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A Novel Algorithm to Extract Weighted Critical Area’
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Abgtract : Inductivefault analysisis atechnique for enumerating likely bridges that islimited by the weighted critical
area computation. Based on the rectangle model of areal defect and mathematical morphology ,an eficient agorithm
is presented to compute the weighted critical area of alayout. The agorithm avoids the need to determine which rec-
tangles belong to a net and the merging of the critical area corresponding to a net pair. Experimental results showing

the algorithm’ s performance are presented.
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1 Introduction

To remain competitive, desgners must make
fast and accuratefault diagnosisto obtain the set of
fault sites and the ranked fault list™ . The bridge
fault dte set and bridge fault sorted list can be ex-
tracted (the bridge faults accounting for the down
total upwards of 50 %) ?! by calculating the weigh-
ted critical areain inductive fault analyss. To rea-
ize inductivefault andyds,afast agorithmis needed to
efidently compute the weighted critical area.

When applied to large desgns,current weigh-
ted critical area extraction algorithms do not meet
the demands for the speed or accuracy® . At pres
ent ,the standard methods consst of three main
stepst® 1. The first step is to divide the nets into
many rectangles. The nets are composed of over-
lapping rectangular features that lie on the same
layer or on adjacent layers and are connected by vi-
as or contacts. Non _ Manhattan geometry nets are
approximated by a set of rectangles. The next step
is to compute the weighted critical area between
two rectangles belonging to different nets, merge
the weighted critical areas,wipe off the redundancy
of weighted critical area sections,and gain the ap-
proximate value. The last step isto rank the weigh-
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ted critical areas of different nets and obtain the
orted fault lists. The algorithms above have seri-
ous disadvantages such as the calculation of weigh-
ted critical area,the approximation of the Non _
Manhattan geometry ,and the merging of weighted
critical areas,which have a severe influence on the
speed and accuracy of the algorithm. We present
our weighted critical area solution and provide ex-
traction resultsfor some industrial layouts.

2 Inductive fault analysis

Previous works® '® show that the rectangle
defect model more accurately estimate critical areas
asociated with a special layout than doesthe circu-
lar defect model. We give the following definition:
for a real defect ,the maximum possible extenson
of the real defect between two parallel straight
linesiscalled the length (represented by the sym-
bol H) of the real defect ,which corresponds to a
horizontal routing direction of the special layout
and touches the defect. The maximum possible ex-
tenson of the real defect between two parallel
straight lines,which corresponds to a vertical rou-
ting direction of the specia layout and touches the
defect is cdled the width (represented by the symbol
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B) of the real defect ,as shown in FHg. 1. Then we can
define the rectangular mode D(H,B) of a red defect
as a rectangle with length H and width B.

Real defect

-

\
x

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

In inductive fault analyss,the weighted criti-
cal areais used to model the likelihood of the oc-
currence of afault. The critical area of two netsis
defined asthe areain which the center of the defect
can lie and cause a bridge between the two nets.
The weighted critical area of two netsis the prod-
uct of the critical area and the probability of the oc-
currence of a defect. For the layout to be analyzed,
we assume two kinds of defects:intralayer and in-
ter-layer. Accordingly ,the weighted critical area of
a net pair isthe sumof itsinter-layer andintralay-
er weighted critical area constituents.

2.1 Intra-layer weighted critical area

For each layer | ,let M, be the set of probable
rectangle defects D( H,B) and let P (H,B) bethe
probability of each defect’ s occurrence, where
D(H,B) M. Theintralayer weighted critical ar-
eafor net pair (N1, N2) ,denoted by RWCA (N,
Nz, 1) is defined as

RWCA (N1,N2,1) =

X (CA(N1,N2,D(H,B),l) x P(H,B))
D(H M,

(1)
where CA (N1, N2, D(H,B),I) istheintralayer
critical areafor net pairs(N:, Nz2) ,whichiscompu-
ted by first expanding the nets (Ni, N2) on al
sides by H/2 in the horizontal routing direction
and the nets (N1, N2) on all sides by B/2in the
vertical routing direction and then computing the
overlap region(see Fig.2).

2.2 Inter-layer weighted critical area

Every inter-layer defect is assumed to be a
parallelepiped ,of which the vertical projectionis a
rectangle with length H and width B ,as shown in
Fig.3. For adjacent layers | and J,let My be the
set of probable defects,where D(H,B) My ,and
Pu( H,B) the probability of the occurrence of D

Fig.2 (a) Critica area of the horizonta net pairs
(N1, N2) ;(b) Critical areaof net pairs (N1, N2)

(H,B). Then the inter-layer weighted critical area
for net pairs (Ni, N2) ,denoted by EWCA (N,
N2, 1,J) ,is defined

EWCA (N1,Nz2,1,J) =

Z (CA(N:,N2,D(H.,B),1,J) x Po(H,B))
D(H, MU

(2)
where CA (N1, N2, D(H,B),I,J) isthe interlayer
critical areafor net pairs (N, N2) for adjacent layers |
and J ,whichis determined by first expandi ng the hori-
zontal routing drection of the nets (N:, N2) on al
ddes by H/ 2 and the verticd routing direction of the
nets (N1, Nz) on al ddes by B/ 2 and then computing
the overlap region(see Fig.3).

Fig.3 Critica area of net pairs (N1, N2) of adjacent
layers I,J
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3 Algorithm and experimental results

3.1 Inductive fault analysis based on mathematical
mor phol ogy

Mathematical morphology was developed in
the 1970’ s by Matheron™ and Serra™. It has
several advantages over other techniques especially
when applied to image processng, but offers no
way of extracting weighted critical area. There are
four foundational operations in morphology : dila
tion ,erosion ,opening ,and closing. The dilation op-
eration of binary morphology is defined as

DILATE(S,B = UTRAN(E i,j), (i ,)) Ds
(3)
where Ds represents the S domain ,which is the set
of known pixel positions of theimage S. Eis the

MCA[ (Nz,Nz2,D(H,B),I1](i,]) :{1'

MCA[ (N:,Nz ,D(H,B),!,J3](i,j) :{

Thus, Equations (1) and (2) can be modified to
the following:
RWCA (N1 ,N2,1) =

Z (MCA(N:,N2,D(H,B),I) x P(H,B))
D(H&= W,

(6)
EWCA(N1,Nz,1,J) =

i (MCA(N1,N2,D(H,B),1,J) xPy(H,B))
D(H, &= M,

(7)

The above equations show that the computa

tion of weighted critical area for the net pair

(N1,N2) based on mathematical morphology a

voids dividing the nets into many rectangles and

extracting and merging the critical area of rectangle

pairs. As aresult ,thereis no influence on the accu-
racy of the weighted critical area of the net pairs.

3.2 Algorithm for weighted critical area

A standard layout file can be converted into a
flattened layout that condsts of many layers. Each
layer is a binary image. We assume that defect data
for each layer | consistsof the set M and the prob-
ability distribution{ R (D(H,B))/D(H,B) M}
and that the defect datafor adjacent layers | and J
condgstsof the set My and the probability distribu-

structure element ,which is converted by S. TRAN
(E i,j) is defined as placing the center of E at
the position (i,j) of image S and then copying the
image E.

Let the rectangle defect be D( H,B) .By using
the definitions of mathematical dilation and critical
area, we derive the structure element D(H,B)
from defect D ( H, B) and the source image from
net N:. The dilation of defect D(H,B) to net N;
for layer I is represented by
DILATE(N:,D(H,B),I). For layer | the intra
layer weighted critical area MCA [( N1, Nz,
D(H,B),I] for the net-pair (N1, Nz) and thein-
ter-layer weighted critical area MCA ( N1, Nz,
D(H,B),1,J) for the net pair (N1, N2) for adja
cent layers | and J are:

if DILATE(N:,D(H,B),l) + DILATE(Nz2,D(H,B),I) =2
0, otherwise

(4)

1, if DILATE(N:,D(H,B),I) + DILATE(N2,D(H,B),J) =2
0, otherwise

(6)
tion{Ps (D(H,B))/D(H,B) Mu}.Our intra
layer weighted critical area algorithm (the algo-
rithm for inter-layer weighted critical areais smi-
lar to that for intralayer) based on mathematical
morphology and the known defect data is shown
AL GORITHM ca_ area.

AL GORITHM ca- area

Input :a binary layout image S(b,w) with browsand w
columns ,a defect D( H,B)

Output :the rank fault list A(n,n) ,nisthe number of
netsin layout image S.

1 n=bwlabd (9) ;

2fori=1ton

3 for j=1ton

4 area [i][j] =0;

5 end for

6. end for

7.fori=1ton-1

8 ml=imdilate(s ,D(H,B))

9 for j=i+1ton

10 m2 =imdilate(§ ,D(H,B))
11 ml=ml+m2;

12 Ali][j] =area(m1=2) ;
13 endfor

14 end for

15 A[n][n] =QKSORT(A[Nn][],n) ;
16 return(A[ n][ n])

The running time of the agorithm is andyzed as
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follows. Snce there are bw pixelsinimage S,sep 1
takes bw iterations to output the n nets. Seps2 6 are
executed nn times,which sets A[i][j] =0,where i =
1,2, ,n,j=1,2, ,n Seps 10 12 compute the
critical area A[i][j] nntimesfor net pairs (Ni,N;) u-
dng Eq. (4). Sep 15 worts the A[ n][n] by the QK-
SORT method it easy to see that costs O(nxIg(n)
computations. From above analyss,it follows that the
time complexity of the adgorithm is O(rf). Usudly it
corregponds to the presence of an intersect region of
one dilation net with the other n- 1 dlation nets,a
procedure which sdldom happens here due to the na
ture of the layout. The minimum time complexity of
the algorithmis O(n) ,corregponding to the presence of
an intersect region of dilation nets with another of the
n- 1 dlation nets. In genera ,if the dilation net inter-
scts K dilation nets,the average time complexity is
O(Kn) . Even in the fast algorithm at present™ apart
from the time complexity of the dgorithm ,most of the
time is Pent in the merging of the dlation rectangle
regions ,which has a time complexity of O(rg(n)) ,
where nis the number of the intersect regions of the
rectangles.

3.3 Experimental results

The above algorithm is implemented usng an
Intel Celeron AT COMPATIBLE CPU 1 2GHz
(128M memory) on a 4 x 4 shift register metal lay-
out. A 1/ X* defect size distribution and a random
distribution of defect lengths and widths are as
sumed. By the nature of the real layout of the 4 x4
shift register layout , eleven differently szed and
shaped defects are selected: D1 (1le, 1lle),
D2(9e,9¢) , D3 (2e, 9¢) , D4 (9e, 4e) , D5(7e,7¢ ,
D6(7e,3¢) ,D7 (3e, 7e) , D8 (5e, 5¢) , D9 (5e, 2¢) ,
D10(4e,4¢ and D11(3e,3e) (where eis the grid
resolution,,e=0. 31 m) . Correspondingly ,the prob-
ability distributions are such that Po is 0. 1;the
sum of Po2, Pos, and Pos is 0. 3;the sum of Pos,
Pos , and Por is 0. 3;the sum Pos and Ppe is O 2;
Powo is0 1;and Pou isO 1. In Table 1,we present
the last sectionsof the sortedfault listsand thefull
list is shownin Fig 5. The codes of the nets are as-
sumed to be sorted by their y coordinate. Table 1
illustrates the maximum fault probability of the
netsin the net pair (net 1,net 6). It can be seen
that the maximum probability of a bridge fault cor-
responds to net 6. Figure 5 shows the extensons of
net pairs as well as their weighted critical areas.

For this experiment ,the number of netsis 74 and
the number of net pairs with existing faultsis 90
(Kis about 1 2). Therefore,the time complexity
of the algorithmis O(1 2n) ,which is eficient and
practical .

Table 1 Partia fault sorted lists of metal layer

Net N1 Net N2 WCA/ ? 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

o T S

z

Net code

100700

FHg.5 WCA worted list of net pairs

For large layouts,a divide- and-conquer strate-
gy'®*® can be used to reduce the CPU time and
space complexity of the algorithm. The main idea
of the strategy isto divide the input layout into M
segments ,depending on the size of the layout ,find
the weighted critical area of each segment ,and then
merge them to obtain the weighted critical area of
the total layout. For example,the first column in
Table 1 lists the the CPU time of a segment lay-
out. If alarge layout consistsof 1000 segments,the
total CPU time required to extract the weighted
critical area of the layout isless than 2min.

Table 2 summarizes the performance compari-
on of the current algorithm with the new one. In
columns two to five ,the defect model ,shape of lay-
out routing, CPU time, and accuracy are given.
From Table 2,it can be seen that the new algo-
rithm may extract the weighted critical area of the
layout more accurately than the current algorithm,
s0 the proposed algorithm is highly efficient.
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Table 2 Performance comparison of current algorithm
with new one

. Defect Shape of .
Algorithm . |CPU time| Accuracy
model  |layout routing
Our algorithm | Rectangle Random Practical | Error free
Current dgorithm| Circular Rectangle | Practical | Inaccurate

4 Conclusion

We report the designs and i mplementation of a
new algorithm for extracting the weighted critical
area asociated with a layout. The rectangle model
of real defects assures the accuracy of the computa
tion of the critical area caused by real defects. For
layout nets,the mathematical morphological model
is presented which assures the accuracy and effi-
ciency of the layout. The experimental results show
the efficiency of the new algorithm ,which provides
a reliable foundation for fault diagnoss at high
speed and greater accuracy.
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