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An ECO Routing Algorithm for Eliminating
Coupling Capacitance Violations

Hua Xiang, Kai-Yuan Chao, and Martin D. F. Wong

Abstract— ECO changes are almost inevitable in late stages
of a design process. Based on an existing design, incremental
change is favored since it can avoid considerable efforts of
re-doing the whole process and can minimize the disturbance
on the existing converged design. In this paper, we address
the CVE (Coupling-capacitance Violation Elimination) problem.
Due to the changes in a multiple layer routing design, the
total coupling capacitance on some signal wire segments on a
layer may be larger than their allowable bounds after post-
layout timing/noise analysis. The target is to find a new routing
solution without coupling capacitance violations under certain
constraints which help to keep the new design close to the original
one. We propose a two-stage algorithm to solve CVE problems,
and present optimization strategies to speed up the execution.
Experimental results demonstrate the efficiency and effectiveness
of our algorithm.

Index Terms— ECO, Coupling capacitance, Routing

I. I NTRODUCTION

ECO due to frequency push and design/market requirement
change is very important for producing high-end and high-
volume main stream products in the semiconductor industry.
It is a highly constrained design optimization based on an
existing design with tight design scheduling due to time-to-
market consideration. However, any changes on an existing
routing design may cause design rule violations and it is
necessary to develop efficient and graceful algorithms to
resolve these violations.

In this paper, we address the problem of eliminating cou-
pling capacitance violations to a given routing design. One
possible application of our algorithm is as follows. Recently
[10] addressed an ECO problem which solves design spacing
rule violations between power rails and signal wires due to
the re-design of power rails on the top layer of a multiple
layer routing region. This problem is usually caused by
design changes in power delivery or package - both can be
requested from performance, noise, reliability, or marketing
considerations. For example, for high-volume high-revenue
multiple-year design products, power rails may be changed
due to added power rails for higher reliability, post silicon
discovery or design changes (such as cache size changes due
to market reasons) that may not be pre-designed in previous
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tapeout designs. However, the post silicon debugging mandates
the design to be fixed in previous converged design. In [10],
the target is to remove overlaps among power rails and signal
wires, and the spacing

between any two signal wires only need to satisfy the
minimum spacing requirement. But this may cause large cou-
pling capacitance for some sensitive signal wires. Therefore
CVE algorithm can be used to eliminate coupling capacitance
violations in the output of the previous ECO wire legalization
problem.

In previous works, there are several papers address routing
problems with coupling capacitance constraints. [4], [7],[15]
focused on detailed routing with coupling capacitance consid-
eration. [3], [12] developed coupling-aware techniques during
global routing phase. [5], [11], [14] presented algorithms
of simultaneous shield insertion and net ordering to reduce
crosstalk violations. Also post-global-route techniquessuch as
[13] are proposed to reduce crosstalk. However, ECO problems
usually try to keep the modified design as close as possible
to the existing one. So more constraints are set in order to
minimize the disturbance on the existing design. For example,
in this CVE problem, the ordering of wire segments cannot
be changed, while all the above previous works can make use
of reordering wires to reduce coupling capacitance.

In this paper, we propose a two stage CVE (Coupling-
capacitance Violation Elimination) algorithm to eliminate cou-
pling capacitance violations for a given routing design as
well as minimizing the total deviation. The first step FCVE
processes signal wire segments on the layerL one by one and
tries to find a clean routing solution satisfying all constraints.
Then in the second stage SCVE, we make efforts to minimize
the total deviation based on the shortest path algorithm.
Experimental results demonstrate that our approach is efficient
and effective.

II. COUPLING-CAPACITANCE V IOLATION ELIMINATION

Given a routing solutionS with N signal nets, there areP
power rails on layerL. Without loss of generality, we assume
the metal layerL is used for horizontal tracks, and the layers
below and aboveL, which areL̂ and L̃, respectively, are used
for vertical tracks. Any changes onL may lead to changes on
other layers. However, the changes should not propagate to all
layers. Therefore, we confine the changes toL, L̂ and L̃, and
treat all connections to the three layers from other layers as
fixed pins.

For convenience, let the coordinate of the left bottom
corner of the routing region be(0,0). Supposes is the half
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minimum wire separation spacing of a metal layer. For a
horizontal segment, it can be represented by(x1,x2,y,w,c,d)
where (x1,y) and (x2,y) are the end point coordinates of
the center line(x1 < x2), and w is the half-width of the
segment,c is called coupling capacitance threshold, i.e., the
total coupling capacitance on the segment should not exceed
this bound, andd is the allowable deviation bound, i.e., when
the segment moves up/down, its new position(x1,x2, ȳ,w,c,d)
should satisfy|ȳ−y| ≤ d. Similarly, a vertical segment can be
represented as(y1,y2,x,w,c,d). Sometimes, we can simplify
the representation. For example, a horizontal segment can be
represented by(x1,x2,y) if we do not care other factors.

Since the coupling capacitance on some sensitive segments
in S exceeds the given bounds, the target is to modify the
existing routing solutionS so that the new routing solution
S̄ is a clean routing solution which satisfies the following
constraints:

1) The power railsP on L are not changed.
2) Horizontal signal wire segments onL can only move

up/down, i.e., thex-coordinates of the two end points of
the segment keep unchanged.

3) The total coupling capacitance on a wire segment should
not exceed its coupling capacitance thresholdc, i.e.,
the total coupling capacitance from its neighbor wires
should not exceed the bound.
Since this is an ECO task for post-layout converged
design, thresholds for coupling capacitance can be
derived after timing analysis for ECO area by cal-
culation or heuristics for coupling capacitance re-
budgeting/specification.

4) The relative positions of two segments on all layers
should not be changed.
For example, for any two horizontal signal wire seg-
ments on one layer(x1,x2,y) and (x′1,x

′
2,y

′) (assume
y > y′), their new positions are(x1, x2, ȳ) and(x′1,x

′
2, ȳ

′),
respectively. If(x1−s,x2+s)∩(x′1−s,x′2+s) 6= φ, ȳ > ȳ′

must hold. Similar requirements for vertical segments.
This property is called “order consistency”.

5) The difference between the new position of a wire
segment and its old location should not exceed its
allowable deviation boundd.
d is defined to constrain that one segment does not devi-
ate too much from its original position. At the same time,
it helps to prevent introducing new coupling capacitance
violations to other layers. When horizontal segments on
L are changed, the length of vertical segments onL̂ or L̃
may also be changed. However, the length change is no
more than 2d since each vertical segment connects to at
most two horizontal segments onL. Then the coupling
capacitance introduced by length increase is also limited.
Therefore, by setting appropriate deviation bounds, new
coupling capacitance violations on layerL̂ or L̃ can be
avoided.

Although the CVE problem deals with coupling capacitance
violations on one layer, it can be applied layer by layer to
resolve violations on all layers to a given multiple layer routing
design.
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Fig. 1. (a) A routing solution with 5 horizontal signal wire segments and 1
power rail P on L, and 2 vertical signal wire segments onL̂; (b) A routing
solution with overlap violations. Two wire segmentsb and e violates the
coupling capacitance requirement. Segmentb is moved down to reduce the
coupling capacitance betweena andb. But b′ andc′ on layerL̂ overlap.e is
also moved down, but it overlaps with the power railP.

As we notice that, once a signal wire segment is moved,
the total coupling capacitance on both this segment and its
neighbor segments may be changed. At the same time, design
spacing rule violations must be avoided. For convenience, if
the spacing between two segments is less than the minimum
spacing requirement, we say the two segments overlap. Figure
1 (a) gives a

routing solution with five horizontal signal wire segments,
two vertical wire segments and one power rail. Suppose
segmentsb ande violate the coupling capacitance requirement,
i.e., the total coupling capacitance onb and e exceeds the
defined thresholds. As illustrated in Figure 1 (b), ife is moved
down, it overlaps with the power railP. Also, if b is moved
down, vertical overlap betweenb′ andc′ on L̂ is introduced.

III. PRELIMINARIES

A. FP-Range
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Fig. 2. FP-Range illustration. Tiny squares are fixed pins.

If we arbitrarily move one horizontal signal wire segment
up or down, not only overlaps between horizontal segments
on L, but also vertical overlaps on̂L or L̃ may be introduced
as illustrated in Figure 1 (b). Therefore, similar to [10], FP-
Range is introduced. Then if horizontal signal wire segments
move within the range, no vertical wire separation violations
are introduced.

FP-range is defined as follows. Suppose the wire separation
requirement is 2s, and W and H are the width and height
of the routing region, respectively. A horizontal wire segment
R = (x1,x2,yr) on L belongs to netnr. Its two end points are
r1 = (x1,yr) andr2 = (x2,yr), and they are connected to layer
L′ and L′′, respectively.L′ (L′′) can be either̂L or L̃. Then
calculate two pin sets̃P andQ̃. Let P̃ be the set of fixed pins
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onL andL′ whosex-coordinates fall in(x1−2s,x1+2s) and do
not belong to netnr, andQ̃ be the set of fixed pins onL andL′′

whosex-coordinates fall in(x2−2s,x2+2s) and do not belong
to netnr. Let U = min{{y−2s|y∈ P̃∪Q̃∧y ≥ yr}

S

{H−2s}}
andV = max{{y + 2s|y ∈ P̃∪ Q̃∧ y ≤ yr}

S

{2s}}. The range
[V,U ] is called “FP-Range”. Figure 2 shows the FP-Range of
a horizontal segmentR. Pin a is the closet pin aboveR and
pin b is the closet pin belowR. In this example, the FP-Range
of R is [yb +2s,ya −2s] whereya andyb are y-coordinates of
pin a andb respectively.

Then we have the following theorem. The proof is similar
to [10] and it is omitted here.

Theorem 1: If all horizontal segments on layerL move
up/down within their FP-Ranges[V,U ] and satisfy horizontal
wire separation requirement and order consistency, the new
routing solution has no vertical wire separation violations.

B. Consistency Graph

A

B


C
 D


E
 F


G


H

K


B
A


C

D


E
 F


G


H
 K


(a) (b)

Fig. 3. (a) A routing solution of signal wires onL; (b) The corresponding
consistency graph.

An important property of CVE problem is to keep “or-
der consistency”. Given any two horizontal segmentsA =
(x1,x2,y) and B = (x′1,x

′
2,y

′), if (x1− s,x2 + s)∩ (x′1− s,x′2 +
s) 6= φ (2s is the wire separation requirement) and no seg-
ments fall in the region with left bottom corner(min{x1 −
s,x′1− s},min{y,y′}) and right upper corner(max{x2+ s,x′2 +
s},max{y,y′}), we define segmentsA andB adjacent segments.
According to order consistency, we can construct “consistency
graph”: each horizontal signal wire segment is representedby
a node; for any two adjacent segmentsĀ and B̄, if Ā is above
B̄, one edge(Ā, B̄) is added. Figure 3 illustrates an example.

C. Coupling Capacitance

In general, each segment has coupling effect to all other
segments. However, the coupling capacitance decreases dras-
tically if the segment is out of the neighborhood of the other
segment [6], [8], [9], [12], [16]. Therefore, we only consider
the coupling capacitance between two neighboring parallel
wires and suppose the neighborhood distance isD = γ · 2s,
(0 < γ < 2). Then the coupling capacitance between two
segments can be expressed by the following formula:

c =

{

α · l
tβ t ≤ D

0 t > D

where α is the coupling parameter,β is an experimentally
estimated constant with a value 1.34 [6], l is the coupling

length, andt is the distance between two segments. Further-
more, power rails act as shields and do not cause coupling
capacitance to their adjacent segments.

IV. CVE A LGORITHM

To solve the CVE problem, we develop a two-stage algo-
rithm. The first stage FCVE processes signal wire segments
on L one by one and tries to find a clean routing solution
satisfying all constraints. This stage is very fast and it places
wire segments upwards. This also gives more room for the
second stage to minimize the total deviation since the second
stage processes segments from bottom to top.

A. FCVE Algorithm

For convenience, for any two nodesA andB in G, if there
is a path fromA to B, we sayA is B’s parent, andB is A’s
child.

The main idea of FCVE algorithm is as follows: each time,
select the nodes which have no parent nodes and try to move
them to their

highest available positions. These positions are their new
locations. Then remove these nodes from the graph. Repeat
this process until no nodes are left.

For each segment, its available position is related to its
FP-range, allowable deviation bound, coupling capacitance
threshold, the distribution of power rails and the positions
of its parents. Suppose segmentA = (x1,x2,y,w,c,d) has an
FP-range[V,U ]. Also A records a valueUbound. Ubound
= min{yp − 2s−wp|yp is the y-coordinate of anA’s parent
node andwp is its half width.}. Then if A moves in the
range[0,Ubound−w], the order consistency is guaranteed. Let
[V̄ ,Ū ] = [V,U ]∩ [y−d,y + d]∩ [0,Ubound−w]. Check tracks
t starting fromŪ . If t is not occupied by any power rails
and no coupling capacitance violations are introduced toA’s
parents and itself ifA is put at trackt, t is assigned asA’s
new position. Otherwise, check the next track belowt. Repeat
this process until a feasible position is found or the track goes
beyondV̄ . The latter case means no feasible solution is found.
Once the position ofA is decided, the coupling capacitance
bounds ofA andA’s parents have to be adjusted accordingly,
i.e., subtract the coupling capacitance betweenA and its parent
from the coupling capacitance bounds ofA and its parent.

Furthermore, if one segment has several children, then
the children selected first always have higher priority. For
example, in Figure 4, suppose the position ofA has been fixed.
B, C andD are the children ofA. The coupling length ratio of
B, C andD is 2 : 1 : 1. The coupling capacitance bound of all
segments is 30. The numbers in the figure indicate the coupling
capacitance if the segment is placed at their highest available
positions. SupposeB is first selected and it is placed as Figure
4 (b). Then the coupling capacitance bound ofA is reduced to
0. ThereforeC andD have to be placed lower, which pushes
E down too. In order to avoid one segment consuming all or
most of the coupling capacitance budget, we use the following
approach. Suppose a segmentR is fixed and its coupling
capacitance bound iscr. Also its total coupling length with all
of its unfixed children islr. Let dr = min{D,(α · (lr/cr))

1
1.34}.
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Fig. 4. (a) B, C and D are the children ofA. The position ofA is fixed.
All segments have a coupling capacitance bound 30. The length ratio of B,
C and D is 2 : 1 : 1. (b)B is first selected and put to its highest available
position. ButC and D have to be placed lower. (c) A solution according to
our approach.

Then the distance betweenR and its first selected childT must
be no less thandr. OnceT is fixed,cr is adjusted accordingly,
i.e., subtract the coupling capacitance betweenR andT from
cr. Then the newcr is used forR’s other children in the
same way. Figure 4 (c) shows a solution with this approach.
According to the coupling capacitance budget, the coupling
capacitance betweenA andB, A andC, A andD should be 15,
7.5 and 7.5, respectively. Suppose segmentB is first selected,
then the coupling capacitance upper bound ofA is reduced to
15. Since the lengths ofC andD are the same,C andD get a
coupling capacitance budget 7.5. And the new position ofC
can be calculated. However, the highest available positionof
C is lower than the calculated position. Therefore,C is put on
its highest available position and the coupling capacitance to
A is 7. Finally,D takes all of the coupling capacitance budget.
Surely, the ordering of segments to be processed may lead to
different budget plans which further affect the location ofwire
segments. Therefore, FCVE may not return a feasible solution
although one may exist.

In FCVE, we always try to put a horizontal segment
upwards. This leaves more room for other segments since
once one segment is processed, its location is fixed and other
segments below it cannot take the space above it. If we
arbitrarily assign a segment to one of its available positions,
some segments may have no place to put.

As we notice that, even if there are no coupling capacitance
violations in the given input routing design, segments may still
be moved in the above procedure. However, our targets are not
only to eliminate coupling capacitance violations, but also to
minimize the total deviation. Therefore, we start with a zero
allowable deviation bound and each time increase the bound
by a certain percentage. For each deviation value, we calculate
the positions of all segments according to the above procedure.
Repeat this process until a feasible solution is found or the
deviation bound exceeds the pre-defined value. For the latter
case, no feasible solution is found.

B. SCVE

If FCVE returns a solution, then the solution must be a
feasible solution satisfying all of the constraints. However,
FCVE tends to place segments to their “highest” available

positions while some segments do not need to deviate so much
from their original positions. In this section, we first consider
a special case of CVE problem (CVEP) and propose an exact
polynomial-time algorithm to decide wire segment positions
with minimum total deviation under all constraints. Then by
applying this algorithm repeatedly on the output of FCVE, we
can greatly reduce the total deviation.

PROBLEM CVEP is a special case of CVE problem when
all horizontal segments on layerL are placed in a line, i.e.,
the corresponding consistency graph is a path.

Figure 5 (a) shows an example. There are 4 signal wire
segments and 1 power rail. (b) is its consistency graph and
it is a single path from nodeA1 to A4. For convenience, the
segments in a CVEP problem are indexed asA1, ..., An from
bottom to top.

To solve the CVEP problem, we first construct a “Segment
Position” (SP) graph, and then apply the shortest path al-
gorithm to get the solution. The SP graph is constructed in
two steps. The first step graph (FSP)G = (V,E) is formed as
follows.

Nodes: Since the allowable deviation of segmentAi is di,
totally there are 2di +1 possible positions forAi. Let node set
V ′ = {v j

i |i∈ [1,n], j ∈ [−di,di]} representing possible positions
of Ai, i.e.,v j

i refers to the positionyi + j. For convenience, we
call v j

i a node ofAi. Also for any possible position, if it is
occupied by a power rail or it is outsideAi’s FP-Range, then
Ai cannot put there. Suppose nodes corresponding to this kind
of positions form the setV ′′. V = V ′−V ′′.

Edge: E = {(vk
i ,v

j
i+1)| v j

i+1 −wi+1 − (vk
i + wi) ≥ 2s, i ∈

[1,n−1], k ∈ [−di,di], j ∈ [−di+1,di+1], vk
i ∈V,v j

i+1 ∈V}. For
each node ofAi, it is connected to the nodes ofAi+1 such that
the distance between two nodes satisfies the minimum spacing
requirement.

Cost: Each edge(vk
i ,v

j
i+1) is assigned a cost which is the

coupling capacitance betweenAi andAi+1 supposing the two
segments are placed atvk

i andv j
i+1, respectively.
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Fig. 5. (a) A CVEP problem. There are 4 signal wire segmentsA1, A2, A3
and A4, and 1 power railP. (b) The consistency graph is a path.

Figure 6 shows a simple example. (a) is a CVEP problem
with 3 signal wire segmentsA1, A2, A3 and 3 power rails.
For simplicity, suppose all wires have the same length, and
the deviation bounds of signal wire segments are all 2. Also
the coupling capacitance thresholds are all 0, i.e., the distance
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Fig. 6. (a) A CVEP problem. There are 3 signal wire segmentsA1, A2, andA3, and 3 power rails. The allowable deviation ofA1, A2 andA3 is 2, and their
coupling capacitance upper bound is 0.A1 and A2 violate the coupling capacitance requirement. (b) FSP graph G of the CVEP problem. (c) SP graph̄G of
the CVEP problem. The three dashed ellipses indicate the possible positions of the three segmentsA1, A2 andA3, respectively. (d) An optimal solution to the
CVEP problem.

between any two signal wire segments must be larger than 1
unit. In Figure 6 (a), since segmentsA1 and A2 are adjacent
to each other, the coupling capacitance between them exceeds
the coupling capacitance bounds of bothA1 andA2.

Figure 6 (b) shows the corresponding CVEP graphG for
(a). Due to the overlap with power rails, the available positions
of each segment are only 3 and they are represented by 3
nodes, respectively. The three dashed ellipses indicate the
possible positions of the three segments, respectively. The
costs of all edges are 0 except two edgese6 ande10.

In FSP graph, the allowable deviation bound is reflected
by nodes, and the edge cost records the coupling capacitance
between two segments. However, the coupling capacitance
constraint is not included. Therefore, based on FSP graph,
we derive the SP graph̄G = (V̄ , Ē) so that the shortest path
algorithm can be applied to find the solution.Ḡ is formed as
follows.

1) Nodes: Each edge inG is represented by a node. For
convenience, an edge(u,v) in FSP graph also refers to
a node in SP graph. Also two nodess and t are added
representing the starting and ending nodes, respectively.

2) Edges: For any two edges(v j
i ,v

k
i+1) and (vk

i+1,v
l
i+2)

in FSP graph, if the total cost of the two edges is
less thanci+1 which is the coupling capacitance bound
of segmentAi+1, an edge is added between the two
corresponding nodes in̄G. Also connects to all of the
nodes corresponding to the edges relatedA1 in FSP
graph, and all of the nodes corresponding to the edges
related toAn are connected tot.

3) Cost: If edge ¯e connects two nodes(v j
i ,v

k
i+1) and

(vk
i+1,v

l
i+2), the cost of ¯e is |k| (i.e., the deviation of

Ai+1); if edge ē starts froms, i.e., ē connectss and
(v j

1,v
k
2), the cost is| j|; if edgeē ends att, i.e., ē connects

(v j
n−1,v

k
n) and t, the cost is|k|.

Figure 6 (c) illustrates the SP graph̄G for the given CVEP
problem. Each edge inG is represented by a node in̄G. For
edgese6 and e10 in G, since their cost is 1, edges(e6,e12),
(e2,e10) and (e4,e10) are not included inḠ. Based onḠ, we
apply the shortest path algorithm to find the shortest path from
s to t. In Figure 6 (c), the shortest path is indicated by thick
curves. It is easy to derive a CVEP solution as shown in Figure
6 (d).

Suppose totally there aren wire segments andM is the
max allowable deviation. The number of nodes in FSP graph
is O(n ·M). For each node in FSP graph, it connects to at most
2M nodes. Therefore, the number of nodes and edges in SP
graphḠ areO(n ·M2) andO(n ·M3), respectively. SincēG is
a directed acyclic graph, the shortest path algorithm can be
accomplished inO(|V̄ |+ |Ē|) [1], [2], i.e., O(n ·M3).

We now summarize the CVEP algorithm as follows.

Algorithm CVEP(P)
1. Construct SP graph Ḡ for the input path P;
2. Apply the shortest path algorithm on Ḡ ;
3. Derive the solution to the given CVEP problem

The construction of SP graph̄G takesO(n ·M3) and the
derivation from a shortest path in̄G to a CVEP solution takes
O(n). Therefore, CVEP algorithm can solve CVEP problems
in O(n ·M3). Furthermore, the algorithm guarantees to return
a feasible solution with minimum deviation as long as there
is a solution to the given CVEP problem.

Based on CVEP algorithm, we have the following SCVE
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Fig. 7. (a) A consistency graph; (b) NodeH has no child nodes. It is selected, and forms a path with one node H; (c) NodeK is selected. And it leads to
three pathsK−G−C−A, K−G−F andK−E. The first one includes more nodes. So it is selected; (d) The third path isF; (e) The forth path isE−D−B.

algorithm. SCVE algorithm performs as the second stage
of CVE algorithm since its input is the output of FCVE
algorithm, which is a feasible solution to the given CVE
problem. The target of SCVE is to reduce the total deviation.

Based on the consistency graph, each time we select a
path and apply CVEP algorithm to find the optimal solution
corresponding to the selected path. Once a path is processed,
all nodes along the path are marked “Processed” and their
positions are not changed any more. Since FCVE algorithm
traverses a consistency graph from top to bottom, and many
segments may be put on a position higher than their original
positions, SCVE algorithm selects paths from the bottom of a
consistency graph. For each path, the first nodeu must either
have no child or all of its children are marked. Then trace
up to its parents. If one of its parentsp has u as the only
unmarked child,p is selected. Continue this procedure until
no nodes satisfy the selection rule. Once a path is selected,
we treat all other nodes unchanged and apply the CVEP
algorithm. If there are several paths, we select the path with
the most number of nodes. Figure 7 illustrates an example.
Figure 7 (a) is a consistency graph. The node processing
starts from bottom to top. At the very beginning,H and K
have no child nodes. Then select one of them. SupposeH
is selected. Then considerH ’s parentG. G has a childK.
So the path stops. The first path contains one nodeH. After
processingH, it is marked asProcessed. Then considerK.
Similarly, we get three pathsK −G−C−A, K −G−F and
K −E. The first path includes more nodes and it is selected.
Repeat this process until all nodes are processed. Note that
the coupling capacitance of each possible position of a signal
wire segment is also affected by other segments which are
not incident on the path. Finally, SCVE algorithm itself can
be used independently to improve the coupling capacitance
violations locally. But still, the solution is affected by path
selection, and it doesn’t guarantee to return a feasible solution
although one may exist.

Algorithm SCVE()
1. Set all nodes in consistency graph “UnProcessed”
2. While( ∃ “UnProcessed” nodes)
3. Select a path P from the consistency graph
4. Apply CVEP algorithm on P
5. Mark all nodes on P as “Processed”

V. OPTIMIZATION

CVEP algorithm is the kernel part of SCVE algorithm.
However, the number of possible positions of wire segments
may be quite large and it makes SP graph include a lot of
nodes and edges, which requires not only much memory but
also long running time. In order to speed up the execution, we
develop the following optimization strategies.

A
i


(a)
A
i


(b)

Fig. 8. (a)Ai is a wire segment and it has 12 available positions. (b) Every
three nodes are clustered as a “super-node”.

A. Node Clustering

When the deviation of a wire segment is large, the cor-
responding FSP graph and SP graph must include a large
number of nodes. In order to facilitate the process of huge
CVEP problems, we propose the following node clustering
method to speed up the computation.

For any wire segmentAi, suppose the number of its possible
positions is M. By grouping neighbor positions together,
we can greatly reduce the number of nodes in FSP graph,
consequently reduce the size of SP graph. Once several nodes
are grouped together, we can use the average coordinate as
the location of the new “super-node”. Figure 8 illustrates an
example.Ai includes 12 feasible positions. When clustering
3 nodes as a “super-node”, there are only 4 “super-nodes”.
Accordingly, the size of SP graph can be greatly reduced.

B. Edge Omitting

The construction of SP graph̄G is based on FSP graphG.
During the transformation from FSP graph to SP graph, if we
know that some edges will not appear in the final solution,
then these edges can be omitted in SP graph. Therefore, the
target of this optimization strategy is to identify this kind of
edges.

Suppose a pathP = (A1, ...,An) is the input of a CVEP
problem, whereAi(i = 1, ...,n) is a wire segment. LetAi =
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Fig. 9. (a) FSP graph of a CVEP problem.p is a feasible position ofAi−1.
(b) SP graph of the CVEP problem.

(xi
1,x

i
2,yi,wi,ci,di), and its FP-range be[Vi,Ui]. For conve-

nience, we call a position is a feasible position ofAi if it
is not occupied by any power rail, and itsy-coordinate falls
in [Vi,Ui]∩ [yi −di,yi + di]. For a feasible positionp of Ai−1,
suppose there is one edgee connecting top either from s
or a feasible position ofAi−2 as illustrated in Figure 9 (a).
In (a), Ai includes 7 feasible positions.e connects top and
p connects to all feasible positions ofAi. Based on this FSP
graph, the corresponding SP graph is Figure 9 (b), assuming
(e,ei) (i = 1, ...,7) satisfies the coupling capacitance constraint.
However, some of these edges may not be needed.

Supposeq is the lowest feasible position ofAi+1. Let Bu =
min{q− 2s−wi −wi+1,q−D−wi −wi+1}, where 2s is the
minimum spacing between two segments and if the distance of
two segments is larger thanD, there is no coupling capacitance
between the two segments. Also letBl = max{p + 2s + wi +
wi−1, p + D+ wi + wi+1}. Then we have the following cases.

Case 1. Bl ≤ yi ≤ Bu

Let r = min{yi −Bl,Bu − yi}. Start fromyi, and
search within[yi− r,yi + r]. If yi is occupied by power rails,

checkyi −1, yi +1, yi −2, yi +2 ... until a feasible positionu
is found or it is out of the range. Ifu is found, then only one
edge is needed in the SP graph, i.e., connecting the two nodes
corresponding toe and (p,u) in the FSP graph. In Figure 10
(Case 1), a feasible positionu is found in the range and only
one edge(e,e5) is needed in SP graph.

Consider other feasible positionsv of Ai. Given an optimal
solutionS of a CVEP problem, suppose positionsp, v andw
(w is a feasible position ofAi+1) are selected forAi−1, Ai and
Ai+1, respectively. Thenp, u andw are also feasible positions
of the three wire segments since the coupling capacitance of
(p,u) and (u,w) is zero. However,u is the closest feasible
position toyi and it has the least deviation among all feasible
positions ofAi. Therefore, a solution withp, u and w as the
positions ofAi−1, Ai andAi+1 should have less deviation. But
this contradicts thatS is an optimal solution.
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(Case 1) (Case 2) (Case 3)

Fig. 10. (Case 1)u is the closest feasible position toyi in [yi − r,yi + r]
where r = min(yi −Bl ,Bu − yi). Only one edge(e,e5) is needed in the SP
graph. (Case 2)u is a feasible position in[Bl ,Bu], andyi is the only feasible
position in(Bu,2yi−u). Edges(e,e3), (e,e4) are added. (Case 3)u is a feasible
position in[Bl ,Bu], and there are two feasible positions in(2yi −u,Bl). Three
edges(e,e3), (e,e4) and (e,e6) are added.

Case 2. Bl ≤ Bu ≤ yi

Start fromBu, and search within[Bl,Bu]. If Bu is occupied
by power rails, then checkBu −1, Bu −2 ... until a feasible
positionu is found or it is out of the range. Ifu is found, then
add edges(e,(p,u)) and (e,(p, ū)) where ¯u ∈ (Bu,2yi − u).
As illustrated in Figure 10 (Case 2), the feasible position in
(Bu,2yi−u) is yi. Therefore, only two edges(e,e3) and(e,e4)
are added in SP graph.

As to other feasible positionsv of Ai, it must be outside
the range[u,2yi − u). If p, v and w (w is a feasible position
of Ai+1) are selected for wire segmentsAi−1, Ai and Ai+1,
respectively in a solutionS, there must exist a solution̄S with
less total deviation. In̄S, the positions of all segments are the
same as those inS except thatAi is placed atu instead ofv.

Case 3. yi ≤ Bl ≤ Bu

Start from Bl , and search within the range[Bl,Bu]. If Bl

is occupied by power rails, then checkBl +1, Bl +2 ... until
a feasible positionu is found or it is out of the range. If
u is found, then add edges(e,(p,u)) and (e,(p, ū)) where
ū ∈ (2yi − u,Bl). As shown in Figure 10 (Case 3), there are
two feasible positions in(2yi−u,Bl). Therefore, edges(e,e3),
(e,e4) and (e,e6) are added in SP graph.

If the conditions in the above three cases are not satisfied,
then just connect nodes in the original way.

VI. EXPERIMENTAL RESULTS

Our algorithms were implemented in C++ on PC (733MHz)
with 128M memory. We tested CVE algorithms for four test
files. These circuits were derived from industry files. The
technology is 130nm, and the metal layers areM6. For all
of the test circuits, the allowable deviation of each signalwire



IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. XX, NO. Y, MONTH 2005 8

TABLE I

TESTRESULTS OFCVE PROBLEM

File N3 S6 M8 F10
ECO Region Area(um2) 4908.92x3295.52 3295.52x4908.92 10872.90x4799.54 4799.54x10872.90

Signal Segments 1610 2098 1266 726
Power Rail Segments 166 1128 631 747
Sensitive Segments 1439 1868 1085 627
Violation Segments 649 676 343 162

Max Coupling Capacitance / Bound 215% 215% 215% 215%
Allowable Deviation 2% 2% 2% 2%

Node Clustering for CVE 10 9 30 80

Test Results
Max Deviation 0.34% 0.36% 1.24% 0.86%

Violation Segments 0 0 0 0
Time FCVE 2 4 11 1

(second) SCVE 33 55 88 28

Total FCVE(um) 11925.20 23294.40 57955.50 52293.80
Deviation SCVE(um) 2378.33 6224.76 11270.80 8936.27

FCVE/SCVE 19.94% 26.72% 19.45% 17.09%

segment is bounded as 2% of the height of the ECO region
area. After applying the FCVE algorithm, we can find clean
routing solutions for all four files, and the max deviations are
much smaller than the given bound. Then based on the output
of the FCVE algorithm, we use SCVE to further improve the
total deviation. The test results in table I show that SCVE can
greatly reduce the total deviation. For three of the four test
cases, the total deviation is reduced to less than 20% of the
original total deviation.

TABLE II

OPTIMIZATION FOR TEST FILE F10

Node Total Time (second)
Clustering Deviation No Edge-Omitting Edge-Omitting

40 8829.97 115 90
50 8859.34 72 57
60 8889.58 51 41
70 8912.60 39 33
80 8936.27 32 28

Moreover, we tested the optimization strategies on the test
file F10. Table II shows the test results of different granularity
of node clustering. When more nodes are clustered as a “super-
node”, the running time is much shorter although the total
deviation is a little larger. At the same time, the experimental
results show that edge omitting optimization strategy is also
very effective in reducing the running time.

VII. C ONCLUSION

In this paper, we present a two-stage algorithm to solve the
CVE (Coupling-capacitance Violation Elimination) problem.
The first stage processes signal wire segments one by one and
tries to find a clean routing solution. Then efforts are made in
the second stage to minimize the total deviation. Furthermore,
in order to facilitate the process of huge problems, we propose
efficient optimization strategies to speed up the execution. Ex-
perimental results demonstrate the efficiency and effectiveness
of our approach.
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