y i Fa o
tbb::pipeline ¥ #& TBB g &d ¢ o
tbb::filter % 3% TBB 1 {¥pkEcnd 4 o

ConcreteFilter

filter_order: int
filter_mode:
mode

X REAL (cFpfenk & o B

filter_order %_& 71 %1 (FFF BB 17

FY/us

g Boom filter | mode JQ%; 1% (ERE
-F);FI‘JLIF%S_‘\‘ F'_l ﬁr}mo

ConcreteFilter
ExtendFilter

Generalization

LAY R A N TBB 3 iFpFfeh-
AL RE % o

Association InstantiateFilt d TBB ¢ #i¢ * 3| TBB 1 (FFf £ bk
er 4 o
Operation run max_number_of | TBB ¢ 444 {7 § M iz ix gk (7> H ¢
_live_tokens: int | max_number_of_live_tokens z_& 7 3
I IFFEEY L e TR R ﬁ;;fr °
clear TBB ¢ 'k *13 F R E 5kl iF o
add_filter TBB ¢ & 4v » X7eng &E 33 g iF
FilterConstruc RN SN El B AL
tor
operator I IEPFERATR T TR BT
# 11TBB # ste\ & ¢ M %
R FEE | BRE | PEEANREE | BRE
client client
tbb:pipeline
add_filter
4 run max_number_of live_tokens: int
e clear
W tbb:filter
A | serialDelegate order: int | ConcreteFilter filter_order: int
filter_mode: mode (=serial_in_order)
parallelDelegate | order:int | ConcreteFilter filter_order: int
filter_mode: mode (=parallel)




rule SerialDelegate {
from s : UMLZ!"uml::Class"™ (s.hasStereotype('sS
to concreteFilter : UMLZ!"uml::Class"™
package <- thisModule.Global UmlModel,
name <-— S5.name

]

Iy

gen : UMLZ!"uml::Generalization™ (
specific <- concreteFilter,
general <- thisModule.Global_ filter

)

do {
concreteFilter.applyStereotype (UMLZ ! Stereotype.allInstancesFrom (' OUTPRO') ->

select(p | p.name = 'ConcreteFilter')->first());

}

Bl 57 TBB ¢ stk 3" ATL #23% 45 (serialDelegate # 4% 3% 4~ )

Rule 1

context ConcreteFilterinv:
self.base Class.generalization.target.getAppliedStereotypes()
-> exists(name="Filter")

Rule 2

contexttbb:pipeline inv:

self. max_number_of_live_tokens>= ( tbb:filter.allinstances()
->size())

Rule 3

context thhb:filter inv:

not((tbb:filter.allinstances() -> excluding(self)).filter order
-> includes(selffilter_order))

Bl 58 TBB ¢ ;% T o 1t K3+ 9 OCL &8 3% 2 § b

& Rulel # 4] & * <<ConcreteFilter>>ig w] & Jf 4K & * <<filter>>eug %) >
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%t Rule3 ? 2 & %75 k4 & filter_order shig & Jf 8.7 £ 4F 1 #71U ",!rt TR
# & ~ £ f 5| (Instance)z ¢+ (excluding (self)) » H i e &% 5t ¢ 3 40 F e
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aclignts

Client

& Operation()

[ \l(‘ +pipeline
«tbb_pipelines
tbb::pipeline

% «add_filters add_filter(filter)
§:  run{max_number_of live_tokens) .
% aclears clear()

arun» /
max_number_of live_tokens = 64 |/

«instantiateFilters [ +filter

«tbb_filters
tbb:filter

§ afilterConstructors Filter(filter_mode)
% woperators operator(void®): void*

xCU“CFEtEFi”efEm“dF”t%/f? \\/\ «concreteFilterExtendFilters

«concreteFiters «concreteFiters
ConcreteFilterA ConcreteFilterB
% woperators operator(void*): void* % woperators operator(in void*): void*
K ™,
«ConcreteFilters «ConcreteFilters
filter_order =0 filter order = 1
filter_mode = serial_in_order filter mode = parallel

Bl 59 £ * TBB ¢ &3V T 541 k3 0ic3] (TBB-Pipeline PSM model)
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«clients
PVEEncoding

@ run()
+preprocessor +dC +huffstatistics +huffman
1l 11 M rauan ﬁ\ ol m
eserialDelegates «paralkiDelegates «paralleiDelegater zparalieiDelegates «seralDelegaten
Preprocessor DCT2D QUAN HuffStatistics Huffman
4 «subOperations operator() 4 «subOperation» operator() % asubOperation» operator() 4% «subOperation» operator() 4 asubOperations operator()
% Preprocessor() i DCT2D() @ QUAN() 4 HuffStatistics() & Huffman()

«SerialDelegates

Order =0

«ParallelDelegates
Order =1

«ParallelDelegaten «ParallelDelegates «SernalDelegates
Order = 2 Order =3 Order =4

Bl 60 TBB ¢ 4% % s 4w i3] §~ b

«tbb_pipzines
aclients Pipeline «instantiateFilters
PVEEncodi ¥
neoding |y rl «lb_fiters
% «add_filters add_filter() Filter
& operation() +pipeline| & aruns run{) +filter
% eclears clear() N
s / & Filter()
max_number_of_live_tokens = 64 / # oparator)

«concreteFilterExtendFilters

«concreteFilterExtendFiltens

<COnCreteFIgBRendFINer: o creteFildExtendFillers  <concreterMaExtandFitien

econcreteFiters «concreteFitera «concreteFiters «concreteFiters «concreteFiters
Preprocessor DCT2D QUAN HuffStatistics Huffman
#; woperators operator() % «operators operator() i «operators operator() & «operators operator() 4} «operators operator()
& «filterConstructors Preprocessor() 4§ dfiterConstructors DCT2D() i «fitterConstructors QUAN() & «fiterConstructors HuffStatistics() & «fiterConstructors Huffman()
«ConcreteFilters «ConcreteFilters «ConcreteFilters «ConcreteFilters «ConcreteFilters
filter_order = 0 filter_order = 1 filter_order = 2 filter_order = 3 fiter_order =4
filter_mode = serial_in_order filter_mode = parallel filter_mode = parallel filter_mode = parallel filter_mode = serial_in_order
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PVEEncoding

= encodedFrames: Integer [1]

= dropedFrames: Integer [1]

= encodedFramesinUnit: Integer [1]
= dropedFramesinUnit: Integer [1]

#: PVEEcoding()()

&  ~PVEEncoding()()
g8 initial{in QEvent)

& Idle(in QEvent)

{& Encoding(in QEvent)
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Class PVEEncoding : public QActive
{
public:
PVEEncoding () ;
~PVEEncoding () ;
private:
void initial (QEvent const *e);
QState Idle (QEvent const *e);

QState Encoding (QEvent const *e);
}s

B 72PVEEncoding.h

QSTATE PVEEncoding::Idle (QEvent* const e)
{
switch (e->siqg)
{
case EncodeOneFrame SIG:
Q TRAN (&PVEEncoding: :Encoding)
return 0;
}
return (QSTATE) &PVEEncoding: :top;
}

QSTATE PVEEncoding::Encoding (QEvent* const e) {
QEvent* pe;
switch (e->siqg) {
case Q ENTRY SIG:

/* user-given encoding code or TBB code goes here*/
pe = Q NEW(QEvent, EncodeOneFrameDone SIG);
QF::publish (pe);
return 0O;

case EncodeOneFrameDone SIG:
Q TRAN (&PVEEncoding: :Idle);
return 0;
}
return (QSTATE) &PVEEncoding: :top;

Bl 73PVEEncoding.cpp
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2. FH fa kR (X e A FF A )

3. @ g kN R IR B AR gl g g o

4, B g - ~Z EROT RE L PR ﬁlh iRtk %48 GPS 7% kiR f o 2 DLT

BB REY RS 3D BRI T -

$_lﬁﬁpi%&4;amwmmm%%%1ﬁ@3‘ﬁﬁﬁ%m&ﬁ»—¢»ﬁ$

700 gk 445 0 2 deployment diagram = ;8 R IR o 4ol - T o SR f 5T d F -

Pouser $FAT 88 & sz F RALR > dodrE 3 endr o Bi(core number) ~ % i 5 i &~ OS fE5E

AR AE o F b 4o r 334w codegenpFerg 2 e @B 2N B L ¢ 2V E
FEFTM o ZRBNEMAEE o AT HF R - deployment diagram A &) xml 4§ 0 T &

AR S % A 42972 2 automake £,

-1 FW P L HMEAREINEI R GE L AR D o AR ( video

sequence ) s i » I & - FEEATA 4 R RACA ST TRE kIR R o P R RS L

Pt Sl iEA KRB HMESRR B ERBR T 0 % B S EER - 2 E T

BEERZZE o d GET G MM - CCOAPE L F TEMRSEG - FHEAS

TR TR AR FRZET Y b B RERE SN EZ 23 o

Z 1T P * 2P kRt B % A0 structure from motion 2. R IT o T P - BL P 4R

W3- Rl drref@wpE A2 PR A VAR GERZM GlaE-pr 2 0HE

EH - rwEEE Tz e 2Bl F BP2LERMAPEN L 2 @ 2 &

MUV F - BB ARl 2 nAEled B3 2N T A u A Xy Xy 2 X i SR A

VAXYXY,E YV HEE 2 5 o g §IE 50 % L R kin local optical flow 3 B 2 A # o B



A - PR S B TR B o d L BT
LFEO B o DRSS LR
La\zlf%IEB.?\:’l;g GPS ',"I;/il ,E“JI‘L;:._%% ) 1 DLTE/E—f’?#E%}ﬁpk " %&;L—” ,ﬁxf 3Df§€7

s
=
=
m-\ﬂ_
S5
i)
3
(w.
X
ks
a_
=
-k
\_.
Jeor
-

VIR G o B E 21T A N2 s e £ (2D) 0 f 4t At R

ﬂ\
7

hal
P
Lol

2 WA TF & 2 $4cEE(3D) > T 01 DLT k2t 5 S Ap 2 ¢F £ i@ e (7 3D B L2 £
f; &Xﬁ;’—;t\ =L rﬂlﬁ ’1_32 ’ ]Tﬁj]‘l f«fb 3D ﬁ'*%%tié‘%;’ﬁt@l é__;‘; T[} i’i&g’f’ri

% oRT L 2DBRES TG BGENE B d HT g d kR H Y 2 Bk
BFEen s 2D BART R SRR T 0 @ 2 (R F BB D0 B

Poandtsk it B R AP B FAF PR A BT R R BRI
P20 B e PP B 40 PR iy (performance) 7 E B3 B 0 B 35414 1 2 Makefile
FEFE T AT % T etk B o (performance) o e 42 7 B AE Bk B oocin

(performance)z & § #7% X o X L T IFERF TR EFY 4 SUIRZ R -

VI.VMC-PPO: T {74z ;% it £ 359 1%

A F 3P
FRe T T B BB PR IR E R RS B P IL R R Y Y
RePFR > #u] £ 4 E 4 3F 5w Bleniet 250 8 43 Tﬁam’?"‘ﬁ‘){"i g
Bty L ER A I PR ERIRIARFEREI PSS HML T
AR AR FY > APFIF- RANOpenMP ihp F T i1 8 > g4
NEF RSP kR 2 TEERNE P A g ROSE B 3% R 4058 % B L fa o
-4+ ROSE /F » 4531 7 17— B g * X 5 I AR £ F ST I
Fheind HEREARN LT T2 ATE R T R v
BUEEITER G o B4 BAeim R e ¥ F5EA PR EAGUIMA R Y K 4o & LR
# Eclipse * # (Plug-In) » 5B E7) (7= 5% > KR BRBA BT TR @A T 74 4

1N

RmTE ﬁ’rb Jhkus koAb

2

F R o S Pee o SRR ek R TR e MR T e ki 0 AT

BEE T AR §E RSO o AP ETRT S BNASF A A pgEp

et SR TR R e I e AR = R R A ﬁkﬁv@%fr%)\ﬁ Gy
fﬂl,ﬁ;ﬁﬁ)i’;; Pefio g s o NPVR-E Ao Y 1R % 1® H 4250 1 ’]“-r.u ,’t‘ b #);

AP R RRF T TSP SR T RS R AR F ki B B g
i

AT UEFR RN AP AIELE FRREE Y Oy R FR LA HE G



Piw Eleet AR EEHATR DS oo r 5 R AR BB e {5 FIELe B -
#(2009/8~2010/7) » 3 3+ % + #-it ¥ 3B E HLFh TR AR (2 HEA 47 8 B0R F ST B
RAG A TER T T i B Rl B A AP R A S L B RA

T BEHE I Faie o HeY s FHEAIEFEEIFE D e) s L £ E

- PP
2R R BB SR ig) HRAITEEF R D5) & #eR
WP ARNB(E I E - iw) e % 2 £(2010/8~2011/7) > A3+ & Edp L VMC T

(R A SO W dE: A mﬁﬁﬁl e B > et 327 P 4R R b4e OpenMP 2
Intel Threading Building Block % 53 i+ &2 # & 33+ FehfiG oot ¥ - B A5 Pro gt

SRR T ARV IR L RS * 3T OpenMP 2 Intel Threading Building Block &

AN AT oo
e
7"—*;‘"%%@5 ZEE AL AMRBE A I kA A kARG

® T iTfgVigkit L 42F i¥-VMC_PPO(Implementation of Parallel Program Optimization

Supporting for VMC-VMC_PPO)

- % v .
A ‘?—JJ o

/7

e

Source Program Parsing Subsystem
Parallelism Subsystem

Optimization Subsystem

® Logging Subsystem

FFREEAIPCERIER e o HIMARH* M RIRBOAProz BT
dodele g oo l* S dEld s X R BT AR S T PERET R E (T f]*u%\ K
BEARBEIFALIRE M 8B4 s fEP RIS SR A
P BRI N KE BE I PR TP g T RS EEL T A
PRS- B T EREE PTG 2N BEE FRE AT U T
T 7B 0 &3 OpenMP % Intel Threading Building Block % % &V & » & 41T 7
AARBRAEN I PR HARGFT S F HFEE R TEF A2 20 2 4R

85 #i

Code Source Code Optimization »| Code Parallelism

A 4

Revised Code Output

Bl 85 B »zic T 7 S F B IEA B



AIPEEE B LT T FRAE AN B R AN B S A e
BYHS o hPHBE - S Pe o ML F o T FFE (PPO) U R 24
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program program different languages.
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» Loop
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| COM: Code Optimizational Module | ¢ Dependelncy analysls
VMP-PPO IL « Automatic parallelism
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AV AV
Optimal Object Code Optimal Object Code imi
(TBB) (OpenMP) « Optimized Code
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Bl 86 VMC_PPO Architecture
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Input
directon

Contro

/|: basic blocks & loops
| flow analysis

lattice theory, iterative frameworks,

$ reaching definitions, liveness

Data flow analysis

dominators, postdominators, control

dependence
More control flow
analysis static-single assignment, constant
propagation
Static-single assignment — )
loop invariant code motion, common
¢ subexpression elimination, strength
reduction
Global optimizations : ) )
integer linear programming, dependence
abstractions
Avrray dependence
nalysi - ) .
anajysts linear loop transformations, loop fusion/
fission, enhancing parallelism and locality
Loop transformations
Auto add OpenMP directives depends on
pre-analysis Performance records
Self-optimizing
programs

essential

Y non-essential

-1 input directory
-0 outptut directory

-omp  auto add openMP
-6 auto execute

-c  auto compile

-1 learning mode

-t auto tuning(need -p)
-p performance log

A
Output
director
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1. Control flow analysis
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2. Data flow analysis

AT AR Y Rl SR o

3. More Control flow analysis
AT AR Y AR iR o

4.  Static-single assignment
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5. Global Optimizations
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6. Array dependence analysis
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7. Loop transformation
B2 o~ w?2eng £ s HEH T T ok R0 .
8.  Self-optimizing programs
FUPRFE A A kT 58 p B0 7 4 OpenMP £ & -
RESKT RA e BFIN> s HiBF sz BBl 54cB 88 & 3 % SLhl 2B ¥T
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> Logging Subsystem -
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Subsystem Y g
Source output
Code Code
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1. #25%2047 3 % ¥ (Source Program Parsing Subsystem, SPPS)
SPPS & PPO jk¥iz wizh » * vigFix 3047 4 MR ARNB L1 - EF3T 0 B
Marp L ER NG FRER SRR ML B FARES T o
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d 3R kgt O ROSE #.d C#E % fr4E R ehtc i # F’ fiwm b A% Visual

Studio C#:ie {7 B 4 - fe £ A3 {7 + A 8% Python 2 & {7:c B> i BT 5 Tk B

2. T 73 % ¥(Parallelism Subsystem, PS)
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Parallelism Process

Input Optimization
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Parsing code tags Suhsystem

Intel TBB || OpenMP

Bl 90PS 3 i s 1

3. i1+ F & ¥ (Optimization Subsystem, OS)
SRR - L SRR G A - SRS S N
B LLFH TR ZMERFRF OB R AN ETLTE NS DR
S/ e B 9L 5 OS+ i EHER > AF f A2 mAeT
Scanning : #% & 4% 3% 8 7 AR



Analysis @ 2 5% 75 iR 1t T B 47
Modify : jed@ x i it #2358 Fe bl (7 5

Input
markup parallel ~ Scanning
block code

N Output
"~ Optimal code

........ - Modify

Analysis -

Bl 910S + % s2 H

4. % &+ % % (Logging Subsystem, LS)
LS # it 3 e BrfeN iR AT o TR 2 AR AR (FELIL R Apde » 2 f7 50 51
FBoor MmN e AT 4 o B8 LS MRS LS+ R AR
rF RELZ Ao ol
A. Markup code log : ‘& #4238 FAR 347 ¥ 0973 SPPS {7 4
B. Parallel code log : % 44238 75 &L it pF#r3 PS 7 &

C. Optimizecode log : & &rAz 75 it H F OS 73 (7 5

Markup
code log

Markup code -

Parallel TXT/XML/SQ
code log Lite log file

¥

Parallel code

Optimize
Optimize code ~ code Iug

Bl 92LS + % s2 H W

i LS ¢ oo RN R Y o BEREN A TR ¢ 5 ATiRIe 2 (R ATH 4
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Partial Redundancy Elimination ~ Loop Optimization ~ Tailoring The Code
GenerationFormat...... FF 3055w 12 Pyhton 425V 3% 5 4 £ 8 &2 ef ¢! ROSE R 7 4%
FUEFAPIFE TR AR o T E S L RN LS vme-ppo.py
i vme-ppo.py i & § 2 A < G5V 5 4 s Auto Parallel 52 Loop Optimizer »
Auto Parallel & £ % 34 {7 5 source-to-source # 3 » » f]&{%c 1 OpenMP iR 5 A4z 5%
FG 2 FF o B 93 2 exed Auto Parallel 3058 end i o wE v Rl E S

-i p s BT F RSB DR A

-0 ip g/ f“’@f’élﬁlﬁéﬁ%ﬁﬁu"ﬁ??fﬁi?‘éﬁﬁ

-omp AEIHRFp BT 50

joe@joe-laptop: /opt/vmc-ppo/python

&% (E) #meR(E) Wif(V) =HumtR(T) REn(H)

joe@joe-laptop: /opt/vmc-ppo/python$ ./vmc-ppo.py -1 ../tests/ -o output/ ~
-omp -debug

input ../tests output: output omp? True learningMode? False autoTune?
False perfomLog Optimize? True

Getting file list from :../tests

Files: ['inputCode LoopRecognition.C', 'inputCode LoopOptimization trid
vpk.C', 'inputCode LoopOptimization mm.C', 'inputCode LoopOptimization 1
ufac.C', 'inputCode LoopOptimization fusion.C', 'inputCode LoopOptimizat
ion dgemm.C', 'inputCnde_LnupUptimizatinn_hlncklng C', '"inputCode LoopOp
timization.C']

Declare vmcppo Object

execute autoPar()

In member fuction autoPar
All done |—|

Jne@jne—laptnp:fnptfumc—ppnfpythnn$ [

B 93 Auto Parallel 4 =& =

B 94 % 34 {7 Loop Optimizer eh% & » »¥ e e ST & 5 ¢
-i i E BT E R TR R
-0 S SURS IR S SRS |
-optimize £_% 4 7 B 1 7 &



joe@joe-laptop: fnptfumc-ppnfpythgn

8= (F) iREe(E) wmR(V) #iR#(T) Keh(H)
joe@joe-laptop: /opt/vmc-ppo/python$ ./vmc-ppo.py -1 ../tests/ -o output/|~
-optimize -debug
input ../tests output: output omp? False learningMode? False autoTune
? False perfomLog Optimize? True

Getting file list from :../tests

Files: ['inputCode LoopRecognition.C', 'inputCode LoopOptimization trid
vpk.C', 'inputCode LoopOptimization mm.C', 'inputCode LoopOptimization 1
ufac.C', 'inputCode LoopOptimization fusion.C', 'inputCode LoopOptimizat
ion dgemm.C', 'inputCode LoopOptimization blocking.C', 'inputCode LoopOp
timization.C']

Declare vmcppo Object

execute Optimize

In member function Optimize
ALl done D

jne@jne—laptnp:fuptfumc—ppnfpythun$ [

B 94 Loop Optimizer # (=% =

iz £ 4238 1% Auto Parallel 22 Loop Optimizer » i&— #% 2 i @ 2247 ~ A 47 F AL 40
L~ RBHRIFPELEOC G AT T 2 F e A5 o AR CHR RN R Y

B2 m o R *ﬁ?."lﬂ}'l?* BEE e N3 R TEEIT o CHA m 4rB 95



[————E )

~Step 1.

input directory

outptut directory

~Step 2.
I” Auto parallelization(openMP)

I™ Auto optimization

I" Learning mode(Add tuning code)

I” Auto tuning (need performance log )

~Step 3.

Start

i 95C#i’e"*—‘ﬁl§]ﬂjﬁ\i

FET Ok AP e 58 R s Eclipse fplugin o BB R AR4c B 96

Parallelize
button click

A A

Reading
source code

v
- Fup—up | Setting target
window, show = .
. platform
properties i
Parallelizable—3»|  Code gen » Report p| New editor
window
Unparallelizable
Report

\g

B 96 :

®

| T AR



C/C++ - DMR/src/rose Huffman.cpp - Eclipse SDK

WM el abE | VMC-REM Window
Auto Parallelization

Help

File Edit Source Refactor MNavigate Search Project Software Test Run
== & | & B @ & 0| Tl

& j

@ roce Hl VMC-PPO-Auto Parallelization I; =

[$-0-a-|® + | @

G % Debug @ =

[ Project Explor 32 = 8| [g Huffman.cpp 0= Outli 53 ™ Mmakel = E
cndar Thg ':"
B & ¥ /* initialize globals for bitout() */ ke B R os e %Y
(this) -» current_byte = @; =
P[] Monitor.cpp ~ {this) -» nbits = 8; S Huffman.h z |
I» [ PVECapture.cpp {this) -= nbytes = (8); 8 stdion
P [g PVEEnceding.c| #pragma omp parallel for private (ch,i nom 2,1 nom 3) ul  stdlib.h
> [g Quan.cpp for (inom2=0; 1 nom2 <= 240 - 1; i nom 2 += 1) W stringh
b @ RMC.cpp #pragma omp parallel for private (ch,j _nom 3) firstpr =l iostream
[ [g) rose_avilib.cpp . g::ratzF:T;? =8; jnom3<=320 -1; j nom3 += o omp.h
D [g) rose bsp.cpp ch = (R[(1 nom 2 * 328) + § nom 3]); I] E s
[ [ rose_colorcpp fn‘rﬂi'; T ch?i _:E ?DI;IE?][Ch]: [ *s); s++) { e Huffmans:build_HuffTe
h 18] -> 1tow sl
P [g] rose_Connectior } @ Huffman::build_huffm:
P [g] rose DCT20.cpy } ® Huffman:insert pg(PQ
b [g rose EDBM4STC } ® Huffman::extract_min_
P [g rose FileManage #pragma omp parallel for private (ch,i_nom 4,1 _nom 5) 7':' ® Huffman:heapify(PQ¥, -
I» rose Huffman.c for (i nom 4 =R i nom 4 <= 248 - 1: 1 nnm 4 += 1) 0
L rose. . [>] [ 3
[ [g] rose_Monitorcp
I [g] rose_PVECaptur (2 Problems 33 @Task% = Cnnsnle} Pmpertiﬁw @] Error Logw 7 = [
Ix & rose PUFFRcndi
B 97 Eclipse & * + B} 4 o
L] LiL++ - IBSTL/SIC/IestL.Cpp - ECHIPSE rFiaorm

dle Edit Source Refactor Navigate Search Run Project Parallelization Window Help

i | @ 8- @ @~ e ls 0 e & | v
5 Project Explorer &1 g ¥ T 8| € test2.cpp =
= test int if ]':][ ]
int a[le@][1e@];
7 = lest2 void foo()
¥ (= src -/
[ rose_test2.cpp
1€ test2.cop @ icall llelized a | line:
Fitest2.0 ~ Automatically parallelized a loop at line:5
b (=test3 Automatically parallelized a loop at line:7

P 52 vme_ppo
b 52 vme_ppo2
b 52 vme_ppo3

[Z/ Problems &2 & Tasks} =2 Console} =] Propertiesw

0 errors, 14 warnings, 0 others

Description Resource Path Location T
P & Warnings (14 items) i : :
22 \Afir
W 98 {7 (i ik ¥
Yol FALE TR BRI FE RS FRY ART AL .
“‘Eéé‘\?
A E A - EpFANBIELMEL LA AR iR RS E R E LT A
PR RF R T J AR R HITRPN G o B4 G Aeir R Y K FEA PR 5 GUIL F

& & £ * Eclipse * # (Plug-In) » %



SHARANBp BT EFREpH LT ey ho "+"51f73'\‘->‘q,\7“\ B b g ViE |
T enfp\BmiEEl “@;)ﬁm{nb’“ﬂlsﬁﬁjéml AL T gfﬁ') F 5 PR o
HAOAPHEDP BRI F G ET TS IS BF 0 A N - R B

’f‘»"ﬁ%"i\ p SR EFIHA T R B B S B R R EAEN AL e kA

preb s 33 ® 100 £ 8 7 1718 p %ﬁ“@ﬂ: ¢ it + & 2 #&Summer School » 4~ 3 & B
VMC B Fjfen i So B 3 B2 87 S5k A~ % » 2R H 8 44> Multi-core ’ﬁ B 4E il ’%% & E

Fiontadd » 2e- HahF Y 2 EfE-

VII. VMC-TMS: pjz i # % %
A F 3P
AVHALEANERSTRE S ST NE R £8P U2 103 5%
BELEFRE  BEHHMBEF AL T EAT R EERRNB AR R FA
R R ORI R RGN T v ST SRR R R R AR b
ﬁoigﬁéﬁﬁzﬁw#ﬁﬁﬁﬁr%ﬁwﬁﬂﬁﬁ 2 BCR|SRde B £ BB R
VMC—=+ 3435 = 18 oo » U BRI L RIBR A A 5 B S Pa o SRR
F gl A EY APPSR HARRE S REIRRE S T AN BB v
Bl AERIEEL S RABRRRIARE 2 b ahf R0 Fie 5 Prodtor SUEHa 02
PRF% o
AT RIEH - B X cross-testing e p B0 1 pIE 2 CH B R A S R
FEHEAPIB RESFRROAHGERIRE P T AAN ArG ERDE P P 4o
1. 2= 4§ Host-Side 2 Target-Side iplz#TR B Kk IR A & 1t 4~ L BRI ch 17 -
o a+ﬁﬂ$ﬁuﬂf%&%£ﬁ$“w,fil;_aMT’v%@wP%ﬂiﬁ’ﬁﬁt’
I G~ SSAH TR FIERER L AT N
2. B — B L3 CIC++ig 3o 774 4] ik (primitive type ~ structure type -~ object type) » p #
# 2 test data ~ test case ~ test driver o
® Epde it HARIRE REFFRE L TEAE S
3. p #H 7 5w & line coverage | ~ branch coverage Bz °
® PIE1ARET A S E R F APk plES 0F
4. % A runtime pFd TN A S #.uﬁfi/\ NI L b HFarTE pRit fw &L AR

;9 (TBB)»xic £ ] °



O i PEIARFTE A it Aat r N S R Fama e
S A AREM e ERE T & DRERE -

O B PALAREF R b ILIRPIEF A

AFHEPOAPRIMP AT FRE ZHAME SN & VRIRL B E

F_k

fr Ay fBREY NP RSP A R PREY p B A 2 L3 C/CHHAF e TR A i e test
data - test case ~ testdriver = ;= > FE p £ it plEa L EAFRROT AL > 2T
FIRBEILLpE N S w ERBEBH O E O VRORBETER I IR T O]

1
Jb% ; Bt 2bE G0 MPEE Y o PIEP TBB T (74758 suae £ R 2 2 %IE%/? P ARER

=
F_k

15 d1if & TBB pipeline & {7 v #7 % ch % ficid o
a. p#ivH PR

B SRR o A PRE AR P & - B function £F € W 2 435 AR TR
v R AR 2 PIREYT R chtest data ~ test case £ testdriver > m L o PP e
g d A2 232 C\CHHaf fe 748 3] i chtest datar H F LA s ¢ 7 primitive type ~
structure type ~ object type srtest data > ¢+ “t» ¥ 12 & 4 array type i test data > @
A 4 ehtest data #-1F 5 test case % test driver mﬁ%] »FHR B 99 G op B A 4 test
data s 5 72 > AR E 2 ¢ AP LR P T o
(1) Function-List
s FplAR P A3 function shE > & 7 AL SECAEZE w B o
(2) Object-List
s #iplAz P 915 object type s o
(3) Parameter-List
&3 973 function s 8cd] ik o
(4) TestinputDataGenerationMainFunction
P~ @Rl 473 function H SR B2 v BEA L o
(5) TestIlnputDataGenerator

A 4 2 function %#c%| fi 2 w @ & 7] i ¢ test data -

B A e 3



Step 1 : TestinputDataGenerationMainFunction procedure ¢ #_function list ¢ 2~
method name ~ parameter type % return type - & #- parameter type ~ return type = »
TestIinputDataGenerator procedure e

Step 2 : TestInputDataGenerator 12 43 parameter type °

Step 2-1: % % primitive P|2 ¥ & 2 $ /&3] & Htest data -
Step 2-2 : ¥ % array type > R| ¢ #21 array rvdimension » 3+ % 1147 F & 4 eOF

4 %R ik < test data ©

5
(g
-@

A
Step 2-3: % % object type- B ¢ r2#fiw ¢ 5% %35 O 4 object ¢ #r3 ¢h primitive
A4

type » £ ¥ &%) A& = test data °
1. Algorithm : test input data generation function
2.
3. Function List:FL
4. Object-List:OL
5. Parameter-List:PL
6.
7. Procedure TestlnputDataGenerationMainFunction()
8. begin
Q. for_each method in FL
10. get Parameter-List PL from FL.
11. get Return-List PL from FL.
12. call TestInputDataGenerationFunction(PL)
13. end for ecach method
14. end
15.
16. Procedure TestInputDataGenerator({Parameter-List PL)
17. begin
18. for each parameter p in PL
19. switch (tyvpe of p)
20. case int_type:
21. if p = single element
22, then generate int test data
23. else // p= arravy type
24. get dimension form p
25. generate input data with for loop
26. end_if
27. break:
28. case float tvpe :
29, if p = single element
30. then generate float test data
31. else // p= array tyvpe
32, get dimension form p
33. generate input data with for loop
34. end if
35. breali:
36
37. /fcase char: short. double. ...
38
39. case object tvpe :
40. get object attribute set OAS from Object-List
41. let Parameter-List OPL = OAS:
42, call TestInputDataGenerationFunction{(OPL)
43, break:
44. default:
43. end_switch
46. end_for
47. End

B 99 p ¥ & 2 testdata ;¥ & 2

% testdata A 4 2 {5 > F £ &4 #rF i) function = test case » @ & — ‘& test case

rb

N

7 — %2 testdatas £ 1345 test data enF kLA ik & 4 test case» #7 A& 4 i test case

Mo LRIERGEREERAS LT § B LT H AR SR F A



~endp e o B 100 5 p # A 4 testcase dw B2 > HIgE i Y AR L
S L

Function-List

2

3 FRlAE P 415 function shF R 0 ¢ 7 LA SECAIEZ v BAIE o
Object-List

W FRIARS P T3 object type sh/g 1 o

Parameter-List

73 73 function e % cq| i o

TestCaseGenerationFunction

# 4 2 function %#cA) ik 2 w & & 4] i chtest data o

W T e 3

Step 1 : j&_function list # 2~{¥ method name ~ parameter type % return type -
Step2 : & # testcase & function signature #2 ;%75 -

Step 3 : & %7 parameter type £_% 5 primitive type ~ structure type ~ object type -
Step 4 : ik g5 parameter type instrument — i % #ic(variable) & & 425 75 -

Step 4-1 : 3 parameter type % primitive type » B instrument 3 P~— & test data %
PR RARNE o

Step 4-2: & parameter type = object type £ structure type s BB~ 1173 9 primitive
type attribute - I ® instrument ;% #73 attribute ¥ 3# B~ test data 4% ;% #5 o

Step 4-3 : 3= parameter type % array type B3 & J#rZ 3§ » ctestdata #cp o I
A2 41* loop ##7% testdata 3 » Az 5" 45 o

Step 5 @ & %7t method 5w & 7| 25 (return type)

Step 5-1: % % primitive type ~ structure type ~ object type R/ instrument 3§ B~ test data
A2 3 A5 ~ rE e FRIAE 3N function A% ;N £ 0 % assertion 4% 3% F§ o assertion ¢
BB P k| ETFRFEN chmethod hw BEE T B LB Y E o

Step 5-2 : 2| %7t method v & ) ik (return type) » & = void B & 2 v% ¢ Rl f2
;¢ function 42 ;N 78 o

Step 5-3: #F #87 AR A 2 14 null & » & ipl42 3¢ method Az 38 f6 & 1 4 1 45 o



1. Algorithm : test case generation function
2.

3. Function-List:FL

4. Object-List:OL

5. Parameter-List:PL

6.

7. Procedure TestCaseGenerationFunction()
8. begin

9. read test input data file

10.

11.  while has one test data set

12. get function name from FL

13. generate test-case-function-name code
14. get Parameter-List PL from FL

15.

16. for each parameter p in PL

17. switch (type of p)

18. case int type:

19. if p = single element

20. then generate int variable declaration to get input data
21. else // p= array type

22. generate int array variable declaration
23. get int array diamesion form p

24. generate for loop to get input data
25. end if

26. break:

27.

28. /! case char type. short type. double type ...
29,

30. end switch

31. end for

32. end_ while

33. end

B 100 p # & 4 testcase ;& & ;2

%

BEFAPEIP > p A4 L cppunit 5 A A test case #25N #6104 B] 101 4

P

7= > binsearch() 3 # | function » 2 $-#c| & 4 %] % structure array type ~ & % ~ &

fico w il B A S i )t testcase ¢ 4 3 B2 S| ¥ ke testdata 0 ¥ iE
=

>

i CPPUNIT_ASSERT function iE‘J?{zﬂE] MEF P ERY ﬁ b’%ﬁ?l AR EE 0 B

IS

Y

li

TR e > o testcase g F MBREAEE L L -



vold TestDriver::test 0 binsearch()

i
cout<<"function name="<<testCazeParser.getToken()<<endl
element al 1:
for{int mO0=0 ;m0< ;mO++)
i
a[ml] .key =atoi({testlaseParser.getToken()):
a[md].link =atoi(testCaseParser.getToken()):
}
int b =atoi(testCaseParser.getToken())
int ¢ =atol({testCaseParser.getToken())
int result = atol(testCaseParser.getToken())
CPPUNIT ASSERT( result == TESTEDFILE.binsearch(a,b,c) }:
1

B 101 Test case & # gja 7|

Bfe o AP L A4 testdriver - B 102 3 p # & 4 712 cppunit & AL #F e test

i
driver #= & %‘gv} test driver ¥ 1234173 test case 4 {7 I FEEPEPF AR
ST A g F RIGER A TARRRRE R R A~ XMLAR R o P BN A

4 testdata ~ test case 7§ & *f] > G4 C/CH+efrtemplate 4 ik & L Ap - -

CPPUNIT M3::08tringitreamn Stream;
TestCazeParser testCaseParser:
testlCaseParser.parserTestCase():

CPPUNIT M3::TestResult controller;

CPPUNIT _M3::TestFesultCollector result;
controller.addListener{ &result )

CPPUNIT M3::BriefTestProgresslistener progress;
controller.addListener{ &progress ) :

CPPUNIT_M3::TestFunner runmner:
runner.addTest{ CPPUNIT _N3::TestFactoryRegistry::getRegqistry() .makeTest{} }:
runtier. run{ controller };

CPPUNIT _M3::CompilerOutputter outputterl{ &result, CPPUNIT_NI::stdCOut{)} ):
outputterl.writedy:

AAMeite £file to Besult.=ml.

CPPUNIT HN3::XmlOutputter outputterZ{ &result, stream };

outputterZ. . write () ;

std::string actualxm]l = stream.str():

ofstream fout{ 'Result:ml"y;

fout=<actualxml;

fout.cloze{):

Bl 102 Test driver 2 % § 7|



b. Multi-round coverage testing
AETEFE BN Y &R EFRGEEMLE §02 GNOMEgeov 5 A #H - B8 %
W & cross-testing ¥4 > FFd Fw Al RBRFRBEORES o L2 AR
BIEPE 0 R f2FFF A Host-Side =3 12 B2, (Y i d B LELREF — v LR
line coverage % branch coverage - % w & % ¥ Fp|:E o424 @ 103 #471 » LF
»RTHIR
Step 1 : 3 B~ Fiplfe st

\“ﬁr

il

o

@&

Step 2 : 2|47 Fipl4z;% - #B~ function T3 > H ¥ ¢ 2
Step3: p # & # testdata ~ test case % test driver o
Step 4 © #-H &Pl N &2 testdriver % 5 T4 0 H %P2 ¢ 4 ~ goov K
#ic

Step 5: #-ip| & 42 ;¢ ~test case 2 gcov A& 2 #*.gcon 4%+ @ 3 Target-Side *F # {7 o

\\\?{r

Step 6 : RIFFFL TR = 0 T L geov #rA 4 htestlog

Step 7 : & 47 test log | %7H_F # & coverage sf* (B o

Step 7-1 @ % i | #73K Z_ecoverage P B P Bk IR > TR E v & aul 1

RIFRIE £ B3 AREF o

Step 7-2 : & A F|#7K T coverage FPH-E R p # A 4 testcase 0 I w I step 5

BET-w LRER DA v LUV RREL L AREF o
BEFAPERP om R I ERESRFE OB 1045 v ERF
FRGEA B E o SR EF R 2B > 4 55 goov T A 4 fhtest log
2 A p @ 7 chtotalCoverage log > fept A - * flag & & ks
BAF - FAF- 2 A HFHANANF R FRAI AN S I
Aaie- v EATFARGTE FARMflaglilk i 1 52 RRkE
totalCoverage log £_% t.2 % v & @ 4244 (76 » £ 2_p| % flag[i]x
10 FRIREE 00§ 777 flagk T == > RIE 435 line coverage
2 branch coverage > flag & & = -] 5 4% {7 # 2\ 4&4 4 &L #c > #7124 coverage
S(flag #6425 1endp)/(flag & &= ]) > St flag &8 »

totalCoverage log © -



Source
code

I Parse source code I
Al L
I Instrumeaent source codae I I Generate test case I

i —
g
Instrumented }
source code I Genaerate test driver Test driver

Al

Compile with GOCOW
[®]aldle]y]
-

i = =
= _gCn

I Automatic Run Tests

+
I Test Log Analysis $
-

Coverage Log
File

Present visual test
resu it
-

Wisual
coverage

Develooner

B 103 % w & coverage test ;i %

1. imput: String s, where s read form GCOW log file

2. input: String t. where t read form totalCoverge log file
3. ouiput: coverage

4. set flag={}

5. set s”=s tokenize with line

6. set t°=t tokenize with line

7. while s° not null

8. if s° egual to 1

9. add 1 to flag

10. else

11. if t° equal to 1
12. add 1 to flag
13. else

14. add O to flag
15. end if

16. end if

17. set s*=s tokenize with line

18. set t°=t tokenize with line

19. end while

20. Write flag to totalCoverage log file

21. coverage—count(flag equl to 1)size of flag
22. Exit

Bl 104 % w & coverage test ;i %



TBB Pipeline p # it sz at £ 8|
* F & #-3LP Thread Building Block(TBB)-T {7 #2.;¢ pipeline »zic £ i > ;# » TBB
pipeline ¥ 13 i¢ * & 2 - T {7 chfe & 0 2 3 pipeline token #c o ¥4 :E 3% -
i# 1 £z 1 pipeline token # 3 R AR B TR Tentoken ok o) B g T
Fenfe B o m token #cx < B g;& 7?2 & e R(b4eF & { F aobuffer) e — 4%
& 35 15 & e pipeline token #ic P o pFE 1 A2FF F & 5 =t £ $5 12 :z pipeline token
Shddfe o $H AP p kiR B £ i chpipeline token #ep o & F T
T 3E b cnpFRF ARl pipeline T (7 1 e o X A i A T (7 AR50 gk
Wy o
BRI ARfF 7 LiE B¢ 7 TBB pipeline & ;¢ source code> # #% 3 #-p #> instrument
BIFEAE SR BB T 0 4o 105 A1 0 ¢ 7 7 TBB A7k e timer &
2P~ pipeline 4238 $4 {7 pF F 2 B~ 1% 42.3¢ pipeline #4 7 en 4~ #c(ppline.run(int)) ¢ #
ie o~ p # A& 4 a7 pipeline token number test case > & s £ ;ﬁ“g Target-Host 51
KFIRpEEIw EREE §AENH T2 0 & Host-Side € 31 I 7R 04
*H 2 CPUE B o * 5 s PHR-€ p & A7 e ahRRET A
BRI - BERT 7P HEEERE o @ pipeline T {7425 i B i fokc

s

AL °
pipeline.add_filter( imput_filter }:
Imagefrocess ske;
pipeline.add filter( ake )@
SkeletonZ skez;
pipeline.add filter| skez );
pipeline.add filter{ input filter ) Zhaletand skeds
ImageProcess ske: pipeline.add _filter{ ske3d }:
p:pellne.add_rllter( ake ¥ Skeletond sked
Skeleconz skel; pipeline.add filter{ sked }:
pipellng_md_cllurt 2keZ ): . HyQurtputFilter output filter;
Skeletond sked: Instrument pipeline. add filrer| sutput filrsr )i

ipeline.add filter{ ske3 };
Sherecond swes 0 R [ e sorenaczeadrorenna0;

pipeline. U.'dd._:llt-l:]: { sked ); thb:itick_count TO = thb:iTick_count: inow(}):
ByDutpurFilter D‘Llcp'lll'__ﬂl Lloee;

pipeline. add_filter( output_filter ): pipeline, run{tokerfus) ;

pipeline. rung 10h; thbr:tick_count tl = thb::tick_count::now(}:

pipeline.clear(}: writeTeatResult{tokenNus, (tl-td) . 2econds (}* bi
pipeline.clear();

B 105 Instrument code 3 TBB T {7 47;%



2.

A S e 4o AP L E P token B P ¥R R AR s F & Fde
B 106 #7177 » F|pt N0 T i token He s H - o 2 H H TioE s 13 - Bk
hrtoken #cde [f] o /B 107 #7710 £ Rl token #ic i 1~10 - 2 i B~ token #k 1~5
HEFRERTaE 5 17.6 F ) > token i 2~6 4 (T RE W cnT 308 4 124 F 45> 1
PEEd s FAPFIRT - S hTEE L 3 p A hT g (Token No. 4~8 «hdy 7 pF
R < 3% Token No. 3~7 3y (F ) » F]pt A iz 3k e token e 5 P o BT 358

R B9 5 B Sbip e ke token Bk 37 o

__ 50
£ 40 -

T 30

-Ez::n

= ]

£ 10

= 0

]

E 1 2 3 456 7 8 910

Token number

Bl 106 TBB »zic & PIFF R A % §= 5

Token No. 2 |3 4 5 6 78 (9 10

Execution time(ms)

0/14 412 10 2] 1401 10 15 12

1

Average= [7.6

Average= 2.4 | Average= 2.4
| Average=11.8 |

Suggest token number=3~7

B 107 TBB pipeline sz iy & B> /#

i B2 ﬁ

AEE AP BN g B qu’ >N RE p & 0 R TR B (ATEMES » automatic
testing environment for multi-core embedded software) » 4 % *.(ATEMES) L & & = »
R4 o 4w A oa B AJ2 i % (Pre-processing Module, PRPM) ~ 4 =8 p 5 pliffic e
(Host-Side Auto Testing Module, HSATM) ~ p =8 p #50p) 38 i % (Target-Side Auto
Testing Module, TSATM) ~ i ¥ /&2 fi % (Post-processing Module, POPM) » i% i iz 2
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Instrumented code segment

it jpl3# (cross-testing) 4% » 3¢ #%g -

&

g6 Stk AR A

Bpl s s e 108 4 o

A

A
#

Instrumented
source cod

Test case

Runtime raw
test log

Analyzed test information

Analyzed test information

Test program
Test case

____________________________

1
1 ’
:
1
w_a_rggt:&_dg _____________________

l 108 ATEMES i 5%

A SRR

&k % ATEMES £ 4 57 & » 4oB 109 57 &@@3
fei¢ * X86 T - - Target-Side = ARM11 MPCore -

%= K 5 A eeriée * chopensource library > ¢ 37 > G
F IR R AT B R

i

Pintool~TBB; % = & -

fs —‘F*f % Host-side & JAVA T ¢+

-y

ZA T L s A Host-side st

’

o5 %2 K 5 linux 1EE kit
COV -~ Cppunit ~ Jfreechart ~

—‘F‘i‘ % ATEMES s seenfiie >

RV STV

Library Layer

0S Layer

Hardware Platform
Layer

Bl 109 ATEMES )k suFy k& 5 %

Graphic User Graphic User Interface (GUI)
Interface Layer
Pre-Processing Host-Side Auto Post-Processing Target-Side Auto
Application Layer Module Testing Module Module ¢==p  TestingModule




a.

W ¥ &J2 i (Pre-Processing Module, PRPM)

PRPM Z iRl can ¥ rd® 0 7 L3 B F R85 » 5 8 Code Analyzer & 147 (parse)
2 *7 %) (tokenize) m 44235 78 > REE~ D AR 5C  38F (b4 function &AL~ Sdic -
Key-Word)> @ Test Case Generation Module ¢ i 3:#]3& % F(unit testing - coverage
testing ~ performance monitor) p # A& 2 test case % test case #7 3 i test data - Code
Analyzer € 45 11 3 #& » 423 ¥ £ (instrument code) i ¥ & Code Instrumentation
Module s & # |32 %7 % v instrumented program » p* ¢k ipiR 1 f2EF L ¥ Op fﬂﬁ%] ~

test case - test data % instrument code 77 P U o gt i % HE4cB] 110 H1T e

Eaw test data info
_________ I
A 4

Test Case Edit
Module

Test datainfo

-

PRPM

Test Case Test case
Generation F====|-===--= )
Module :

1

A

Source Code
Code Analyzer

Code
Instrumentation = ---1 > HSATM
Module

h 4

y Instrumjented code
Instrumented info

1 Instrument
I-——> .
Raw instrumented info Code Edit
Module

® 110 PRPM ik 28 4




POPM

\
/ HSATM + \
Test Driver

jmT T T T s e s > Generate
1 Test case info, source codeinfo Manager
I
1 Raw test driver info
I
7
FRPM ! *ll v l
! Performance .
: Monitor Unit Test Coverage Test
Module Module
: Module
1
. | I |
: ’LTest driver
1
! Instrumented code Host-Side Automatic
b o >
Test Module
! Y

I
Test program, test case | i Testlog

TSATM

Bl 111 HSATM i 78 #

JHsbp B i pliERC 2 (Host-Side Auto Test Module, HSATM)

HSATM % 9 3 p # i jp]3# 2 & a9 % > Test Driver Generate Manage +:Jc PRPM
BT A 4 crtestcase % instrumented code o I ik R iRl F R T AT E iRl R RS
&k A 4 testdriver- # %z Unit Test Module ~ Coverage Test Module 2 Performance
Monitor Module - % testdriver 2 # - Host-Side Automatic Test Controller ¢ -
PRPM #7 4 # &instrumented code % test driver s 5 jBl3R % chdd 7 4% (test
program) - & {5 £ #-test program % test case @ i % TSATM it » Ak € & f&
i 4 PRPM #e » 11 & 2 Arciitestcase » %id I fERIGE 5 2 e F E4c R 13
#r5n o HSATM % F L p # i 3R 2 & 0§t » Test Driver Generate Manage
PRPM #ie#7 & # test case 3 instrumented code @ & & J5ipl3E F £ (797 F 0
BlERHC ek A 4 testdriver » ¢ % Unit Test Module ~ Coverage Test Module %
Performance Monitor Module » 4 test driver 2 2 » Host-Side Automatic Test
Controller ¢ #-PRPM #7 & # ¢hinstrumented code % test driver %3¥ 5 ipl3& * s}
7 £k (test program) » % {s £ #-test program % test case i# ¥ ¥ TSATM fi-se » & §ic
fe g e fi il 4o PRPM #iCk »  & 2 A7ifitestcase » kid BIde fE RIS 5 2 R R

4o 111 #7151 o

s % rJ2 % (Post-Processing Module, POPM)



APED R R ASTE RFERENE S RHPIREEE LR L BRI T A S
© 3 % B)A 03R4 > Test Log Manager ¢ & 4Bl 7 Fo 417 2 I a1 47 & (Parser)
W pF 4 47 Test Log «nF 3> ¢ 7z Coverage Test Log Parser ~ Unit Test Log Parser -
Performance Monitor Log Parser » & 7 #-4 47 {8 e % # f& chw 48 45 PRPM 2
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Function Test case
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0 1 2 3 4
getSubString Success  [exception success |success  [exception
out of range| out of range
electricityTraiff |success [assertion success |assertion [success
failed failed
factorial success  [success lassertion [assertion [success

failed failed
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fault fault fault
seqsearch success  success SUCCESS  [success  [success
fractionCalculatorjsuccess [assertion |success [SUCCESS  [sUCCEeSS
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core 1 25.05969 28 22
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The main goal of this sub-project is to design and implement the
parallel program optimization supporting for VERTAF/Multi-Core
(VMC) embedded software. Today, the processor researcher is not
dependent on the method of enhanced clock speed to improve
performance. Because of absolute performance, the increase of power
consumption, as well as the rising cost of marginal benefit to make a
gradually descending trend. At present, most industries have been
considered multi-core is the future of development. The main design
challenge has succeeded gradually overcomes, the actual operations
have already started to build. The multiprocessing and multi-core
technology has three major challenges, program partition, and program
parallelization and program optimization. The most important need is a
compiler model, which enables to develop parallel applications. Using
these applications mapped to the parallel hardware and run the action
of optimization, as well as to collect information in order to make the
best decision. Effective parallel loop splitting and scheduling can
obviously reduce the program response time in the multiple processor
environment, especially that optimize process is also more difficult
when aims at a many circle application programs and emerging
multi-core embedded system environment. First year, we will use
compiler technology, such as the data dependency analysis and
software pipelining that implement parallel instruction, parallel loop
partitioning, and loop scheduling and optimization. Second year, we
will extend the interface of VMC parallel program and support more
architecture and applications, such as multi-core library like OpenMP
and Intel Threading Building Block(TBB), and strengthen the interface
of other sub-projects. At the same time, we will build a set of
multi-core embedded systems which support parallel program
optimization model for OpenMP and Intel Threading Building Block
API.
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Designers have to only specify embedded software requirements via
industry-standard SysML models, and use the VMC stereotypes to
specify parallelism, then VMC can automatically generate parallel
code. Currently, VMC supports the code generation of C++ code,
quantum platform (QP) state machine library, Intel Threading Building
Blocks (TBB) multicore library, that can run on Intel multicore CPU
and ARM 11 MPCore CPU.
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( # = ) an automatic testing environment for multi-core embedded
software (ATEMES)
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Software testing during the development process of embedded
software is not only complex, but also the heart of quality control.
Multi-core embedded software testing faces even more challenges.
Major issues include: (1) how demanding efforts and repetitive tedious
actions can be reduced; (2) how resource restraints of embedded
system platform such as temporal and memory capacity can be
tackled; (3) how embedded software parallelism degree can be
controlled to empower multi-core CPU computing capacity; (4) how
analysis is exercised to ensure sufficient coverage test of embedded
software; (5) how to do data synchronization to address issues such as
race conditions in the interrupt driven multi-core embedded system;
(6) high level reliability testing to ensure customer satisfaction. To
address these issues, this study develops an automatic testing
environment for multi-core embedded software (ATEMES). Based on
the automatic mechanism, the system can parse source code,
instrument source code, generate testing programs for test case and
test driver, support generating primitive, structure and object types of
test input data, multi-round cross-testing, and visualize testing results.
To both reduce test engineer’s burden and enhance his efficiency when
embedded software testing is in process, this system developed




automatic testing functions including unit testing, coverage testing,
multi-core performance monitoring. Moreover, ATEMES can perform
automatic multi-round cross-testing benchmark testing on multi-core
embedded platform for parallel programs adopting Intel TBB library
to recommend optimized parallel parameters such as pipeline tokens.
Using ATEMES on the ARM11 multi-core platform to conduct testing
experiments, the results show that our constructed testing environment
is effective, and can reduce burdens of test engineer, and can enhance
efficiency of testing task.
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Abstract—Users and  systems  requirements are
fundamental for software development and maintenance.
However, for most of existing systems, you may only find
design documents without requirement specification. This
paper presents an ontology-based reengineering
approach to recovering requirements from existing
systems. The proposed approach consists of three main
parts: ontology development, ontology mapping and
derivation of the requirements. Domain ontology is used
to model domain specific requirements and program
ontology is used to present system structure and
behaviour. The algorithm of ontology mapping is
developed to match domain ontology and program
ontology for requirement recovery. A case study of Point
of Sale Terminal (POST) system is used to illustrate the
approach. Conclusions are drawn and further research
directions are advocated.

Keywords: Ontology; Software
Engineering; Software Reengineering

Requirement

1. Introduction

Constant innovation of information
technology and ever-changing market
requirements relegate more and more existing

software to legacy status. Most of existing
legacy software should be maintained and the
software requirements are fundamental for
software maintenance. However, for most of
these systems, you may only find design
documents without requirement specification.
If the software requirements can be recovered,
it will greatly facilitate the maintenance of the
legacy systems.

As an inherently knowledge intensive
activity, software requirements recovery
requires a great number of knowledge and
knowledge-based approaches are always hired
as solutions to automate such tedious
processes [28]. Knowledge Representation
was developed as a branch of Artificial
Intelligence to enable computer systems to
perform tasks that require human intelligence.
Providing an effective high-level description
of the world will be essential in knowledge
based approach, ontology is selected as the
underlying mechanism in this study, with



which computer system will be able to find
implicit consequences of explicit knowledge.

In general, it is expected to reduce the
development and maintenance costs and
delays through a relative general
domain-specific pattern or architecture [3].
Since ontology can provide a vocabulary of
terms and relations to model such domains, it
will therefore facilitate the construction of the
domain-specific solutions by introducing
ontology-based approach.

2. Related Work

Much work has been carried out on ontology
based software engineering. Devedzic [6]
proposes that ontologies are needed in all
software systems. Bures et al. [2] propose
how ontology can facilitate schema-based
program synthesis. Zimmer and Rauschmayer
[29] present a way of enhanced
ontology-based software modelling. Furtado
et al. [9] propose a universal user interface
design. The conceptual level is to create the
domain ontology. Wongthongtham et al. [20]
propose a software engineering ontology for
software engineering knowledge management
in multi-site software development
environment.

Several studies have been carried out to
utilise ontology and other knowledge
representation techniques to facilitate
program comprehension and reverse
engineering. Yang et al. [24] suggest that
ontology has a great potential for legacy
software understanding and re-engineering. Li
et al. [16] introduce an innovative approach to
recovering domain knowledge with enhanced
reliability from source code. Zhang et al. [26]
propose an approach to identifying security
flaws and reasoning security concerns. Zhou
et al. [28] present an Ontology-based
PlaTform-speclfic software Migration
Approach (OPTIMA). Jin and Cordy [11]
utilise ontology-based approach to facilitating
software analysis and reengineering tools

integration via Ontology Adaptive
Service-Sharing Integration System (OASIS).
Ambrosio et al. [1] use ontologies to help the
combination of application domain
information and software reengineering
knowledge, producing up-to-date
documentation that evolves along time.
ONTODM [10] is an ontology-based tool
supporting specification of domain models in
Multi-Agent Domain Engineering.

In many cases, a requirement specification
will prove to be inconsistent or inaccurate, or
even worse, not available. Requirement
reengineering is needed and the requirement
of existing systems needs to be recovered.
El-Ramly et al. [7, 8] propose a method to
recover requirements from systems-user
interaction trace and build use case models.
Paul Rayson et al. [21] propose the
probabilistic natural language processing
techniques to assist requirements recovery
from legacy documents. Liu [17] proposes a
semiotic approach, Analysing and Modelling
the Behaviour of Legacy Systems
(AMBOLS), to requirement engineering.
Melikhova et al. [18] show a practical
approach for reengineering requirements for
reuse along with examples of how it was
applied in a cable TV environment. Colom [5]
and Yu [25] propose an i* framework, which
is a goal-oriented approach. The i*
framework addresses requirements
engineering and business process
reengineering.

There are many challenges in Requirements
Engineering research area [19] and it is very
natural to apply ontology in this area. Kaiya
et al. [12] propose a software requirements
analysis method based on domain ontology
technique to establish a mapping between a
software requirements specification and the
domain ontology that represents semantic
components. Lee et al. [15] present an
Ontology-based Active Requirements
Engineering (Onto-ActRE) framework, which
integrates various RE modelling techniques



with complementary semantics in a unifying
ontological engineering process. Kossmann et
al. [13] propose an Ontology-driven
Requirements Engineering Methodology
(OntoREM) that aims to improve the quality
of requirements while also reducing the time
and cost needed to develop, maintain and
re-use requirements. OntoREM was applied
to the aircraft operability (AO) domain.
Based on these studies, the proposed
approach in this paper is trying to recover the
requirement by combining domain ontology
with program ontology. Domain ontology and
program ontology have been investigated in
[4, 27, 28] and this work focuses on how to
prepare and utilise ontologies for requirement
recovery purpose.

3. Mapping of Domain Ontology and
Program Ontology

In Sowa’s book [22], it is indicated that
knowledge representation is the application of
logic and ontology to the task of constructing
computable models for some domain.
Ontology defines the kinds of things that exist
in the application domain [22]. Following this
idea, in this research, ontology forms the
vocabulary used by both software systems
and problem domain. Figure 1 shows the
process of ontology mapping.
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Figure 1. Process of ontology mapping

3.1. Domain Ontology

Domain ontology illustrates knowledge in
specific problem domain, such as banking,
shopping, and management, etc. The term
domain ontology has the advantage of
strongly emphasising a focus on domain
concepts, not software entities. It consists of
domain concepts and domain functions.
3.1.1. Domain Concept. The domain
concepts are a set of concepts in the
application domain that permit classification
of different types of artefacts, which are
related to the configuration of application
domain. It is an extremely important part of
the knowledge about any domain.
3.1.2. Domain Function. The domain
functions are the functionality of the domain
application and the relation among this
functionality from a real world domain point
of view. Domain functions are the general
capabilities of an application domain, which
represent all functions / operations related to
domain activities.
3.1.3. Development of Domain Ontology. In
building domain ontology, people should
explore the rationality in expressing domain
concepts and relations between the concepts.
The development of the domain concept and
functionality has the following steps: (1)
determine the domain and scope of the
ontology; (2) define ontology specification; (3)
define the classes and their hierarchy; (4)
define the properties; (5) define data
properties; (6) create instances; (7) implement
the ontology; (8) validate the domain
ontology.

3.2. Program Ontology

Program ontology is summarised from the
program comprehension point of view. It aims
to describe the design of software, to
represent software design patterns and related
concepts. In this work, only Object-Oriented
Programming will be investigated.



3.2.1. Development of Program Ontology.
Program ontology comes from knowledge of
code, database and application framework.
Hence Program ontology describes

programming elements and their relationships.

Program ontology also includes artefacts at
Schema level, such as conceptual database
schemas. If there exists an application
framework, it is normally domain specific,
which can be linked to the domain ontology
easily. Since Object-Oriented class has many
features that make it easy to be transformed to
the form of ontology;, in this work, program
ontology will be populated from a class
diagram.

3.2.2. Class Diagram Transformation. A
class generally includes three parts: class
name, attributes and operations. Class itself
will be transformed into concept in the
ontology. The attributes of the class will be
transformed into properties of that concept in
ontology. For the generalisation and
inheritance classes, the relationships
SubClassOf and SuperClassOf will be
preserved by the subclass and superclass
concepts. Association will be transformed into
ConnnectTo property, and it is a symmetric
property. Dependency will be transformed
into DependOn property and its inverse
property Depend. Aggregation/composition
will be transformed into HasA/PartOf

property.
3.3. Ontology Mapping

Basically, ontology mapping is performed
based on the understanding process. The
mapping algorithm given below was proposed in
[27]:

1. Load two ontologies Oc and Od, Oc is the class diagram
ontology while Od is the domain ontology.

2. Scan the concepts names.

3. For each concept Cc in Oc, retrieve the initial list of
suggestions. Find the best choice Cd from the
suggestions in Od. Introduce the relation implement into
these two ontologies: implement (Cc, Cd) and let the

relation implement < subsume, so Cc< Cd. As a result,
the classes in class diagram are mapped to the concepts in
Od.

4. Create a neighbourhood ontology On.
For each concept Cc’ € Oc, which does not have the
initial list of suggestions, let R and R’ be two binary
relations, concept Cc” € Oc, and either Cc’ <
3dR..Cc” or Cc”< IR’. Cc’. If Cc” has best choice Cd”
€ Od, let Cc” € Onand Cd” € On.
Do 5 until Cc”"e @.
Find out concept Cd”” € Od, where V Cd”( Cd” € Od
and Cd” € On) and Re Od — Cd"'c 3
R.Cd”. Put Cd" into the initial list of suggestions for the
concept Cc’ in 5.

8. Do 3until Cd” € &.
9. Generate application specific ontology Os.
10. Stop.

Based on this algorithm, the program
ontology can be combined with domain
ontology, and the application specific
ontology is populated.

4. An Ontology Based Requirement
Recovery Approach

Requirements artefacts include Use Case
Model, Supplementary Specification,
Glossary and System Sequence Diagram. The
proposed approach is to recover requirements
by rebuilding the use cases.

4.1. Use Case Diagram Recovery

The use case model is the model of system's
functionality and environment. It may
optionally include a UML use case diagram to
show the names of use cases and actors, and
their relationships. This gives a nice context
diagram of a system and its environment. Use
case model can be briefly (high level) or fully
addressed. Generally, after many use cases
have been identified and written in a brief
format, a few (such as 10%) of the
architecturally significant and high-value use
cases should be written in detail.

The name of use case normally starts with a
verb. It means that from ontology analysis
point of view, to recover the use cases from
the existing system, it is better to capture
functions or operations from program



ontology first. These “actions” or “events” are
included in some classes or concepts within
program ontology. However no actors can be
found in program ontology. When one
concept in program ontology is matched to
another one in domain ontology, a
neighbourhood (all the filler concepts of
binary relations) analysis can be performed
from domain ontology to identify the actors in
domain ontology. After all the functions in
program ontology have been checked, the
associated actions and processes will be
identified and linked to the related actors, and
hence use case diagram can be recovered.

4.2. Use Case Scenarios Recovery

The scenarios have been widely used for
capturing requirements. However, only from
domain and program ontology, it is
impossible to obtain the use case scenarios.
The associations between two concepts in
program ontology can be specified by
matching these two concepts to domain
ontology and exploring the relationships
between them in domain ontology. So what
people can do for use case scenarios recovery
is to list all the functions/operations in a use
case as a template and to decide the sequence
of these activities according to the domain
knowledge.

5. Point of Sale Terminal (POST) - A
Case Study

The example program used in this illustration
was taken from an object-oriented design text
book [14], which is a Point-Of-Sale Terminal
(POST) system. The POST is a computerised
system used to record sales and handle
payments. The Java source code for POST
system is given.

5.1. POST Domain Ontology

The domain ontology should represent
meaningful (to the domain expert and
software maintainer) concepts in POST
system domain. Figure 2 depicts a small part
of the domain ontology for POST system.

5.2. POST Program Ontology

The UML class diagram extracted from Java
code can be read and analysed by UML parser.
According to the class diagram to ontology
transformation rules, the extracted POST
system class diagram can be transformed into
POST class diagram ontology. Figure 3 shows
a part of this reverse engineered class diagram
ontology for POST system. Through UML
parser and Protege OWL-API [23], this
generating process can be performed
automatically.

5.3. Ontology Mapping

Following the combining algorithm proposed
in Section 3.3, some analysis can be
performed. Firstly, the concepts which have
clear meanings (semantics) will be picked out
from the program ontology. In this example,
UML_POST is selected, and the concepts
which directly relate (neighbouring) to
UML_POST are UML_Sale, UML_Store,
UML_ProductCatalog and UML_Payment.
Then, back to the domain ontology, concept
POST is chosen, with its neighbours Sale,
Store, Cashier and Manager. So the pair
(UML_Store, Store) and (UML_Sale, Sale)
are matched. By doing neighbourhood
analysis recursively, more concepts will be
matched between two ontologies.
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Figure 3. Program ontology for POST system
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5.4. Requirement Recovery

5.4.1. Use Case Diagram Recovery. In POST case, the identification will start from concept of
UML_Sale in program ontology. Since concept of UML_Sale in program ontology is matched to
concept of SALE in domain ontology, a neighbourhood analysis can be performed from domain
ontology to identify the actors in domain ontology. Here, Sale is linked to the Customer. There is
also an association between Sale and POST, while POST is linked to the Cashier. A use case should
be named starting with a verb in order to emphasise that it is a process. From customer viewpoint,
“Sale” is “Buy” and “Buy items” is a recovered use case. The use case for Cashier can be obtained
in the same way. Figure 4 shows a recovered use case diagram, in which “Log in” and “Refund
purchased items” are added for illustration purpose.

5.4.2. Use Case Scenarios Recovery. In POST case, in order to capture requirement of “Buy items”,
use case scenarios should be described. By analysing domain ontology and exploring the
relationships between Cashier and Sale via POST. Functions of enterltem(), endSale() and
makePayment() can be listed and the sequence of these activities is obvious. It is not very hard to
build the sequence diagram for this case.

a N

C

Refund purchased
Cashier items Customer

XPOST J

Figure 4. Recovered Use Case diagram

6. Conclusion and Future Work

In this paper, an ontology-based requirement recovery approach is proposed. The proposed approach is not a panacea
but a promising starting point towards recovering high quality user and system requirement. The proposed approach
focuses on functional aspect without discussing about non-functional issue. In the future, techniques of concept analysis

will be introduced and compared. Furthermore, tools for supporting the proposed approach will be designed.
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