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Background: Minimization Approaches

List-based: Delta Debugging

Represent the test input in a list of elements
* e.g. tokens, lines

[er e, D6 e XX X e X ]

Check and delete
bug-irrelevant elements
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Background: Minimization Approaches

List-based: Delta Debugging

Represent the test input in a list of elements
* e.g. tokens, lines

[er e, D6 e XX X e X ]

Check and delete
bug-irrelevant elements

A 4

[e; e e, e; ]

Tree-based: HDD, Perses ...

Represent the input as a tree (e.qg. parse tree or AST)

Use Delta Debugqging to prune the list of tree
nodes on the same level

Delta !
Debugging

Delta




Limitations of Delta Debugging

In practice:

« Each element represent a
different fragment of original input

« Elements are different in size

« Larger elements are more likely
to contain the bug-inducing code
thus less likely to be deleted
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Limitations of Delta Debugging

In practice: Delta Debugging:
« Each element represent a « Overlook the different
different fragment of original input representations of elements
« Elements are different in size * Treat all elements uniformly
« Larger elements are more likely « Suboptimal efficiency,
to contain the bug-inducing code even effectiveness

thus less likely to be deleted

Delta
Debugging




Example

GCC bug 71626!™: Target: minimize the program to a minimal one
typedef long long llong; that still triggers the bug

test2char64(char *p) {}
testlchar8(char c) {}
testlshort32(short c) {}
test2short32(short *p) {}
typedef llong vllongl \
__attribute_ (( \

__vector_size (sizeof(1llong))));

vllongl test2llongl(llong *p) {
llong ¢ = *testlchars;
vllongl v = {c};
return v;

}

int main() {}

>> gcc -00 test.c ; ./a.out
>> gcc -03 test.c ; ./a.out
internal compiler error

[1] https.//gcc.gnu.org/bugzilla/show_bug.cgi?id=71626 8



Example

root

typedef long long llong;
test2char64(char *p) {}
testlchar8(char c) {}
testlshort32(short c) {}
test2short32(short *p) {}
typedef 1llong vllongl \

__attribute_ ((

__vector_size (sizeof(1llong))));

vllongl test2llongl(llong *p) {
llong c¢ = *testlchars8;

vllongl v =
return v;

}
int main() {}

\

{c};

Node D
Node @
Node 3

Node @
Node &

Node ®

Node @)

Node

Target: minimize the program to a minimal one
that still triggers the bug

Approach: tree-based minimizer (HDD or Perses)




Example

typedef long long llong; Node® Target: minimize the program to a minimal one
test2charé4(char *p) {} Node® that still triggers the bug

testichar8(char c) {} Node 3

testlshort32(short c) {} Node@ Approach: tree-based minimizer (HDD or Perses)

» First step: minimize the list of tree nodes with

test2short32(short *p) {} Node B Delta Debugging

root typedef 1llong vllongl \

__attribute_ (( \ Node ®
__vector_size (sizeof(1llong))));

vllongl test2llongl(llong *p) {
llong c¢ = *testlchars8;
vllongl v = {c}; Node 7
return v;

}
int main() {} Node ®
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Example

typedef long long llong; Node® Target: minimize the program to a minimal one
test2charé4(char *p) {} Node® that still triggers the bug

testichar8(char c) {} Node 3

testlshort32(short c) {} Node@ Approach: tree-based minimizer (HDD or Perses)

» First step: minimize the list of tree nodes with

test2short32(short *p) {} Node B .
Delta Debugging
root typedef 1llong vllongl \
__attribute_ (( \ Node ®

« Delta Debugging algorithms:
 Minimizing Delta Debugging (ddmin)

__vector_size (sizeof(1llong))));

vllongl test2llongi(llong *p) {  Probabilistic Delta Debugging (ProbDD)
llong c¢ = *testlchars8;
vllongl v = {c}; Node 7
return v;

}

int main() {} Node ®
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Example
Minimizing Delta Debugging (ddmin):

typedef long long llong; . C e .
yP h 8 : g* © Node @ « Binary-search style minimization
test2 64 . . .
S5 TN ) Node @ « Divide the list evenly by length
testlchar8(char c) {} Node 3 112]3]a]5l6]7]8lA
testlshort32(short c) {} Node @
test2short32(short *p) {} Node &
root typedef llong vllongl \
__attribute_ (( \ Node ®

__vector_size (sizeof(1llong))));

vllongl test2llongl(llong *p) {
llong c¢ = *testlchars8;
vllongl v = {c}; Node 7
return v;

}
int main() {} Node ®



Example
Minimizing Delta Debugging (ddmin):

— typedef long long llong; . C .. .

n=2 /P & OTE ~One Node @) « Binary-search style minimization
test2char64(char *p) {} Node @ o ,
testichar8(char ¢) {} Node @ * Divide the list evenly by length
testlshort32(short c) {} Node @ 112(3(4|5|6(7|8K

root test2short32(short *p) {} Node B
typedef llong vllongl \
__attribute  (( \ Node ®

__vector_size (sizeof(1llong))));

vllongl test2llongl(llong *p) {
llong c¢ = *testlchars8;
vllongl v = {c}; Node 7)
return v;

}

int main() {} Node ®



Example
Minimizing Delta Debugging (ddmin):

— typedef long long llong; . C .. .
n=2 tzzucham‘?charg*p) {“; E°jeg « Binary-search style minimization
ode . .
testichar8(char ¢) {} Node @ * Divide the list evenly by length

testlshort32(short c) {} Node @ 112|3(4|5|6(7|8K
1|2|3]|4 X

root
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root

Example

test2short32(short *p) {}
typedef 1llong vllongl \
__attribute_ (( \

__vector _size (sizeof(llong))));

vllongl test2llongl(llong *p) {
llong c¢ = *testlchars8;
vllongl v = {c};
return v;

}
int main() {}

Node B

Node ®

Node 7)

Node

Minimizing Delta Debugging (ddmin):
» Binary-search style minimization
* Divide the list evenly by length
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Example

)
I
N

root

typedef long long llong;
test2char64(char *p) {}
testlchar8(char c) {}
testlshort32(short c) {}

test2short32(short *p) {}
typedef llong vllongl \

__attribute  (( \
__vector_size (sizeof(1llong))));

vllongl test2llongl(llong *p) {
llong c¢ = *testlchars8;
vllongl v = {c};
return v;

}
int main() {}

Node D

Node @
Node Q)

Node @

Node B

Node ®

Node 7)

Node

Minimizing Delta Debugging (ddmin):
» Binary-search style minimization
* Divide the list evenly by length

16



Example

>
I
1N

root

typedef long long llong;
test2char64(char *p) {}

testlchar8(char c) {}
testlshort32(short c) {}

test2short32(short *p) {}
typedef 1llong vllongl \

__attribute_ (( \
__vector_size (sizeof(llong))));

vllongl test2llongl(llong *p) {
llong c¢ = *testlchars8;
vllongl v = {c};
return v;

}
int main() {}

Node D
Node @

Node B
Node @

Node &

Node ®

Node D

Node

Minimizing Delta Debugging (ddmin):
» Binary-search style minimization
* Divide the list evenly by length
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Example

cvoedot Toma Tons 11oms: Minimizing Delta Debugging (ddmin):
ssaiinsh Rt Node () - Binary-search style minimization
n=4 | testacharealchar%p) {} Node@ . Divide the list evenly by length

root

— partitions

18



Example

Minimizing Delta Debugging (ddmin):
» Binary-search style minimization

n=4 « Divide the list evenly by length
testlchar8(char c) {} Node B
testlshort32(short c) {} Node @

root

— partitions

19



Example

Minimizing Delta Debugging (ddmin):
» Binary-search style minimization
n=4 « Divide the list evenly by length

test2short32(short *p) {} Node B
root typedef 1llong vllongl \ a
__attribute  (( \ Node ®

— partitions

__vector_size (sizeof(1llong))));

20



Example

Minimizing Delta Debugging (ddmin):
» Binary-search style minimization
n=4 « Divide the list evenly by length

root

— partitions

vllongl test2llongl(llong *p) {
llong c¢ = *testlchars8;
vllongl v = {c}; Node 7)
return v;

}

int main() {} Node ®

21



Example

n=4
testlchar8(char c) {} Node B
testlshort32(short c) {} Node @
test2short32(short *p) {} Node B
root typedef llong vllongl \
__attribute  (( \ Node ®

__vector_size (sizeof(1llong))));

vllongl test2llongl(llong *p) {
llong c¢ = *testlchars8;

vllongl v = {c}; Node 7)
return v;

}

int main() {} Node ®

Minimizing Delta Debugging (ddmin):

» Binary-search style minimization
* Divide the list evenly by length

— partitions

)\

— complements
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Example

typedef long long llong;
n=4 test2char64(char *p) {}

test2short32(short *p) {}

root typedef llong vllongl \
__attribute_ (( \
__vector_size (sizeof(llong))));

vllongl test2llongl(llong *p) {
llong c¢ = *testlchars8;
vllongl v = {c};
return v;

}
int main() {}

Node D
Node @

Node B

Node ®

Node 7)

Node

Minimizing Delta Debugging (ddmin):

» Binary-search style minimization
* Divide the list evenly by length

— partitions

)\

— complements
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Example

>
I
1N

root

typedef long long llong;
test2char64(char *p) {}

testlchar8(char c) {}
testlshort32(short c) {}

vllongl test2llongl(llong *p) {
llong c¢ = *testlchars8;
vllongl v = {c};
return v;

}
int main() {}

Node D
Node @

Node B3
Node @

Node 7)

Node

Minimizing Delta Debugging (ddmin):

« Binary-search styl

e minimization

* Divide the list evenly by length

)\

— partitions

— complements




Example
Minimizing Delta Debugging (ddmin):

) :’e’ziz‘z:aiﬁciz:g*;i"?i EZSE% « Binary-search style minimization
n=4 « Divide the list evenly by length
testlchar8(char c) {} Node B
testlshort32(short c) {} Node @
test2short32(short *p) {} Node B
root typedef llong vllongl \ h
__attribute  (( \ Node ®

__vector_size__(sizeof(1llong)))); — partitions

)\

— complements
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Example

typedef long long llong;
test2char64(char *p) {}

>
I
1N

testlchar8(char c) {}
testlshort32(short c) {}

test2short32(short *p) {}

root typedef llong vllongl \
__attribute_ (( \
__vector_size (sizeof(llong))));

vllongl test2llongl(llong *p) {
llong c¢ = *testlchars8;
vllongl v = {c};
return v;

}
int main() {}

Node D
Node @

Node B3
Node @

Node B

Node ®

Node 7)

Node

Minimizing Delta Debugging (ddmin):

« Binary-search styl

e minimization

* Divide the list evenly by length

)\

— partitions

— complements
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Example

typedef long long llong; Node ) Mlnlmlzmg Delta Debugglng (ddmln)
» Binary-search style minimization

test2char64(char *p) {} Node .. )
@ * Divide the list evenly by length
n=28 testlchar8(char c) {} Node Q)
testlshort32(short c) {} Node @
test2short32(short *p) {} Node ® -
root

typedef llong vllongl \

__attribute_ (( \ Node ®
__vector_size__(sizeof(1llong))));

— partitions

)\

vllongl test2llongl(llong *p) {

llong c = *testilchars; — complements
vllongl v = {c}; Node @
return v; —

}

int main() {} Node ®
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Example

typedef long long llong; Node ) Mlnlmlzmg Delta Debugglng (ddmln)
» Binary-search style minimization
* Divide the list evenly by length

>
]
(00

testlchar8(char c) {} Node 3

root

typedef llong vllongl \

__attribute_ (( \ Node ®
__vector_size__(sizeof(1llong))));

vllongl test2llongl(llong *p) {

O|lojlojlojloojoo|o|o | o

N NN NNNIN N NN

QXXX [ X [X [ [X[X] XS [X[X[X][X

llong ¢ = *testlchar8;
vllongl v = {c}; Node @
return v;

}

int main() {} Node ®

XX [X[|X[X[X]|X[X[X]|X]|X[X|X




Example

typedef long long llong; Node ) Mlnlmlzmg Delta Debugglng (ddmln)
» Binary-search style minimization
* Divide the list evenly by length

testlchar8(char c) {} Node Q) In the example:

 Elements are different in size

>
]
(00

root
typedef llong vllongl \

__attribute_ (( \ Node ®
__vector_size__(sizeof(1llong))));

vllongl test2llongl(llong *p) {
llong ¢ = *testlchar8;
vllongl v = {c}; Node @
return v;

}
int main() {} Node ®



Example

)
I
N

root

27 tokens

55 tokens

Minimizing Delta Debugging (ddmin):
» Binary-search style minimization
* Divide the list evenly by length
In the example:
« Elements are different in size
« Fail to achieve the actual evenness

 The unevenness can lead to significant
decrease in efficiency

31



Example

)
I
N

root

Minimizing Delta Debugging (ddmin):

typedef long long llong; . C e .
tZEtZChaP64fcharg*p) {“; E°Seg « Binary-search style minimization
ode . . .
testichar8(char ¢) {} Node @ * Divide the list evenly by length
testlshort32(short c) {} Node @ In the example:
S tokens. deletable  Elements are different in size
— * Fail to achieve the actual evenness
test2short32(short *p) {}

typedef 1long vilongl \ . * The unevenness can lead to significant
__attribute_ (( \ P Node ® | decrease in efficiency

—vector_size_(sizeof(Lone)))s ~  Intuitive explanation:
Vlloszin;eitiligfiﬁiz:ig °) { FEEEEEE | arger elements are less likely to be
vlilongl v = {c}; 25 tokens deleted than smaller ones
SRS T «  Small elements fail to be deleted when
; divided with large non-deletable
int main() {} Node @

elements in the same partition

32



Weighted Delta Debugging (WDD)

Observation:
« Elements are different in size

« Larger elements are more likely to include the buggy code, thus less
likely to be deleted (verified by RQ1 in the paper)

Insight:

« Assign each element a weight according to its size
* size, i.e., number of tokens

« Handle elements differently based on weight

Contributions:

«  Weighted ddmin (Wddmin)
« Weighted ProbDD (WProbDD)

33



Weighted Delta Debugging (WDD)

typedef long long llong; Node D)
test2char64(char *p) {} Node @
testlchar8(char c) {} Node 3
testlshort32(short c) {} Node @
test2short32(short *p) {} Node B

root
typedef llong vllongl \

__attribute_ (( \ Node ®
__vector_size (sizeof(llong))));

vllongl test2llongl(llong *p) {
llong c = *testlchars8;
vllongl v = {c}; Node @
return v;

}
int main() {} Node ®



root

Weighted Delta Debugging (WDD)

ddmin: divide the list evenly by length

typedef long long llong; Node D)

test2charé4(char *p) {} Node @ * |®@@@| = |@|= 4
testlchar8(char c) {} Node Q) 27 tokens

testlshort32(short c) {} Node @

test2short32(short *p) {} Node B

typedef llong vllongl \

__attribute_ (( \ Node ®)

__vector_size (sizeof(llong))));

vllongl test2llongl(llong *p) {
llong ¢ = *testlchars;

55 tokens

vllongl v = {c}; Node @)
return v;

}

int main() {} Node ®
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root

Weighted Delta Debugging (WDD)

typedef long long llong;
test2char64(char *p) {}
testlchar8(char c) {}
testlshort32(short c) {}
test2short32(short *p) {}

typedef llong vllongl \
__attribute_ (( \
__vector_size (sizeof(llong))));

vllongl test2llongl(llong *p) {
llong c = *testlchars8;
vllongl v = {c};
return v;

}

int main() {}

Node @ weight=5  ddmin: divide the list evenly by length
Node @ weight =8 c |D2BD] = |BET®|=4
Node @ weight =7 weight

Node @ weight =7 Y

Node & weight =8

Node & Weight =16

Node (7 weight = 25

Node @ weight =6
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Weighted Delta Debugging (WDD)

ddmin: divide the list evenly by length

typedef long long llong; Node D)
test2charé4(char *p) {} Node @ * |®®®@| = @|: 4
testlchar8(char c) {} Node @ weight =35 _
testlshort32(short c) {} Node @) Welght
test2short32(short * M
( P Node ® Wddmin: divide the list evenly by weight
root * weight( @@@@@ welght (®7)(8)
typedef llong vllongl \ A y
__attribute_ (( \ Node ® X
__vector_size (sizeof(llong)))); o
vllongl test2llongl(llong *p) { ey
llong ¢ = *testlchars; weight =47 s]7]s [
vllongl v = {c}; Node (7) e
return v; BR DR
3 6|7|8(X
} | 678X
int main() {} Node ® % !ii%
3 6|7 X
3 6|7|8K

ddmin: 30 tests Wddmin: 26 tests
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root

Weighted Delta Debugging (WDD)

typedef long long llong;
test2char64(char *p) {}
testlchar8(char c) {}
testlshort32(short c) {}
test2short32(short *p) {}

typedef llong vllongl \
__attribute_ (( \
__vector_size (sizeof(llong))));

vllongl test2llongl(llong *p) {
llong ¢ = *testlchars;
vllongl v = {c};
return v;

}
int main() {}

Node D)
Node @
Node 3 weight = 35
Node @)
Node B

Node ®

weight =47
Node 7

Node

ddmin: divide the list evenly by length
+ D234 = BB7®)|=4

weight

Wddmin: divide the list evenly by weight
* weight(12/34)(5) = weight(©(7)8)

ProbDD: probability-guided Delta Debugging

lweight

WProbDD: weighted-probabilistic model-
quided Delta Debugging
* Always towards optimal result
(maximize weights can be deleted)
* more details in our paper
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Evaluation

 \Wddmin
* WProbDD

Applications:

« HDD
e HDD-ddmin v.s. HDD-Wddmin
e HDD-ProbDD v.s. HDD-W~probDD

» Perses
» Perses-ddmin v.S. Perses-Wddmin
» Perses-ProbDD v.s. Perses-\WpProbDD

Benchmarks:

« 32 C programs trigger bugs in GCC/LLVM
« 77,723 tokens on average

« 30 XML files trigger bugs in Basex
« 20,197 tokens on average

Metrics:

- Efficiency
* Processing time (seconds)

« Effectiveness
« Size of the minimized result (tokens)
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ddmin v.s. Wddmin

Efficiency (time): Effectiveness (size):
8enchmark HDD- HDD- Perses- | Perses- senchmark HDD- HDD- Perses- | Perses-
ddmin Wddmin ddmin | Wddmin ddmin Wddmin ddmin | Wddmin
C 39,108 18,022 4 582 4,169 477 281 278
XML 3,152 2,621 1,295 1,273 XML 98 82 38 38

Slightly smaller results

Wddmin outperforms ddmin mainly in efficiency:

« HDD and Perses use 51.31% and 7.47% less time, respectively

Perses has other deletion strategies
aside from Delta Debugging.

40



ProbDD v.s. WProbDD

Efficiency (time):

HDD-

6,042
3,004

XML

Perses-

Perses-

ProbDD | WpProbDD

3,455
1,838

2,975
1,813

WProbDD outperforms ProbDD in:

 Efficiency:

Effectiveness (size):

HDD-

567
XML 89

HDD-
WProbDD

488

80

Perses- Perses-
ProbDD | WProbDD

280 273

37 37

« HDD and Perses use 11.98% and 9.72% less time, respectively

 Effectiveness:

« HDD and Perses generate 13.4% and 2.2% smaller results, respectively

41




Weighted Delta Debugging (WDD)

Observation:
* Elements are different in size
» Larger elements are more likely to include the buggy code, thus less
likely to be deleted (verified by RQ1 in the paper)

Insight:
« Assign each element a weight according to its size
* size, i.e., number of tokens
« Handle elements differently based on weight

Contributions:
*  Weighted ddmin (Wddmin)
+  Weighted ProbDD (WProbDD)

33

ddmin v.s. Wddmin

Efficiency (time): Effectiveness (size):
Benchmark HDD- Perses- | Perses- Benchmark HDD- HDD- Perses- | Perses-
ddmin ddmin | Wddmin ddmin Wddmin ddmin | Wddmin
C 39,108 4,582 4,169 C 518 477 281 278
XML 3,152 1,295 1,273 XML 98 82 38 38

Slightly smaller results

Wddmin outperforms ddmin mainly in efficiency:
« HDD and Perses use 51.31% and 7.47% less time, respectively

Perses has other deletion strategies
aside from Delta Debugging.

40

Weighted Delta Debugging (WDD)

ddmin: divide the list evenly by length

typedef long long llong; Node@

test2char64(char *p) {} Node @ * 0@@9 = @@6@ 4

testichar8(char c) {} Node @) weight = 35 i

testlshort32(short c) {} Node @ weight

test2short32(short *p) {} Nod

e 0de® Wddmin: divide the list evenly by weight
root +  weight(D@23@)B) = weight(©X7)X8)

typedef llong vllongl \
_ attribute_ (( \ Node ®
__vector_size_ (sizeof(llong))));

vllongl test2llongl(llong *p) {

ProbDD: probability-quided Delta Debugging

llong c = *testlchar8; weight = 47 weight

vllongl v = {c}; Node @

return v; WProbDD: weighted-probabilistic model-
} guided Delta Debugging
int main() {} Node ® + Always towards optimal result

(maximize weights can be deleted)
» more details in our paper

39

ProbDD v.s. WProbDD

Efficiency (time): Effectiveness (size):
Benchmark HDD- Perses- Berichmark HDD- Perses- | Perses-
ProbDD | WProbDD | ProbDD | WProbDD ProbDD | WProbDD | ProbDD | WProbDD
C 6,042 3,455 € 567 280 273

XML 89 37 37

XML 3,004 1,838

WProbDD outperforms ProbDD in:
« Efficiency:
+ HDD and Perses use 11.98% and 9.72% less time, respectively

+ Effectiveness:
+ HDD and Perses generate 13.4% and 2.2% smaller results, respectively
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