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In the integrated circuit manufacturing process, the critical area extraction is a bottleneck to the layout optimization
and the integrated circuit yield estimation. In this paper, we study the problem that the missing material defects may result
in the open circuit fault. Combining the mathematical morphology theory, we present a new computation model and a novel
extraction algorithm for the open critical area based on the net flow-axis. Firstly, we find the net flow-axis for different nets.
Then, the net flow-edges based on the net flow-axis are obtained. Finally, we can extract the open critical area by the
mathematical morphology. Compared with the existing methods, the nets need not to divide into the horizontal nets and
the vertical nets, and the experimental results show that our model and algorithm can accurately extract the size of the open
critical area and obtain the location information of the open circuit critical area.
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1. Introduction
With the constant development of the integrated circuit

(IC) technology, the IC feature size is decreasing, and there-
fore the IC yield loss due to manufacturing defects[1–5] be-
comes more and more serious, resulting in failing to obtain the
expected yield by designing integrated circuits just based on
the IC design rules.[6–9] The very large scale integrated circuit
(VLSI) is sensitive to defects in the IC manufacturing process,
and the rate of the IC yield loss which is caused by defects
in the manufacturing process is more than 80%.[10] The im-
portant approach to raising IC yield related to random defects
is to optimize the IC layout in the IC design stage, especially
in the layout design stage, which depends on the information
about the random defects causing yield loss.[11–14] The exist-
ing experimental results show that the real defects are of irreg-
ular shape,[15–18] and that these defects have a certain space
distribution.[19–21] In order to describe the yield loss in the IC
manufacturing stage, a concept of the critical area in an IC lay-
out and its extraction method are presented.[22–26] The critical
area plays an important role in bridging between the IC design
stage and the IC manufacturing stage, and its reduction can
effectively improve the yield. The main method of reducing
the critical area is to extract the critical area and then to adjust
the parameters of nets such as the net routing path in the IC
layout. Therefore how to accurately extract the critical area
and to find out the nets which will be adjusted and its position
information in the IC layout becomes a hot topic of improving

layout optimization accuracy and efficiency.

The critical area plays a crucial role in IC yield estimation

and reliability prediction. The main methods can be roughly

grouped into the three categories. The first kind is based on

Monte Carlo calculations,[27] with its advantage of easy yield

estimation and its disadvantage of low speed. The second one

is the geometric method by means of polygon operator and the

method based on Voronoi diagram,[28–31] the former is better

in calculation efficiency, and the latter is better in calculation

accuracy. It is a pity that defects are assumed to be approxi-

mately square.[32] The last one is the model method based on

the regular defect shape and those regular nets,[33] which is

high in speed but low in accuracy by considering defects and

nets as a regular shape during extraction of the critical area.[34]

In Ref. [35], a method of extracting critical areas based on the

mathematical morphology is presented, with its advantage that

this method takes the irregular nets and the irregular defect into

consideration based on the image processing technology, and

its disadvantage that this method reduces the critical area ex-

traction precision because the nets in the IC layout are divided

into the vertical nets and the horizontal nets. This paper is

the extension of Ref. [35], and it does not need to divide the

nets into the vertical nets and the horizontal nets. Therefore

this algorithm improves further the extraction precision of the

critical areas.
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2. Open critical area model based on the net
flow-axis
The open critical area is the region in which the center

of a real defect must fall in order to cause the conductor N
to be completely broken in the IC layout, which is equal to
the region in which the center of a real defect must fall in
order to cause the open circuit fault in the IC manufacturing
process.[35]

Definition 1 (net flow-axis) In the IC layout, net flow-
axis is defined as the axis that represents the routing path of
the net, which can describe the topological structure and the
geometric characteristics of the layout net (See Fig. 1 for the
illustration of the net flow-axis).

net

net flow-axis

Fig. 1. (color online) Net flow-axis.

Definition 2 (net flow-edge) In the IC layout, net flow-
edge is defined as the net contour boundary located on both
sides of the net flow-axis, which can describe the contour of
the net and the width of the path in the net routing. (See Fig. 2,
where the net flow-edge is illustrated with NE1, NE2, NE3, and
NE4.)

net flow-axis
NE1

NE4

NE2

NE3

Fig. 2. (color online) Net flow-edge.

The open critical area model for a single net based on the
net flow-axis: according to the dilation operation in mathemat-
ical morphology and the definition of the open critical area, we
choose the real defect d(Xc,Yc) discretionarily as the structur-
ing element, in which both the core of the defect and the ori-
gin of the structuring element are (Xc,Yc), the net flow-edge
is NEk, k = 1,2,3, . . . ,n. Dilate the net flow-edge NEk respec-
tively by the defect d(Xc,Yc), then we can find the intersections

of all these dilation regions, and the intersection region is the
open critical area formed of the real defect d(Xc,Yc) and the
net N, named as Ao(Xc,Yc,N). The region of dilating the net
flow-edge NEk by the real defect d(Xc,Yc) can be written as

Dk = DILATE(NEk,Xc,Yc), k = 1,2, . . . ,n. (1)

Thus, the open critical area Ao(Xc,Yc,N) of the single net N
resulting from the set of defect centers is expressed as

Ao(Xc,Yc,N) = Area(P), P =

{
p|p ∈

n

∑
i=1

Dk, p≥ 2

}
. (2)

In Eqs. (1) and (2), DILATE(NEk,Xc,Yc) is the dilation of
the defect d(Xc,Yc) to NEk, p is the pixel value, P is the critical
area, and Area(P) is the open critical area. If the open critical
area Ao(Xc,Yc,N) is 0, the corresponding defect which is the
minimum size will not cause the open circuit fault in the net.
If the open critical area Ao(Xc,Yc,N) takes a smaller value, the
open critical area related to the smaller defect is the discon-
tinuous region in the layout. While the defect is a big enough
one, the open critical area can obtain a maximum value, and it
is equal to the area of the layout.

3. Open critical area extraction algorithm based
on the net flow-axis
In this section, according to the given open critical area

model, we first present the detailed procedure of the core al-
gorithm for extracting the open critical areas based on the net
flow-axis. Then we explain the design philosophy of this al-
gorithm according to each step. Finally, we analyze the per-
formance of this algorithm.

For a particular level of the layout I, the defect is
d(Xc,Yc), a set which consists of the defects is M, the flow-
axis in the net N is L, the flow-edge in the net N is NE j, where
j = 1,2,3, . . . ,Nnum, i is the sequence number of a net, and m
is the total number of nets. A large layout is separated into
some small layouts in advance. Combining the data informa-
tion of the known defect and the open critical area model of
the single net in Eqs. (1) and (2), the detailed procedures of
the core algorithm for each layout to extract the open critical
area related to a single defect are given as follows.

Algorithm 1 Algorithm to extract the open critical area
with a single defect

Step 1 Input a binary layout I, save the layout I in a cor-
responding matrix LN1×N2 .

Step 2 Separate each net in the layout I based on the con-
nectivity, mark the single net Q(i), i = 1,2,3, . . . ,m, m is the
number of the nets, and the initial value of i is 1.

Step 3 Choose the single candidate net N = Q(i).
Step 4 Extract the flow-axis of the net N, and record it as

L.

128504-2



Chin. Phys. B Vol. 22, No. 12 (2013) 128504

Step 5 Extract the flow-edge of the net N, and record it
as NE j, j = 1,2,3, . . ., Nnum, Nnum is the number of the net
flow-edge, and the initial value of j is 1.

Step 6 Choose the candidate net flow-edge NE j.
Step 7 According to Eq. (1), dilate the net flow-edge NE j

by the defect d(Xc,Yc), and obtain D j.
Step 8 Let j = j+1. If j≤ Nnum, then go back to Step 6.
Step 9 According to the open critical area model, calcu-

late the superposition result ∑
Nnum
j=1 D j of all dilations of the net

flow-edges.
Step 10 According to Eq. (2), extract the open circuit

critical region P, calculate and store the corresponding open
critical area Ao(Xc,Yc,N).

Step 11 Let i = i+1. If i≤ m, then go back to Step 3.
Step 12 Store and output the open critical areas in the

layout I.
The design philosophy of this algorithm above is given

as follows. The number of the nets can be obtained by in-
putting the corresponding matrix of the layout in Steps 1 and
2 above. As shown in Fig. 3, the total number of the nets
is 13, i.e., m = 13. The number in Fig. 3 is the sequence
number of the corresponding net. In order to reduce the ex-
ecution time, Steps 3–5 extract the net flow-axis and the net
flow-edges. Steps 6–8 calculate the dilation of each flow-edge
through the cycle operation. In Step 9, we obtain the super-
position result of all dilations of the net flow-edges. Due to
the fact that the layout is a binary layout, the region where the
pixel value of the superposition result is bigger than 1 is the
open critical area. Steps 10–12 calculate and output the open
critical area for each net.

Fig. 3. L1 in MUSB.

The following is the analysis of the time complexity of
this algorithm. The execution time of the algorithm mainly de-
pends on the double-cycle from Steps 3–11. Hence, the time
complexity of the algorithm is O(mn), where m is the num-
ber of the nets in the layout I and n is the average value of
the numbers of net flow-edges. So we can find that the exe-
cution time of this algorithm increases with the increasing of

the number of the nets when the shape of the defect remains
constant. As a result, we can reduce the execution time by
adopting the divide-and-conquer strategy when dealing with
the large scale layout. The core idea of the divide-and-conquer
strategy is to divide the large scale layout into smaller blocks
and then to perform corresponding processing. To validate that
the execution time is acceptable, we conduct the experiments
on extracting the open critical area by our method and divide-
and-conquer strategy for interface chip MUSB-L61 layer. Fig-
ures 3 and 4 are two layouts L1 and L2 randomly selected in
MUSB-L61 layer, and the execution results as shown in Ta-
ble 1. Due to limited space of this paper, we only give the re-
sults of nets 1–17. This method is implemented on a dual core
2.33-GHz PC machine with 4-GB memory. The unit of critical
area is µ2, µ is the unit of grid measure in layout, the defect is
20µ × 26µ . In the following tables, “Net No.” shows the net
number in the corresponding layout. “OCA L1” is the open
critical area (OCA) which is extracted by our method for L1,
“OCA L2” is the open critical area which is extracted for L2.
Besides, the “Time1 (s)” and “Time2 (s)” are the correspond-
ing execution times in our algorithm, and they are in units of s.
In Table 1, the maximum and the minimum execution times of
L1 are 2.53 s and 0.98 s, and the maximum and the minimum
execution times of L2 are 2.19 s and 0.53 s. The average exe-
cution times are 1.15 s and 0.78 s. Total time of L1 is 19.59 s,
and total time of L2 is 13.33. In Ref. [35], this method needs
to divide nets into the horizontal nets and the vertical nets and
chooses interactively the size of the structural element. The
completion of this algorithm is by a semi-automatic method.
To our automatic algorithm, we can easily find that the execu-
tion time of our algorithm is at an acceptable level.

Fig. 4. OCA of L1 in our method.

Fig. 5. L2 in MUSB.
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Table 1. Execution results of L1 and L2.

Net No. OCA L1 Time1/s OCA L2 Time2/s
1 266.0 1.24 8810.3 2.19
2 1749.0 0.97 260.0 0.53
3 250.1 0.99 275.0 0.56
4 189.0 0.98 260.0 0.54
5 0.0 1.03 7957.5 2.07
6 63.0 1.06 182.0 0.60
7 250.1 1.14 1359.5 0.72
8 261.0 0.99 2319.9 0.57
9 1068.0 2.53 1018.6 0.58
10 294.1 1.03 182.0 0.58
11 195.0 1.03 1947.5 0.59
12 200.1 1.42 2975.6 0.59
13 294.1 1.02 270.3 0.60
14 261.0 1.02 3443.3 0.81
15 261.0 1.07 429.4 0.59
16 1749.0 1.03 637.5 0.60
17 1302.0 1.04 189.0 0.61

In addition, the execution time can decrease further in this
paper. Firstly, the characteristic of the mathematical morphol-
ogy operation is that it is easy to realize the hardware parallel
implementation, so the overall execution time can be short-
ened by N times, where N is the number of the nets in a block.
For the L1 and L2, the net maximum execution time is the
whole layout execution time, so the total execution time de-
creases to 2.58 s and 2.19 s. Secondly, the extraction of the
open critical area in allusion to the different defects in shape
can be distributed, so the whole execution time of the algo-
rithm is the maximum of the open critical area extraction time
for each defect. Thus in the permission of hardware invest-
ment, this algorithm has a good application prospect as the
execution time can be reduced greatly.

Compared with the existing algorithms, this algorithm
has the advantages which are listed in the following 4 aspects.
Firstly, the random defects are used in this algorithm, so the
characterizations of the defects can better satisfy their natural
forms. Secondly, it uses the theory of mathematical morphol-
ogy to extract the open critical area, which makes the parallel
implementation of the algorithm possible. Thirdly, it does not
need to divide nets into the horizontal nets and the vertical
nets so that the precision and execution speed of the open crit-
ical area are improved. There is an SRAM layout in Fig. 6,
and the sequence numbers of the nets are 1–13. As shown in
Fig. 7, the open critical area is extracted by the method given in
Ref. [35]. As shown in Fig. 8, the open critical area is extracted
by our presented algorithm. Comparing Fig. 7 with Fig. 8, we
can find that according to the definition of open circuit criti-
cal area, some errors can be seen which are marked with some
ellipses in Fig. 7, and the areas corresponding to these errors
have been modified in Fig. 8. Table 2 further presents the per-
formance comparison between our algorithm and the existing
methods for L1 and L2. In Table 2, “OCA L1” and “OCA L2”
are the execution results in L1 and L2 by our algorithm, “OCA
L1o” and “OCA L2o” are the execution results obtained by

the method in Ref. [35]. In L1, we can see that the OCAs (net
2, 9, 16, and 17) by the existing method are larger than those
by our algorithm, and the results of other nets are reversed.
In L2, the OCAs (net 7, 8, 9, 11, 12, 14, 15, and 16) by the
existing method are larger than results by our algorithm. Fi-
nally, our method gives the detailed position to optimize the IC
layout, so it makes layout optimization design intuitive. Fig-
ure 5 shows the OCA of L1 extracted by our algorithm, and it
can give the detailed OCA position to optimize the IC layout
shown in Table 3. As shown in Table 3, in the “N(c)”, “N”
is the net number and “c” is the number of OCAs in a corre-
sponding net. The 2nd–5th columns in Table 3 are the detailed
OCA positions for the corresponding net. For net 1, we can
see three open critical areas, of which the minimum rows are
53, 295, and 585, maximum rows are 53, 295, and 585, mini-
mum columns are 82, 82, and 84, and maximum columns are
91, 91, and 91 respectively. Likewise, we can obtain the de-
tailed OCA positions of other nets. That position information
is important for the net automatic optimization in the further
process.

Fig. 6. SRAM layout with the net numbers.

Fig. 7. OCA extraction in Ref. [35].

Fig. 8. OCA extraction by our algorithm.
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Table 2. Performances comparison of L1.

Net No. OCA L1 OCA L1o OCA L2 OCA L2o

1 266.0 276.0 8810.3 8663.1

2 1749.0 1265.5 260.0 0.0

3 250.1 366.6 275.0 0.0

4 189.0 937.0 260.0 0.0

5 0.0 25.0 7957.5 7142.1

6 63.0 444.0 182.0 0.0

7 250.1 350.6 1359.5 1771.8

8 261.0 355.5 2319.9 2739.8

9 1068.0 551.3 1018.6 1328.6

10 294.1 494.4 182.0 0.0

11 195.0 586.3 1947.5 2065.9

12 200.1 424.0 2975.6 3705.6

13 294.1 492.5 270.3 0.0

14 261.0 355.5 3443.3 4316.3

15 261.0 355.5 429.4 649.5

16 1749.0 1265.5 637.5 999.5

17 1302.0 940.8 189.0 0.0

Table 3. OCA detailed positions of L1.

N(c) Minimum row Maximum row Minimum column Maximum column

1(3) 53,295,585 282,573,651 82, 82, 84 91,91,91

2(3) 51,146,438 138,430,653 126,126,126 136,136,136

3(2) 80,80 106,90 180,257 252,297

4(1) 177 190 180 250

5(2) 241,293 285,334 175,175 182,182

6(1) 388 402 180 250

7(2) 470,486 496,496 180,257 252,297

8(2) 531,583 575,628 175,175 185,185

9(3) 52,173,439 137,406,652 339,339,339 348,348,348

10(2) 80, 80 90,106 390,437 432,509

11(1) 177 190 437 509

12(1) 334 402 390 509

13(2) 486,470 496,496 390,437 432,509

14(2) 239,293 285,336 504,504 514,514

15(2) 529,583 575,630 502,502 529,512

16(3) 51,146,438 138,430,653 551,551,551 561,561,561

17(3) 52,295,585 282,573,652 596,596,596 608,608,605

4. Conclusions

The study of the critical area is a significant content of
the design for manufacturability, and the critical area plays an
important role in predicting the IC yield and reliability. By
means of mathematical morphology, in this paper we present a
new computation model and novel extraction algorithm of the
open critical area based on the net flow-axis. The net shape
and the defect shape in this algorithm are unconstrained, i.e.,
the algorithm is applicable to any shape of the nets and does
not need to assume the defect model. Therefore, this algo-
rithm is widely used. Then, in this algorithm the defect size
and spatial distribution in practical application should be taken
into account. For the different spatial distributions of defects,

we can use the algorithm in this paper to extract the critical
area. So this algorithm is suited to the different spatial dis-
tributions of defects. Besides, this algorithm is insensitive to
the defect shape. Therefore in the algorithm there is no need
to take into consideration the defect shape such as ellipse and
circle, thereby overcoming the disadvantage that for diverse
shape defects different methods have to be adopted. In addi-
tion, this algorithm has lower time complexity and high preci-
sion, and it can be implemented in parallel and find the specific
position information of the optimized layout. Due to the ad-
vantages of the algorithm above, it shows a good application
prospect. Based on the image processing, in this paper the de-
fects of missing material in the IC manufacturing process are
combined with the geometric shape of the layout to obtain the
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position and the size of the open circuit critical area. This ef-
fective information provides premise condition for the layout
optimization and the yield assessment.
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