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Co+ M® | BZE 2% (B)| 571
C++11 1338

C++14 1358 | +20 (1.5%)
C++17 1605 | +247 (18.2%)
C++20 1853 | +248 (15.5%)
C18 520

C++112H :2011. 8¢
GCCC++11 4¢d &= :2013. 3




int (*foo)(int[], int) = +[](int x[], int indx) { return indx[x]; };

int x = 45;
int * ptr = &(++x); //ok, compile error in C

struct Foo { int * ptr2 = &(x++); // compile error

int func(int and) bitand { return 42; }
char func(int bitand) and { return 255; }

s

void main() {
int intvar = 42;
Foo foo;

template<class T>
struct Y {
void g(X<T> *p) {

foo.func(42); // ok p->template X<T>::f();

Foo().func(intvar); //ok .}
foo.func(intvar); // compile error 35
Foo().func(42); // compile error

template <typename TF, typename... Ts>
void for_each arg(TF&& f, Ts&&... Xxs)
{
using swallow = int[];
return (void)swallow{(f(std::forward<Ts>(xs)), 0)...




22 7|5

Lo L

Object-oriented
H| 2 2] 2t2
STL (standard Template Library)

Exception
2 Al &

C++ projects
p

T 4 _.
My m JMorioDB Oe'
.mongoDB= G

~

\_Database engines )

\_ Webbrowsers /

-

o

B \Windows 11 A / AU nity\

ios macOS uNREAL

android source
Operatingsystems ~ / \ Video game engines /




SEX|GH C++0f| T3 G174 BEIBH Abe

Google scholar ZA Z 1} Java C

“C++ testing” : 22,900 HH! HH !
“Java testing” : 1,240,000 A >4 H ) 289 H ’

“C testing” : 6,610,000 1

Google scholar A Z1}

“C++ static analysis” : 15,400 A 37 HH ! 3 15 HH I

“Java static analysis” : 569,000 71
“C static analysis” : 4,850,000




Carving (Dynamic object extraction) & Replaying

System execution \

. ) Ay M =X objecto| 22 =& X WA= IIE
system |, || [ object (profiling)
Input values

/baﬂ . class Bar \

— int id = 5312

— char * name =

L.

Bar barl = Bar(vector_a, set a);

barl.method1(&f00);

barl.methodN(var_a, var_b);

‘A string value”

complex_func(barl); — Bar * next =
| /baﬂ : class Bar
intid = 5312
complex_funce| 2Ho| AL El bar1e] 2f2? \ L i
Bar * next =
\ / [ bar2
\_ —




Carving (Dynamic object extraction) & Replaying

System execution
\ Al =3 objectl| 2= F= U MAHSH= 7|

= S —l HA %
system ) . \
> > : — —~ —
nput et || [ => M Mefo| tj=2| HEqS
AL AKX E I - A
MHA 7tset =202 FEol= 7=
Bar barl = Bar(vector_a, set a); /baﬂ class Bar \
barl.methodl(&fo0); — int id = 5312
— char * name =
barl.methodN(var_a, var_b); |_>
“A string value”
complex_ func(barl); /
— Bar * next =
complex_func®| &lof| Ar2 =l bar19| 227 o7 L Ftdsm
\ / \_ e

Bar * next

\—: bar2
N ~.




Carving (Dynamic object extraction) & Replaying

System execution

(instrumented)

system
input

executable

Replay
driver

Target
unit

Replayed
context

Replay-instrumented
executable

object
values
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Carving (Dynamic object extraction) & Replaying O|A|

System execution

(instrumented)
executable

Replay
driver

Target
unit

Replayed
context

Replay-instrumented

\ executable /

complex_ func( barl);

- Complex_funce| oj2t0|E (barl)
- IO2}0|E{7} 7}2|7]= objects (name, next)
o ST eIt AFEStE MY He

/[ bar1 : class Bar |
—{intid = 5312 |
—{ char * name = |

\\

"A string value” |

H[ Bar * next = ]
/ban;clas; Bar
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Carving (Dynamic object extraction) & Replaying GlA|

System execution
\ class Bar {

int id;
system |, ‘M; 1 complex_func(Bar barl); SR

input };

void complex_func_driver() {
context * ctx = read_carved input();
Bar bar;
bar.id = ctx->barl.id;
bar.name = ctx->barl.name;
bar.next = ctx->barl.next;

Replayed set_global var(ctx);
context

complex_func(bar);




Carving (Dynamic object extraction) - application (To Do)

n
- Valid®l object= O TO| ¥ = = U3.

(Unit testing, API testing

. (Database program)
%the

struct sqlite3 {
sqlite3 vfs *pVfs;
struct Vdbe *pVdbe;
CollSeq *pDfltColl;

sqlite3 * db = sqlite3 open();

sqlite3 prepare(db, "prepare", 2048);
sqlite3 db config(db, 1, 2);
sqlite3_exec(db, "Insert", insert_call, context());

sglite3 mutex *mutex;
Db *aDb;

//... 88 flelds 0| db object2 2t API7} MICHZ ZHS & 4= A validSHHA &£, test 7}
7tsSt= = ChsHA| THE 4= L0{0F €. (false alarm HX|)

\_

: Test case reduction/priortization

: Fault localization

: System test generation




Carving (Dynamic object extraction) - application (To Do)

- Valid et object2 OH
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(Unit testing, API testing

-

Carving2 HIAE
ZHE|AEQ| M3Z

M O] memory stateS F&st= 0HH,
2tol/27| eH L M2SHA| Bl w7} 7FSSIC}

4 . e ere .
Test case reduction/prioritization

CarvingO| H| X 7tEHol Javall B2,
ZI E|AE Q| substateE H| w6l E|AE E reductionst= WO 2
E £)2 =2l A7t £Zxl[Trad, Chadi et al. 2018].

Regression test suite?| 284 (M B#2 HI, %2 HA

AN

AN

Regression
test suite

AN

N

o
A
T

AN

AN

-

Substates | — L

“Unique”
Substates

!

Reduced
regression
test suite

VA,

: Fault localization

: System test generation

Abou Assi, Rawad & Masri, Wes & Trad, Chadi. (2018). Substate Profiling for Effective Test Suite Reduction. 123-134. 10.1109/ISSRE.2018.00023.
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Carving (Dynamic object extraction) - application (To Do)

- Valid®l object= O TO| ¥ = = U3.

(Unit testing, API testing

p
 Test case reduction/priortization

/Fault localization

SBFL (Statistical based Fault Localization)2 7{H2|X| & 7|8t 2
MEStHAER MIfSt HAEE H WS Fault7 £Met 7ls M0l =2 2RI £ &
(Ex, of2{ Huft HIAETL7} i A&t 2telo] ~45tCt)

|| Successtel [Successte2 JFailtel

Memory stateE H| ws}0q

A i 3ot EHAENE, HIfS HAEQ} H[ XS HAERIH,

ol S H|AE T} £3lst 2f210)| A = FaultZ7} MU S 75 0] ::;q %S =5,
o

o2 kL AMBHSIX| Qb2 - Line1l 2L} Line 204 A
. " e N Fault7} EfAISH S 7 '—A—Io =}
Line 2 Al AISHGEX] U AlSH ault’t M= 7ts | =L}

A A,

| System test generation




Carving (Dynamic object extraction) - application (To Do)

- Valid®l object= O TO| ¥ = = U3.

(Unit testing, API testing

(Test case reduction/priortization

4 . .
. Fault localization

/\/\/u

System test generation

AMAH R £ E7|01I CEOl=EHAES TS = RAUX|T
FAEAM = ZISHUCHH, E2US et R }S [[H-?
oE HEILaHE 270 ==25h=t S5t %

=35
OM
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\
System “L“Falled -to-cover” m L“Success-to-cover”
test suite states states

Success-to-cover
system tests
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Unit test
suite
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Carving 7194

LLVM IRO| R2iel7}?
->LCtF 20| E

E2H EHEQ C++ IEE Y,
Insturment St X} o= EfZI T2 849 IR (Intermediate Representation)2 A5 2 £=H5}04
#Hol= Objecte] HEE O] HEl=Z =4

Instrument =l 2 E

define dso_local i32 @foo(%struct._a* %0) #0 !dbg !9 {

call void @_Z16__carv_name_pushPc(i8* getelementptr inbounds ([3 x i8], [3 x i8]* @0, i32 0, i32 0))

o
M
kL
M

define dso_local i32 @foo(%struct._a* %0) #0 !dbg 19 {
%14 = alloca %struct._a*, align 8
%15 = bitcast %struct._a** %14 to i8*
store %struct._a* %0, %struct._a** %14, align 8
call void @llvm.dbg.declare(metadata %struct._a** %14, metad
%16 = load %struct._a*, %struct._a** %14, align 8, !dbg 122

carv_ptr_name_updatei(i32 %9) \
pV()

object
values

%17 = getelementptr inbounds %struct._a, %struct._a* %16, i34
%18 = load i8, i8* %17, align 4, !dbg 123

%19 = sext I8 %18 to 132, !dbg 122

ret i32 %19, /dbg 124

a 120, metadata !DIExpression()), !dbg 21

0,i32 1, Idbg 123

nove_mem_allocated_probePv(i8* %20), !dbg 124




Clang/LLVM C/C++ Compilation

Clang (frontend)

LLVM (backend)

N AST AN AN AN AN
C++ (Abstract LLVM Optimized Machine
Source > Svntax IR LLVM code
code y code IR code (Binary)
Tree)
if (534 > 0) {
return @; 01001101
} else { 01010110

return 1;

}

101...




Clang/LLVM C/C++ Compilation

Clang (frontend)

LLVM (backend)

N AST AN AN AN AN
C++ (Abstract LLVM Optimized Machine
Source > Svntax IR LLVM code
code y code IR code (Binary)
Tree)
if (534 > 0) { if
return o; —, 01001101
} else { > 01010110
return 1; T 101 ..
} 534 || 0
— return
\
0
> return
\
1




Clang/LLVM C/C++ Compilation

Clang (frontend)

LLVM (backend)

N AST N AN N AN
C++ (Abstract LLVM Optimized Machine
Source > Svntax > IR LLVM " code
code 1¥ree) code IR code (Binary)
- %1 = alloca 132 br i1 true, label %2, label %3
if (534 > @) { If %2 = icmp sgt 534 0 2
return ©; — br i1 %2, label %3, label %4 ret 320 01001101
} else { > 3. 01010110
return 1; T ; ‘ ret 132 1 101 ..
} 534 0 store 132 0, %1
br label %5
—> return
\ : .
0 store 132 1, %1
br label %5
- return
\ 5:
%8 = load %1

k 1 ret %8 \_ )




2l (Clang AST 7} OFl) LLVM IRQI7}
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Replay ZE Of|A| (AST SOl 2] 291 EH| - Ol B2 case)

0|2} 22 Rectangle objectE F=5ot
M= fleh E EfOIH'I:“:"““OI e

| -

4%

CrAl ZHR = St7| fIoll A=

)

Rectangle &2

Rectangle Rectangle replay() {
context * ctx = read_input();
Rectangle rect;

class Rectangle {
public:
int width;

rect.width = ctx->rect.width;

int area; rect.area = ctx->rect.area;

}s

return rect;

Ch23| Rectangle2 DHS0{ A, O|M0f| &3t width,area 22 €1
Hieksi == 2 E




Replay ZE Of|A| (AST SOl 2] 291 EH| - Ol B2 case)

Rectangle &2

class Rectangle {
public:

int width;
const| int area;

s

Rectangle Rectangle replay() {
context * ctx = read_input();

Rectangle rect;
rect.width = ctx->rect.width;

Compiler error!

ConstE 112{st0{ CI=A|
T2i5I0d0F &,

rect.area = ctx->rect.area;

return rect;

int const, int * const,
const int *, int * const *, int ** const
int const [10], const int (*) (int, int) &

HHH RO M= const7 25 M| AHEl.
ASEA 2D M= 10| 7}s.




Replay ZE Of|A| (AST SOl 2] 291 EH| - Ol B2 case)

n2{e EFY 2X| 2. generic &4 replay

(non-template) add H<|

intadd(int a, int b) {
return a + b;

int add_replay() {
context * ctx = read input();
int paraml ctx->paraml;

}

int param2 ctx->param2;
add(paraml, param2);

CEA35] 2709 intE 71X 1 2tA addS Al




Replay ZE Of|A| (AST SOl 2] 291 EH| - Ol B2 case)

e EtY) 2H| 2. generic &4 replay

template<typename T> int add replay() {
Tadd(Ta,Th){ context * ctx = read_input();

returna +b; T paraml = ctx->paramil;
} T param2 = ctx->param2;

add(paraml, param2); ZFEESHALE, Ao o,
} Zt addet =71 OjH EfQIe =
AL E[R=X] gofof

Mefol| £E U MBS B+ US.

AA FE0M add7t REEIYCR
AEE|=X| ZOtLHOF BtLt.




Replay ZE Of|A| (AST SOl 2] 291 EH| - Ol B2 case)

ne{e EFY 2X| 2. generic @< replay - A2 SHEIY 37|

add| Ar2X = e A I LHOf| AUS +L,

int arr[24]; DEAISH A ERM Tl Q
= add(arr[@], arr[3]);
template<typename T>
Tadd(Ta, Th){
return a + b;
} ’ void * funcs[] = {
(void *) add<int>, D E Initializer BHM EQ
(void *) add<short> };
template<typename A>
A add2(A a, A b) { (AO]| k2t T2 Z2H)
return add<A>(a, b); RecursivedstH| B

}



Replay 2= Of|A| (AST EtO|A{ 2] 723 EX| - O{ <

nEe EfR 22X 2. generic &3 replay - AHESHEIY 7|

add?| E2o|= ZeliA o IR0 AUS == A7 W=,

S A7 €| instance?} k| =L}o]| [L}2f add 2| EFR 0] He| =L,

template <typename A, typename T>
class Shape {
public:

Shape(A a) { area = a; }

A add(A a, A b) { return a + b;}
A area;

T width;
¥

OpEIERI 2 2F e A7 O{E A AH E| =X = =X 0| 2 ]9}Ct.

Oro
Lo L —

case)



Replay ZE Of|A| (AST SOl 2] 291 EH| - Ol B2 case)

asg ErY

MO

class Rectangle : public Shape<B,Q> {

Shape A9

}s
template <typename A, typename T>
Fc)ita)ﬁjhape { shapel| AI2X|=CIE friend 222 = U1
Shape(A a) { area = a; }
A add(A a, A b) { return a + b;}

)

class Earth {

A area; friend class Shape<C,F> ;
T width; .o
35 }s
A MOl E}
(2E F0|AE

struct {

Shape<int, char> b; Shape<char, short*> a;

std: :vector<Shape<int, int>> bv;

};...




Replay ZE Of|A| (AST SOl A2 291 EH| - Ol B2 case)

et ErR) 28| 2. generic &4 replay - ™2|

template<typename T>

Tadd(Ta, Th){

return a + b;

}

C++ L&A AE(AST)2| Syntax?t 0HR CHHE R OHZ,
templateO| 0 C}ASH syntaxOi|A AF2E 4= JUSH,
Zy2tof| ciet tod0| HRSICt,

-

HiH |REH|AM = 2HAL CHE add<int>, add<short> §2
concrete®t Ef Q9| M35 CIE et+2 HIMYUE| 0] A EILCE.
Arget Efloll Ciet =H0| =2 Q.

define i32 @_Z3addliET_SO_SO_(i32 %0, 132 %1) = add<int>

Kdefine 116 @_Z3addIsET_SO SO (i16 %0, 116 %1) = add<short>




Replay 2 E O|A] (AST THHM L] 7+ &A[) - O 2] XA ZA|

3. typedef &tQl - AST T E LHE0f| A typedefZ 216 22 EIUO| CIE EIUCE QA E £ U,

typedef unsigned long u64; HE2 EtY (unsigned long) 22 CHE £+ UL E = HA,

4. lvalue, rvalue &2l

void foo (int & a) {J; L2 EIQY, 22 0| 59| 342 HO|X|TH 22 CH2 ot
void foo (int && a) {}; JESI & T

5. Class access specifiers (private, protected)

Rectangle Rectangle replay() {
context * ctx = read_input();
int width; Rectangéehr?ct; e
int area; rect.width = ctx->rect.width;
}; rect.area = ctx->rect.area; Compilererror!
J

class Rectangle {
private:

return rect; private 2 =7I.

HiH |REHIM = typedef, lvalue,rvalue, access specifier 25 A7 E|0 U S.
[f2fA IRS HESH= WaksS MEH,




o4xl Carving/Replay 7% tHA|

I SiM AH C++ 2E * D=0 M ol HAEZS,

E3M EHLO C++ RER NSCZ EPI T2 M9 RS TS0 Carving/ReplayE #EHIUCH,

define void @__ Carv__Rectangle(%class.Rectangle* %0) {

entry:
%1 = getelementptr %0, 0
%2 = load i32* %1
call void @Carv_ int(i32 %2)

%3 = getelementptr %0, 1
%4 = load i32* %3
call void @Carv int(i32 %4)

ret void

//Address of Rectangle.width
//Get width value

//Write width value
//Address of Rectangle.area
//Get area value

//Write area value




Sixl M etst application2 M =---

Unit testing, API testing

Test case reduction/priortization
sglite3 * db = sglite3 open();

sglite3 prepare(db

, "prepare", 2048);
sqlite3 db config(db, 1

sglite3 exec(db,

P 2): U Rti%':isusil'; S U Substates | ——*
"Insert", insert call, context());

Reduced
“Unique” , regression
Substates test suite
0| db object2 Zt APIZt H|CHZ ZFSE = Al validSHH A &, test7}
7tSot= = CHsHA 2h=S o= LOJOF et (false alarm 2X])
\- /O
. Ld \ Ld
Fault localization System test generation
SBFL (Statistical based Fault Localization)2 HHzZ| XIS 7|8to 2
MBS AEQ AIYSHE|AEE H|ZSI0] Fault7t S JtsMo| =2 al012 £

(Ex, 02 oSt AETL7} | A&t 2telo] S45trt)

I-

System m

I T T T E testsuite |
oy Y e i

Line2 A

e S [ I [
Al SH AlSHS Line1l EC} Line 20| M
s T » Fautol SRS s 0l St
Vemorystegul Success-to-cover
12 LA St 5 IO Paulto} EAHE Tl 0] X 871 24, system tests
J

AN
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