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Abstract : Inductive fault analysis is a technique for enumerating likely bridges that is limited by the weighted critical

area computation. Based on the rectangle model of a real defect and mathematical morphology ,an efficient algorithm

is presented to compute the weighted critical area of a layout . The algorithm avoids the need to determine which rec2
tangles belong to a net and the merging of the critical area corresponding to a net pair. Experimental result s showing

the algorithm’s performance are presented.
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1　Introduction

To remain competitive , designers must make
fast and accurate fault diagno sis to obtain t he set of
fault sites and the ranked fault list [1 ] . The bridge
fault site set and bridge fault sorted list can be ex2
t racted (the bridge fault s accounting for t he down
total upwards of 50 %) [2 ] by calculating t he weigh2
ted critical area in inductive fault analysis. To real2
ize inductive fault analysis ,a fast algorithm is needed to
efficiently compute the weighted critical area.

When applied to large designs ,current weigh2
ted critical area ext raction algorit hms do not meet
t he demands for t he speed or accuracy[3 ] . At p res2
ent , t he standard met hods consist of t hree main
step s[4～7 ] . The first step is to divide t he net s into
many rectangles. The net s are composed of over2
lapping rectangular features t hat lie on t he same
layer or on adjacent layers and are connected by vi2
as or contact s. Non Manhat tan geomet ry net s are
approximated by a set of rectangles. The next step
is to comp ute the weighted critical area between
two rectangles belonging to different net s , merge
t he weighted critical areas ,wipe off t he redundancy
of weighted critical area sections ,and gain t he ap2
proximate value. The last step is to rank t he weigh2

ted critical areas of different net s and obtain t he
sorted fault list s. The algorit hms above have seri2
ous disadvantages such as the calculation of weigh2
ted critical area , t he approximation of t he Non
Manhat tan geomet ry ,and the merging of weighted
critical areas ,which have a severe influence on t he
speed and accuracy of t he algorit hm. We present
our weighted critical area solution and p rovide ex2
t raction result s for some indust rial layout s.

2　Inductive fault analysis

Previous works[8～12 ] show t hat t he rectangle
defect model more accurately estimate critical areas
associated wit h a special layout than does the circu2
lar defect model . We give the following definition :
for a real defect , t he maximum possible extension
of the real defect between two parallel st raight
lines is called t he lengt h ( rep resented by t he sym2
bol H) of t he real defect , which corresponds to a
horizontal routing direction of t he special layout
and touches the defect . The maximum possible ex2
tension of the real defect between two parallel
st raight lines ,which corresponds to a vertical rou2
ting direction of t he special layout and touches the
defect ,is called the width (represented by the symbol
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B) of the real defect ,as shown in Fig. 1. Then we can
define the rectangular model D ( H , B) of a real defect
as a rectangle with length H and width B .

Fig. 1　Rectangular model of a real defect D ( H , B)

In inductive fault analysis , t he weighted criti2
cal area is used to model the likelihood of t he oc2
currence of a fault . The critical area of two net s is
defined as t he area in which t he center of t he defect
can lie and cause a bridge between t he two net s.
The weighted critical area of two net s is t he p rod2
uct of t he critical area and t he probability of t he oc2
currence of a defect . For t he layout to be analyzed ,
we assume two kinds of defect s :int ra2layer and in2
ter2layer . Accordingly ,t he weighted critical area of
a net pair is t he sum of it s inter2layer and int ra2lay2
er weighted critical area constit uent s.

2. 1　Intra2layer weighted critical area

For each layer I ,let M I be the set of p robable

rectangle defect s D ( H , B) and let PI ( H , B) be the
probability of each defect’s occurrence , where
D ( H , B) ∈M I . The int ra2layer weighted critical ar2
ea for net pair ( N 1 , N 2 ) , denoted by RWCA ( N1 ,

N 2 , I) is defined as
RWCA ( N 1 , N 2 , I) = 　　　　　　　　　　

∑
D( H , B) ∈M I

(CA ( N 1 , N 2 , D ( H , B) , I) ×PI ( H , B) )

(1)

where CA ( N1 , N 2 , D ( H , B) , I) is t he int ra2layer
critical area for net pairs ( N 1 , N2 ) ,which is comp u2
ted by first expanding t he net s ( N 1 , N 2 ) on all
sides by H/ 2 in t he horizontal routing direction
and t he net s ( N 1 , N 2 ) on all sides by B/ 2 in the
vertical routing direction and t hen comp uting the
overlap region (see Fig. 2) .

2. 2　Inter2layer weighted critical area

Every inter2layer defect is assumed to be a
parallelepiped ,of which t he vertical p rojection is a
rectangle wit h lengt h H and widt h B ,as shown in
Fig. 3. For adjacent layers I and J , let M IJ be the
set of p robable defect s ,where D ( H , B) ∈M IJ ,and
PIJ ( H , B ) t he p robability of the occurrence of D

Fig. 2 　( a) Critical area of the horizontal net pairs
( N 1 , N 2 ) ; (b) Critical area of net pairs ( N 1 , N 2 )

( H ,B) . Then t he inter2layer weighted critical area
for net pairs ( N 1 , N2 ) , denoted by EWCA ( N1 ,

N2 , I , J ) ,is defined
EWCA ( N1 , N 2 , I , J ) = 　　　　　　　　　　　

∑
D( H , B) ∈M IJ

( CA ( N 1 , N 2 , D( H , B) , I , J) ×PIJ ( H , B) )

(2)

where CA ( N1 , N2 , D ( H , B) , I , J ) is the inter2layer
critical area for net pairs ( N1 , N2 ) for adjacent layers I

and J ,which is determined by first expanding the hori2
zontal routing direction of the nets ( N1 , N2 ) on all
sides by H/ 2 and the vertical routing direction of the
nets ( N1 , N2 ) on all sides by B/ 2 and then computing
the overlap region(see Fig. 3) .

Fig. 3　Critical area of net pairs ( N 1 , N 2 ) of adjacent

layers I , J
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3　Algorithm and experimental results

3. 1　Inductive fault analysis based on mathematical
morphology

　　Mat hematical morp hology was developed in
t he 1970’s by Mat heron[13 ] and Serra[14 ] . It has
several advantages over other techniques especially
when applied to image p rocessing , but offers no
way of ext racting weighted critical area. There are
four foundational operations in morp hology : dila2
tion ,ero sion ,opening ,and closing. The dilation op2
eration of binary morp hology is defined as

DILA TE( S , E) = U TRAN ( E∶i , j) , 　( i , j) ∈DS

(3)

where DS rep resent s t he S domain ,which is the set
of known pixel positions of t he image S . E is t he

st ruct ure element ,which is converted by S . TRAN
( E∶i , j) is defined as placing t he center of E at
t he position ( i , j) of image S and then copying t he
image E.

Let t he rectangle defect be D ( H , B) . By using
t he definitions of mat hematical dilation and critical
area , we derive the st ruct ure element D ( H , B)

f rom defect D ( H , B ) and t he source image f rom
net N 1 . The dilation of defect D ( H , B) to net N i

for layer I is rep resented by
DILA TE( N i , D ( H , B) , I) . For layer I t he int ra2
layer weighted critical area MCA [ ( N 1 , N2 ,

D ( H , B) , I ] for t he net2pair ( N 1 , N 2 ) and t he in2
ter2layer weighted critical area MCA ( N 1 , N2 ,

D ( H , B) , I , J ) for t he net pair ( N1 , N 2 ) for adja2
cent layers I and J are :

MCA[ ( N1 , N2 , D( H , B) , I ] ( i , j) =
1 , 　if DILA TE( N1 , D( H , B) , I) + DILA TE( N2 , D( H , B) , I) = 2

0 , 　otherwise
(4)

MCA[ ( N1 , N2 , D( H , B) , I , J ] ( i , j) =
1 , 　if DILA TE( N1 , D( H , B) , I) + DILA TE( N2 , D( H , B) , J) = 2　
0 , 　otherwise

(5)

Thus , Equations (1) and (2) can be modified to
t he following :

RWCA ( N1 , N2 , I) =

∑
D( H , B) ∈MI

(MCA ( N1 , N2 , D( H , B) , I) ×PI ( H , B) )

(6)

EWCA ( N 1 , N 2 , I , J ) =

∑
D( H , B) ∈M IJ

( MCA ( N 1 , N 2 , D( H , B) , I , J) ×PIJ ( H , B) )

(7)

　　The above equations show that t he comp uta2
tion of weighted critical area for the net pair
( N 1 , N 2 ) based on mat hematical morp hology a2
voids dividing t he net s into many rectangles and
ext racting and merging t he critical area of rectangle
pairs. As a result ,t here is no influence on t he accu2
racy of t he weighted critical area of t he net pairs.

3. 2　Algorithm for weighted critical area

A standard layout file can be converted into a
flat tened layout t hat consist s of many layers. Each
layer is a binary image. We assume t hat defect data
for each layer I consist s of the set M I and t he prob2
ability dist ribution { PI ( D ( H , B) ) / D ( H , B) ∈M I }
and t hat t he defect data for adjacent layers I and J

consist s of t he set M IJ and the probability dist ribu2

tion { PIJ ( D ( H , B ) ) / D ( H , B ) ∈M IJ } . Our int ra2
layer weighted critical area algorit hm ( t he algo2
rit hm for inter2layer weighted critical area is simi2
lar to t hat for int ra2layer) based on mathematical
morp hology and t he known defect data is shown
AL GORIT HM ca area.

AL GORIT HM ca area

Input :a binary layout image S ( b, w) wit h b rows and w

columns ,a defect D( H , B)

Output :t he rank fault list A ( n , n) , n is t he number of

net s in layout image S .

11 n = bwlabel ( S) ;

21for i = 1 to n

31 for j = 1 to n

41 area [ i ][ j ] = 0 ;

51 end for

61 end for

71for i = 1 to n - 1

81 m1 = imdilate ( si , D( H , B) )

91 for j = i + 1 to n

101 m2 = imdilate (sj , D ( H , B) )

111 m1 = m1 + m2 ;

121 A [ i ][ j ] = area (m1 = 2) ;

131 end for

141 end for

151 A [ n][ n] = Q KSOR T ( A [ n][ ] , n) ;

161 return ( A [ n][ n])

The running time of the algorithm is analyzed as
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follows. Since there are bw pixels in image S , step 1
takes bw iterations to output the n nets. Steps 2～6 are
executed nn times ,which sets A [ i ] [ j ] = 0 ,where i =
1 ,2 , ⋯, n , j = 1 , 2 , ⋯, n. Steps 10～12 compute the
critical area A[ i][ j ] nn times for net pairs ( N i , N j ) u2
sing Eq. (4) . Step 15 sorts the A [ n] [ n] by the Q K2
SORT method ,it easy to see that costs O ( n×lg( n) )

computations. From above analysis ,it follows that the
time complexity of the algorithm is O ( n2 ) . Usually it
corresponds to the presence of an intersect region of
one dilation net with the other n - 1 dilation nets , a
procedure which seldom happens here due to the na2
ture of the layout . The minimum time complexity of
the algorithm is O( n) ,corresponding to the presence of
an intersect region of dilation nets with another of the
n - 1 dilation nets. In general ,if the dilation net inter2
sects K dilation nets , the average time complexity is
O( Kn) . Even in the fast algorithm at present [3 ] ,apart
from the time complexity of the algorithm ,most of the
time is spent in the merging of the dilation rectangle
regions ,which has a time complexity of O ( nlg ( n) ) ,
where n is the number of the intersect regions of the
rectangles.

3. 3　Experimental results

The above algorit hm is implemented using an
Intel Celeron A T COMPA TIBL E CPU 112 GHz
(128M memory) on a 4×4 shif t register metal lay2
out . A 1/ x3 defect size dist ribution and a random
dist ribution of defect lengths and widt hs are as2
sumed. By t he nat ure of t he real layout of t he 4×4
shif t register layout , eleven differently sized and
shaped defect s are selected : D1 ( 11e , 11e ) ,

D2 (9e ,9e) , D3 ( 2e , 9e) , D4 ( 9e , 4e) , D5 (7e ,7e) ,

D6 (7e ,3e) , D7 ( 3e , 7e) , D8 ( 5e , 5e) , D9 ( 5e , 2e) ,

D10 (4e ,4e) and D11 ( 3e , 3e) (where e is t he grid
resolution ,e = 013μm) . Correspondingly , t he p rob2
ability dist ributions are such that PD1 is 011 ; the
sum of PD2 , PD3 , and PD4 is 013 ; t he sum of PD5 ,

PD6 , and PD7 is 013 ; t he sum PD8 and PD9 is 012 ;
PD10 is 011 ;and PD11 is 011. In Table 1 ,we present
t he last sections of t he sorted fault list s and t he f ull
list is shown in Fig 5. The codes of the net s are as2
sumed to be sorted by t heir y coordinate. Table 1
illust rates the maximum fault p robability of the
net s in t he net pair ( net 1 , net 6) . It can be seen
t hat t he maximum probability of a bridge fault cor2
responds to net 6. Figure 5 shows the extensions of
net pairs as well as t heir weighted critical areas.

For t his experiment , t he number of net s is 74 and
t he number of net pairs wit h existing fault s is 90
( K is about 112) . Therefore , t he time complexity
of t he algorit hm is O (112 n) ,which is efficient and
practical .

Table 1　Partial fault sorted list s of metal layer

Net N 1 Net N 2 WCA/ e2 Time/ s

6 31 137. 78 0. 0940

6 47 137. 78 0. 0780

6 17 145. 07 0. 0930

6 33 1666. 2 0. 0780

2 17 1685. 2 0. 0940

4 33 1695. 1 0. 0780

1 6 2521. 8 0. 0940

Fig. 5　WCA sorted list of net pairs

For large layout s ,a divide2 and2conquer st rate2
gy[15 ,16 ] can be used to reduce t he CPU time and
space complexity of t he algorit hm. The main idea
of t he st rategy is to divide t he inp ut layout into M

segment s ,depending on t he size of the layout ,find
t he weighted critical area of each segment ,and then
merge t hem to obtain the weighted critical area of
t he total layout . For example , t he first column in
Table 1 list s t he t he CPU time of a segment lay2
out . If a large layout consist s of 1000 segment s ,t he
total CPU time required to ext ract t he weighted
critical area of t he layout is less t han 2min.

Table 2 summarizes t he performance compari2
son of t he current algorit hm with t he new one. In
columns two to five ,t he defect model ,shape of lay2
out routing , CPU time , and accuracy are given.
From Table 2 , it can be seen t hat t he new algo2
rit hm may ext ract t he weighted critical area of t he
layout more accurately t han the current algorit hm ,
so t he propo sed algorit hm is highly efficient .
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Table 2　Performance comparison of current algorithm

with new one

Algorit hm
Defect

model

Shape of

layout routing
CPU time Accuracy

Our algorit hm Rectangle Random Practical Error f ree

Current algorithm Circular Rectangle Practical Inaccurate

4　Conclusion

We report t he designs and implementation of a
new algorit hm for ext racting t he weighted critical
area associated wit h a layout . The rectangle model
of real defect s assures t he accuracy of t he comp uta2
tion of t he critical area caused by real defect s. For
layout net s ,t he mat hematical morp hological model
is p resented which assures the accuracy and effi2
ciency of t he layout . The experimental result s show
t he efficiency of t he new algorit hm ,which provides
a reliable foundation for fault diagnosis at high
speed and greater accuracy.
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提取带权关键面积的新算法 3

王俊平­　郝　跃　张会宁　张晓菊　任春丽

(西安电子科技大学微电子学院 宽禁带半导体材料与器件教育部重点实验室 , 西安　710071)

摘要 : 导体故障分析是一种列举与缺陷有关的集成电路版图中可能出现桥连的技术 ,计算带权关键面积是限制其
性能的主要因素.文中提出了一种基于数学形态学和真实缺陷矩形模型提取带权关键面积的新算法 ,该算法不需
要将版图上的线网拆分为矩形 ,也不需要合并矩形对的带权关键面积.实验结果验证了新算法的有效性.
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