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Abstract
Design ECO commonly happens in industry due to constraints or
target changes from manufacturing, marketing, reliability, or per-
formance. At each step, designers usually want to modify the ex-
isting solution incrementally and keep the design as close as possi-
ble to the existing one. In this paper, we address the PSO (Power
rail - Signal wire Overlap) problem which solves overlaps between
power rails and signal wires due to the changes in power rail design
on the top layer of a multiple layer routing region. PSO problems
are frequently caused by changes from power delivery system or
package design. The new routing solution satisfies the following
constraints: 1) Keep the routing of power rails in the new design
unchanged. 2) Only the routing of the top two layers is changed.
3) Horizontal (vertical) signal wire segments on the top layer can
only move up/down (left/right). At the same time, the new rout-
ing solution keeps the routing pattern unchanged. This requires: a)
If one end point of a horizontal (vertical) wire segment on the top
layer is a fixed pin, this segment can not move. b) If vertical (hori-
zontal) projections of two horizontal (vertical) signal wire segments
have overlaps, then the up/down (left/right) relationship should not
be changed. c) If two horizontal (vertical) segments belonging to
different nets are on the same track, their left/right (up/down) re-
lationship should not be changed as long as the two segments still
exist in the new solution. 4) For each signal wire segment, the devi-
ation (i.e., the difference between its new position and the old one)
should not exceed the user-defined allowable deviation bound. Dif-
ferent bounds can be set on different segments. We propose two
algorithms to solve the PSO problem. Both algorithms guarantee to
find a feasible solution as long as one exists. One is faster, while
the other makes effort to minimize the total deviation as well as the
max deviation. According to time and quality requirements, users
can choose an appropriate algorithm to solve the problem. For a
set of industrial test circuits, we were able to remove all overlaps
between power rails and signal wires with minimal wire deviation.

1. Introduction
In ECO (Engineering Change Orders), a design need go through
many changes[1, 5] due to constraints or target changes from man-
ufacturing, marketing, reliability or performance. At each step, de-
signers usually want to modify the existing solution incrementally
and keep the design as close as possible to the existing one. In this
paper, we address the PSO (Power rail - Signal wire Overlap) prob-
lem and propose two algorithms to solve it. PSO problems are usu-
ally caused by design changes in power delivery or package - both
can be requested from performance, noise, reliability, or marketing
considerations. An efficient and graceful solution to PSO is very
important due to design constraints and tight schedules during the
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late ECO stages. For most high-performance VLSI design where
mesh power rails are used to provide dense power supply for better
signal integrity, the most upper metal layer can be changed due to
different reasons such as current consumption requirement changes,
package connection changes when the low resistance highest metal
are used to deliver power, local routing ECO changes, etc. For most
circuits at ECO stage, it is important to minimize disturbance upon
the existing converged design while implementing ECO requests.
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Figure 1:M5 is presented by solid lines; dotted lines are forM�4.
(a) Due to the introduction of the new power railsP1 andP2 onM5,
some horizontal signal wire segments onM5 overlap withP1 and
P2. (b) A feasible PSO solution. (c) A solution with P-constraint ,
track consistency and order consistency violations.

Informally, the PSO problem can be described as follows. On
a multiple layer routing region with fixed power railsP on the top
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layer, there is a clean signal wire routing design which has no wire
separation violations. Now a new design of power railsP̄ on the
top layer is adopted to replace the existing oneP. Some power
rails in P̄ may overlap with signal wires or the horizontal/vertical
spacing between two wire segments is less than the wire separation
requirement. Without lost of generality, we assume the multiple
layer routing design is in HVHVH style. We refer to the top layer
asM5 and the second top layer asM4. M5 is used for horizontal
tracks andM4 is for vertical tracks. Figure 1 shows an example.
We use solid horizontal lines to present the top layerM5 routing,
and doted lines are forM4 routing. Segments of different nets may
have different widths. Due to the introduction of the new power
rails P1 andP2 (the shadow area), some segments onM5 overlap
with P1 andP2.

Our purpose is to find a new clean routing solution without wire
spacing violations. At the same time, we hope to keep the topology
of new routing solution as close as possible to that of the original
one. Thus four constraints are set: 1) Keep the routing of power
rails in the new design unchanged. This is required by the prob-
lem itself. 2) Only the routing of the top two layers is changed.
The changes on the top layerM5 may cause changes onM4. How-
ever, the changes should not propagate to all layers. By treating all
connections toM4 from lower layers as fixed pins, the changes can
be restricted to the top two layers. 3) Horizontal signal wire seg-
ments on the top layerM5 can only move up/down. At the same
time, keep the routing design pattern unchanged. This requires: i)
If one end point of a horizontal (vertical) wire segment on the top
layer is a fixed pin, this segment can not move. This kind of seg-
ments is called “P-segment”. And its unmovable property is called
“P-constraint”. Since pins onM4 may connect to bothM5 andM3,
keep all pins onM4 fixed and they are treated as a vertical wire
segment with a length of zero so that there is no influence to lower
layers. In Figure 1, fixed pins are denoted by a solid dot. But some
pins onM5, which are end points of horizontal segments, are al-
lowed to move with the corresponding horizontal segments. They
are unfixed pins and they are presented by tiny squares. In Figure
1, horizontal segmentb is a P-segment and can not be moved like
Figure 1 (c). ii) If vertical (horizontal) projections of two horizon-
tal (vertical) signal wire segments have overlaps, then the up/down
(left/right) relationship should not be changed. This is called ”order
consistency”. For example, in Figure 1 (c), horizontal segmente is
above f while in the original design,e is below f . So this violates
order consistency. iii) If two horizontal (vertical) segments belong-
ing to different nets are on the same track, their left/right (up/down)
relationship should not be changed as long as the two segments still
exist in the new solution. This is called “track consistency”. In Fig-
ure 1 (c), vertical segmentc0 is belowd0 while c0 should be above
d0 to maintain track consistency. 4) For each signal segment, the
deviation (i.e., the difference between its new position and the old
one) should not exceed the user-defined allowable deviation bound
so that local changes are confined. Different bounds can be set on
different segments.

For the given new design of power rails̄P, does there exist a
clean routing solution satisfying the above constraints? If there is
a solution, how to find one? For Figure 1, (b) gives a clean routing
solution.

As we notice that, once a segment is moved, it may overlap with
some signal wire segments. Consequently these signal segments
have to be moved, which may cause overlaps with other segments,
etc. In Figure 1 (b), the move-up ofa causesg to move up too.
Further, the movement of wire segments on the top layer may make
some segments onM4 become longer/shorter and introduce over-
laps onM4.

Note that our problem is significantly different from the overlap

removal problem in macro-cell placement [2, 3, 4]. When macro
cells are placed based on analytical techniques (e.g., force-directed
placement, quadratic placement), there are overlaps between the
macro cells. A clean-up phase is needed to shift the macro cells
to remove all overlaps. However, PSO problem is significantly
more difficult since moving the horizontal wire segments onM5
also changes the vertical wire segments onM4.

In this paper, we first give the definition of PSO (Power rail -
Signal wire Overlap) problem in section 2. In section 3, we give
the definition ofFP-Rangeand prove that if all segments move in
theirFP-Rangeas well as keeping order consistency and horizontal
wire separation in the new routing solution, it satisfies the verti-
cal wire separation requirement as well as track consistency and P-
constraint. On the other hand, if a solution of a PSO problem exists,
the new position of each segment must be in its FP-Range. In sec-
tion 4, we discuss the construction of the consistency graph. Based
on FP-Range and consistency graph, we propose two polynomial-
time algorithms PSO-H and PSO-G to solve PSO problems in Sec-
tions 5 and 6 respectively. Both algorithms guarantee to find a clean
routing solution as long as one exists. PSO-H is faster than PSO-G,
but PSO-G makes effort to minimize the total deviation. We show
the experimental results in section 7 and conclude the paper in sec-
tion 8.

2. PSO (Power rail - Signal wire Over-
lap) Problem

A multiple layer routing region is 3-dimensional. For convenience,
we call the 3 dimensions asx, y andz dimension. Each layer is an
x-y dimensional plane, wherex-axis goes horizontally andy-axis
goes vertically. For convenience, let the coordinate of its bottom
left corner be(0;0), andW andH be the width and the height of
the routing region respectively. In most existing high-performance
chips, each layer has its specific track orientation in either horizon-
tal or vertical and its design rule which specifies minimum width
and separation of wires. Lets be the half minimum wire separa-
tion of a metal layer. To simplify the presentation, suppose the wire
separation requirement is 2s for both M4 andM5. The algorithms
proposed in this paper can be easily extended to handle different
wire separations for different layers.
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Figure 2: Wire separation requirement illustration.

For a horizontal segment, it can be presented by(x1;x2;y;w)
where(x1;y) and(x2;y) are the end point coordinates of the cen-
ter line (x1 < x2), andw is the half-width of the segment. Simi-
larly, a vertical segment can be presented as(y1;y2;x;w). For any
two horizontal segments(x1;x2;y;w) and(x0

1;x
0

2;y
0;w0) (x2 < x0

1),
if (x1�s;x2+s)\ (x0

1�s;x0

2+s) 6= φ, jy�y0j � w+w0 +2s must
hold; also if(y�w� s;y+w+ s)\ (y0 �w0 � s;y0 +w0 + s) 6= φ,
jx2�x0

1j � 2s. The similar rule applies to vertical segments. Figure
2 gives an example of three horizontal segments. We say a routing
solution is a clean solution if it has no overlap or wire separation
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violations. Sometimes, we can simplify the presentation. For ex-
ample, if we do not care the width of a horizontal segment, it is
presented by(x1;x2;y).

Given a clean routing solutionS with N signal nets, there are
P power rails on the top layerM5. Also each signal segment is
associated with a non-negative numberd called allowable devi-
ation bound, i.e., for a horizontal segment(x1;x2;y;w), when it
moves up/down, its new position(x1;x2; ȳ;w) should satisfy that
jȳ� yj � d. Now if this designP is replaced by a new power rail
designP̄, the wire separation requirement might not be satisfied any
more. How to modify the existing routing solutionSso that the new
routing solutionS̄ is a clean routing solution as well as satisfying
the following constraints?

1. The power rails̄P on the top layer are not changed.

2. Only the routing of the top two layersM4 and M5 can be
changed.

3. Horizontal signal wire segments on the top layer can only
move up/down, i.e., thex-coordinate of the two end points
of the segment keep unchanged. This is called “Shift move-
ment”.

4. The difference between the new position of a wire segment
and its old location should not exceed its allowable deviation
boundd.

5. If an end point of a signal wire segment on the top layer is a
fixed pin, it is called “P-segment” and can not be moved. This
property is called “P-constraint”. All pins on lower layers are
fixed pins and treated as as a vertical wire segment with a zero
length.

6. Suppose any two horizontal signal wire segments onM5 (x1;
x2;y) and(x0

1;x
0

2;y
0) (assumey> y0) have new positions(x1;

x2; ȳ) and (x0

1;x
0

2; ȳ
0) in the new routing solution̄S respec-

tively. If (x1� s;x2 + s)\ (x0

1� s;x0

2 + s) 6= φ, ȳ > ȳ0 must
hold. This property is called “order consistency”.

7. If two vertical signal wire segments(y1;y2;x;w) and(y0

1;y
0

2;
x0;w0) (assumey2 < y0

1) belonging to different nets on the
same layer satisfy(x�w� s;x+w+ s)\ (x0 �w0 � s;x0 +
w0 + s) 6= φ, then in the new design̄S, if the two segments
still exist, y2 < y0

1 holds. This property is called “track con-
sistency”.

3. FP-Range (Fixed-Pin-decided Range)
In a PSO problem, since the original power rail designP is replaced
by P̄, we can just ignoreP and simplify the problem as solving the
overlaps between power rails and signal wire segments onM5 as
well as satisfying all of the constraints.

If we arbitrarily move one horizontal signal wire segment up or
down, not only overlaps between horizontal segments onM5, but
also vertical overlaps onM4 may be introduced. For example, in
Figure 5(b), if horizontal segmentd moves up, it overlaps withc.
On the other hand, ifa moves down, the vertical segmentsa0 andb0

onM4 overlap with each other.
In this section, we discuss how to avoid vertical segment over-

laps. The following theorem provides a rule of moving horizon-
tal signal wire segments without introducing vertical wire separa-
tion violations. Also the theorem proves that if a horizontal signal
wire segments moves out its FP-Range, at lease one of the mov-
ing requirements, i.e., order consistency, track consistency, or P-
constraint, or wire separation requirement, does not hold any more.
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Figure 3: (a) A PSO problem; (b) Overlaps: vertical segmentsa
andc onM4; and horizontal segmentsb andd onM5

To simplify the presentation, we neglect the widths of wire seg-
ments. It’s easy to incorporate it into the following theorem. Each
item is presented by itsxy-coordinates, e.g., one segment is pre-
sented as(x1;x2;y) and one of its end point is denoted as(x1;y).
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Figure 4: FP-Range illustration. (The tiny squares are fixed pins.)

Suppose the wire separation requirement is 2s. A horizontal
wire segmentR= (x1;x2;yr) on M5 belongs to netnr . And its two
end points arer1 = (x1;yr) andr2 = (x2;yr). If R is a P-segment, it
can not be moved. Its movable range is[yr ;yr ]. Otherwise, calculate
two pin setsP̃ andQ̃. If r1 is a unfixed pin,P̃= φ; otherwise letP̃
be the set of fixed pins whosex-coordinate falls in(x1�2s;x1+2s)
and do not belong to netnr . Also if r2 is a unfixed pin,Q̃ = φ;
otherwise letQ̃ be the set of fixed pins whosex-coordinate fall in
(x2�2s;x2 +2s) and do not belong to netnr . Let U = minffy�
2sjy2 P̃[ Q̃^ y� yrg

S
fH �2sgg andV = maxffy+2sjy 2 P̃[

Q̃^y� yrg
S
f2sgg. The range[V;U ] is called “FP-Range”. Figure

4 shows the FP-Range of a horizontal segmentR. As we notice
that, if a vertical segment is created or becomes longer/shorter, it is
caused by the end points of a horizontal segment. Therefore vertical
overlap or vertical wire separation violation is only related to the
end points of horizontal segments. When movingR up/down, the
pins or segments in the shadow area can not create vertical overlaps
with R.

For any two end pointsa andb on layerM4, suppose their coor-
dinates are(xa;ya) and(xb;yb) respectively. And in a new routing
solution, their positions are(xa; ȳa) and(xb; ȳb) respectively.

Lemma 1. Let all horizontal segments on the top layer M5 move
up/down within their FP-Ranges[V;U ] and satisfy horizontal wire
separation requirement and order consistency. For any two end
points a and b on M4, if jxa�xbj � 2s, then ifȳa� ȳb, jȳa� ȳbj � 2s
and ya � yb.

Proof: Each end point of a wire segment is a pin or it is con-
nected to the other layer through a via. Due to the shift movement of
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horizontal segments, some vertical segments are created and some
disappear. If a vertical segmentT = (y1;y2;xt) is created when a
horizontal segment moves up/down, one end point ofT must be a
pin on M4. Suppose the pin locates at(xt ;y1). SinceT does not
exist in the original design, we letT ’s end points correspond to the
end points of a empty vertical segmentE = (y1;y1;xt), which con-
nects toT through a via. In this way, for each end point in the new
design, we can find its corresponding end point in the original one.

For convenience, if an end point is an end point of a horizontal
segment or it is connected to a horizontal segment through a via, we
call this kind of end points “turning point”; otherwise, it is called
“fixed point”. If an end point is a turning point in the new design,
it must be a turning point in the original one since horizontal seg-
ments only move up/down. For a fixed point, there is no horizontal
segments onM5 connecting to it. So it must be a fixed pin onM4
or connected to a fixed pin onM5 through a via. Therefore, the
location of a fixed point is not changed in the new design.

There are 4 cases:

1. Botha andb are fixed points.ya = ȳa andyb = ȳb. Obviously,
if ȳa� ȳb, ya � yb. Also in the original design,jya�ybj � 2s,
therefore,jȳa� ȳbj � 2s.

2. a andb are both turning points. They are connected to hori-
zontal segments through vias. Supposea andb correspond to
horizontal segmentsA andB respectively. Since ¯ya � ȳb, A
is aboveB in the new routing solution. Also the shift move-
ments ofA andB stick to ”order consistency” as well as satis-
fying horizontal wire separation requirement, sojȳa� ȳbj �
2s, andA must be aboveB in the original routing solution.
Thusya � yb.

3. a is a fixed point andb is a turning point. b must be con-
nected to a horizontal segment through a via. Let the hor-
izontal segment beB. Sincea is fixed, ȳa = ya. Suppose
ya < yb. According to the calculation ofB’s FP-Range[V;U ],
ya < V. FromV � ȳb, ya < ȳb, i.e., ȳa < ȳb. This contra-
dicts with our assumption that ¯ya � ȳb. Therefore,ya � yb.
SincePv is a fixed pin, andya � yb, we knowya �U +2s>
U � ȳb according to the calculation of FP-Range. Therefore
jȳa� ȳbj � 2s.

4. a is a turning point andb is a fixed point. The proof is similar
to case (3).{

Theorem 1. If all horizontal segments on the top layer M5 move
up/down within their FP-Ranges[V;U ] and satisfy horizontal wire
separation requirement and order consistency, the new routing so-
lution has no vertical wire separation violation as well as satisfying
track consistency and P-constraint. On the other hand, if one hori-
zontal segment moves out of its FP-Range, order consistency, wire
separation or track consistency or P-constraint violation is intro-
duced.

Proof: First, we prove that if all horizontal segments move
within their FP-Ranges as well as maintaining order consistency
and horizontal wire separation, no violation of P-constraint or track
consistency or vertical wire separation is introduced. (If two seg-
ments have wire separation violation, we also say they are over-
lapped.)

If a horizontal segment is a P-segment, its FP-Range makes it
unmovable and causes no changes to the new routing solution. If
both end points of a horizontal segment are floating pins, it can be
moved up/down freely and causes no changes toM4.

From Lemma 1, we know the relative positions of end points
from different nets are not changed in the new design. Therefore,

the track consistency is kept. Obviously, the P-constraint is satis-
fied. We only need to prove that if horizontal segments move within
their FP-Range[V;U ] as well as keeping order consistency and hori-
zontal wire separation, no vertical segment overlaps are introduced.

Suppose this claim does not hold. Then there exists a horizon-
tal segmentA = (x1;x2;a) whose new position(x1;x2; ā) falls in
its FP-Range[V;U ], and it causes overlaps between two vertical
segments(ā; b̄) and(c̄; d̄) on M4 in the new routing solution. (We
usey-coordinates to denote a vertical segment.) The two segments
must belong to two different nets since overlap only occurs between
two different nets. Suppose the two vertical segments in the orig-
inal design is(a;b) and(c;d). They could be an empty segment.
(For example, if no vertical segments are connected toA at (x1;a)
through a via,(x1;a) is a pin onM4. (ā; b̄;x1) is a new segment
andb̄ = a. Let it correspond to an empty segment(a;a;x1) in the
original design.) Without lost of generality, suppose ¯a� c̄. Then
their positions can be classified into 3 cases as shown in Figure 5.
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d
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Figure 5: Three cases of vertical overlaps.

1. jb̄� c̄j< 2s, this case does not hold according to Lemma 1.

2. ā� c̄� b̄� d̄. According to Lemma 1, we can conclude that
a� c� b� d.

i) a 6= b and c 6= d. (a;b) and (c;d) are vertical segments
in the original solution. But this contradicts the fact that the
original one is a clean solution.

ii) a= b= c= d. (a;b) and(c;d) are empty segments, sup-
pose they are created from fixed pinsPa andPc respectively.
SincePa andPc belong to different nets,Pa andPc have to
be on different layers. SupposePa is onM5 andPc is onM4.
ThenPa is an end point of a horizontal segmentA. However,
A is a P-segment and can not be moved, therefore(a;b) can
not be created.a= b= c= d does not hold.

iii) a= b= c< d. (c;d) is a vertical segment in the original
design,Pa must be onM5 above(c;d). Therefore,A is a P-
segment, and the edge(a;b) can not be created.a=b= c< d
does not hold.

3. ā� c̄� d̄� b̄. According to Lemma 1, we can conclude that
a� c� b anda� d � b. Still this case does not hold. The
proof is similar to case (2).

Thus we have proved that no vertical overlaps, track consistency
and P-constraint are introduced in the new design.

On the other hand, if a horizontal segment moves out its FP-
Range, the constraints, i.e., order consistency, track consistency,
P-constraint, wire separation, do not hold any more.

Suppose one horizontal segmentA = (x1;x2;ya) moves out its
FP-Range[V;U ] and all of the constraints still hold. Without lost
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of generality, assumeA moves belowV to (x1;x2; ȳa). If A is a P-
segment, it can not be moved. ThusA can not be a P-segment. Also
if both of A’s end points are floating pins,V is 2s andA can not go
belowV. Therefore, we assume at least one end pointa of A is not
a pin, i.e.,a connects to a fixed pin onM4 through a via or a vertical
segmentB through a via. Suppose this end point isa= (x1;ya) and
its new position is ¯a = (x1; ȳa). Also supposeV is decided by a
pin Pv below A and itsx-coordinate falls in(x1�2s;x1 +2s). For
convenience,Pv also denotes itsy-coordinate. Further we may refer
to a horizontal segment as itsy-coordinate.

1. Pv � Ā <V. If Pv is onM5, it has wire separation violation
with Ā. ThusPv is onM4. However, ifa connects to a fixed
pin p on M5 through a via,Pv has wire separation violation
with p. If a connects to a vertical segmentB through a via,Pv
has wire separation violation withB. Therefore,Pv � Ā<V
does not hold.

In the following cases, we supposēA< Pv.

2. a connects to a fixed pinp through a via. WhenA moves
down, a new vertical segmentB is created connectinga and
ā. If Pv is on M4 or it has connection toM4 through a via,
it overlaps withB. If Pv is onM5 and have no connection to
M4, Pv must be an end point of a horizontal segmentC̄ in the
new design and̄C is above thēA. So in the original design,C
is aboveA andC is connected to a vertical segmentB. Then
B must overlaps withp. Therefore, this case does not hold.

3. a connects to a vertical segmentB through a via.

i)Pv is onM4.

(a) Pv is connected to a horizontal segmentC through a via,
C is belowA in the original design. Let̄C beC’s new
position. To maintain order consistency,̄C is still be-
low Ā in the new design. Then there must be a vertical
segmentD connectingC̄ andPv. Ā is betweenC̄ and
Pv. Therefore,Ā can not have connections toM4, i.e.,B
disappears in the new design and ¯a must be a pin. Thus
in the original design,B connects ¯a anda through vias.
But Pv is betweena andā. This leads to contradiction.

(b) Pv has no connection toM5. Pv is an end point of a
vertical segmentD. If B still exists, it has to be above
D in order to keep track consistency andA can not be
belowPv. If B does not exist in the new design, it means
B connectsa and ā in the original design. ButPv is
betweena andā. This leads to contradiction.

ii)Pv is onM5.

(a) Pv is an end point of a horizontal segmentC. C is a P-
segment and can not be moved. Therefore,A can not go
belowPv in order to maintain order consistency.

(b) Pv is connected to a vertical segmentD through a via.
D must still exist in the new design. IfB still exists,
it has to be aboveD in order to keep track consistency
andA can not be belowPv. If B does not exist in the
new design, it meansB connectsa andā in the original
design. ButB andD have overlap in the original design.
This leads to contradiction.{

From the above discussion, we can conclude that each horizontal
segment must satisfy its FP-Range in the solution of a PSO prob-
lem. In other words, if we can not find a solution which make
all horizontal segments in their FP-Range as well as keeping order
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Figure 6: Illustration of the FP-Range calculation when the width
is taken into consideration.

consistency and horizontal wire separation, the PSO problem has
no solution.

Since the locations of fixed pins are fixed, the FP-Range of each
segment can be pre-calculated. And when searching for a solution
of a PSO problem, we only need to consider order consistency, hor-
izontal wire separation and FP-Range, and do not need to consider
M4 any more.

Suppose the number of fixed pins isNp. To calculate the FP-
Range of a segment, it takesO(Np). However, we can use a look-up
table to speed up the searching instead of checking all of the fixed
pins.

Given a routing region(W;H) (W andH could be quite huge),
claim a two-dimension array MAP[W=Rw, H=Rh], whereRw and
Rh are two positive numbers set by users. The elements of MAP are
a set of pins . A pin with location(px; py) is put in MAP[px=Rw,
py=Rh]. For any horizontal segment(x1;x2;y), we only need to
search MAP[(x1�2s)=Rw:::(x1+2s)=Rw; 0:::H=Rh] and MAP[(x2�
2s)=Rw:::(x2 + 2s)=Rw; 0:::H=Rh]. In this way, the running time
can be greatly reduced.

Also this theorem can take width into consideration. Suppose
pin width is the same as segment width. As illustrated in Figure
6, we only need to consider the fixed pins falling in the shadow
area. Also the[V;U ] bound should take the width of segmentA into
consideration, that is[V +wa;U �wa].

Further, this theorem can handle different spacing requirements
of different layers without any extra work. Lets5 ands4 be the half
minimum wire separation ofM5 andM4 respectively, and usually
the upper metal layerM5 has larger spacing requirement thanM4.
Since FP-Range is used to avoid vertical segment overlaps onM4
under the assumption of no horizontal overlaps onM5, if we uses4
to do calculate FP-Range, the theorem still holds.

4. Consistency Graph
From the theorem, we know that the influence ofM4 can be totally
reflected in FP-Range. Thus we only need to deal with horizontal
signal wire segments on the top layer.

An important property of PSO problem is to keep “order consis-
tency”. Given any two horizontal segmentsA = (xa1;xa2;ya) and
B = (xb1;xb2;yb), if (xa1� s;xa2 + s)\ (xb1� s;xb2 + s) 6= φ (2s
is the wire separation requirement), we define segmentsA andB
adjacent segments. According to order consistency, the relative po-
sitions of two adjacent segments should not be changed in the new
routing solution. A good way to present their relative positions is
to construct a directed graph “consistency graph”.

In the consistency graph, each node presents a horizontal signal
wire segment. (Without misunderstanding, we use the same nota-
tion for segments and nodes, and refer to a node as its corresponding
segment, vice versa.) For any two adjacent segmentsĀ andB̄, if Ā
is aboveB̄, there must exist a path from̄A to B̄.
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Figure 7: A routing solution of signal wires on the top layer.
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Figure 8: (a) Full connections of adjacent segments. (b) Consis-
tency graph.

One simple way to set up the consistency graph is to create an
edge for each pair of adjacent segments. Figure 7 gives a routing
solution of signal wire segments onM5. (Since we only consider
horizontal segments, the picture only shows the top layer.) Figure
8(a) is its corresponding graph. But in this graph, a lot of edges are
not necessary. For example, segmentA is aboveC andC is above
G, thus no necessary for edge(A;G).

For any two adjacent wire segmentsA= (xa1;xa2;ya) andB=
(xb1;xb2;yb), let [x1;x2] = [xa1� s;xa2 + s]\ [xb1� s;xb2 + s] and
(ya > yb). If there is no other segments overlapped with the rect-
angle(x1;yb;x2;ya) where(x1;yb) and(x2;ya) are the coordinates
of the bottom-left corner and up-right corner respectively, the two
adjacent segments are called close adjacent segments, and one edge
(A;B) is added. The rectangle(x1;yb;x2;ya) is called “clear box”
if no other horizontal segments have overlaps with it. In Figure 7,
the shadow areas are clear boxes. Figure 8(b) shows a consistency
graph by adding edges for each pair of close adjacent segments.

The construction of consistency graph can be summarized as
follows. Sh is the set of the horizontal signal wire segment on the
top layer and a segment with indexi is presented assi .

Function Consistency-Graph-Construction(Sh)
1. for each segment in Sh
2. create a node;
3.
4. for i=1 to jShj do
5. for j= i+1 to jShj do
6. if si and sj are close adjacent segments
7. then if si is above sj
8. then add edge(si, sj )
9. else add edge(sj , si)

For the consistency graphG, the number of nodes isjShj and the
number of edges is no more than 4jShj. Given any two horizontal
segmentsA andB, if there is an edge between them, there must be
a clear box betweenA andB. Thus each edge corresponds to one
clear box. However one end point of a horizontal segment belongs
to at most two clear boxes. Since there are totaljShj segments and
2jShj end points, the number of edges in the consistency graph is
bounded by 4jShj.

It takesO(jShj) to check if two segments are close adjacent seg-

ments, and the graph construction involves 2 loops. So its worse
case runtime isO(jShj

3). However if we use a look-up table to
record segments (similar to the pin look-up table in section 3), the
runtime can be greatly reduced.

5. The PSO-H Algorithm
To solve the PSO problem, we draw on the consistency graphG to
maintain the order consistency. For convenience, for any two nodes
A andB in G, if there is a path fromA to B, we sayA is B’s parent,
andB is A’s child.

Each time, select the nodes which have no parent nodes, and
move them to their highest available positions. These positions are
their new locations. Then remove these nodes from the graph. Re-
peat this process until no nodes are left.

For each segment, its available position is decided by its FP-
Range, allowable deviation bound, the distribution of power rails,
fixed pins onM5 and the positions of its parents. Let the wire
separation requirement be 2s. Suppose segmentA = (x1;x2;y;w)
has a FP-Range[V;U ] and an allowable deviation boundd. If A
moves in the range[V;U ]\ [y�d;y+d], vertical wire separation,
track consistency and P-constraint are satisfied according to Theo-
rem 1. Obviously, the deviation bound is also satisfied. Also each
nodet records a valueUbound. Ubound= minfyr �2s�wr jyr is
the y-coordinate of at ’s parent node andwr is its width g. Thus
if A moves in the range[0;Ubound�w], the order consistency
and horizontal signal wire separation are guaranteed. Let[V̄;Ū ] =
[V;U ]\ [y�d;y+d]\ [0;Ubound�w]. If no power rails fall in the
rectangle region(x1�2s;Ū �w�2s;x2+2s;Ū +w+2s), trackŪ
is the new position of the signal wire segmentA. Otherwise, sup-
pose a power rail segmentP = (xp1;xp2;yp;wp) has overlap with
the rectangle region, let̄U = yp�wp�w�2s. Repeat the checking
until a suitable position is found or̄U < V̄. The latter means no so-
lution to the PSO problem. Further, since power rails are checked
segment by segment, the shorts of two power rail segments have no
effect on the calculation. For fixed pins onM5, they are handled
similar to power rails.

PSO-H Algorithm can be summarized as follows.Sh is the set
of horizontal signal wire segments,P is the power rail set,R is the
set of fixed pins,D records the allowable derivation bound for each
segment. For each nodet, itsUboundis denoted as t.Ubound.

Algorithm PSO-H(Sh, P, R, D)
1. G = Consistency-Graph-Construction(Sh);
2. Calculate the FP-Range for each node;
3. Calculate [FP-Range] \ [allowable deviation];
4. Push all nodes without parent nodes into a List L;
5. For all nodes t in L , t:Ubound= H;
6.
7. While L 6= φ do
8. Remove a node q from L;
9. Calculate q’s new position;
10. If no position is found, return ”No Solution”;
11. Update q’s child nodes’ Ubound;
12. Delete q from G;
13. Push the nodes without parent nodes into L;
14. end

In this algorithm, each time we always put a horizontal segment
to its highest available position. This leaves more room for other
segments since once one segment is processed, its location is fixed
and other segments below it can not take the places above it. If we
arbitrary assign a position in the available position, some segments
may have no place to put.

In the calculation of available positions, FP-Range, deviation
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bound and the distribution of power rails are decided by the prob-
lem itself. If no range satisfies these three constraints, no solution.
On the other hand, if the problem has a solution, the position of
each signal wire segment in this solution must fall in the range of
the available position obtained in PSO-H since PSO-H always puts
segments to their highest available positions, therefore PSO-H guar-
antees to find a solution as long as one exists.

To construct the consistency graph, it takesO(jShj
3). The calcu-

lation of FP-Range may takeO(jRjjShj). For the while loop, it has
jShj round. In each round, checking the intersection of power rails
and fixed pins onM5 may takeO(jPj+ jRj). To updateUbound,
each edge is visited only once for the whole loop. Since the number
of edges is no more than 4jShj, the runtime for PSO-H isO(jShj

3+
jShjjRj+ 4jShjjPj+ 4jShjjRj). Still, we can set up loop-up tables
for pins, signal wire segments and power rails so that the searching
time can be greatly reduced.

Theorem 2. Given a PSO problem, PSO-H algorithm guaran-
tees to find a feasible solution in polynomial time as long as one
solution exists.

6. PSO-G Algorithm
In Section 5, we propose an algorithm PSO-H to solve PSO prob-
lem. In that approach, all horizontal signal wire segments are put
to their highest available positions. Surely for some segments, this
is not necessary. And in many applications, we hope to make the
changes as little as possible. So in this section, we propose another
algorithm PSO-G which tries to reduce the total deviation. The
“total deviation” is defined as the sum of the deviations of all hor-
izontal segments. Also we define the node overlapped with power
rails as Onode; if an Onode overlaps a power railP̂, and it has no
parent nodes overlapped witĥP, the node is called URnode; Sim-
ilarly, if an Onode has no child nodes in the same power rail, the
node is called DRnode. And a Rnode refers to either a URnode or
a DRnode.

A B
C E D

F

Figure 9: Illustration of Onodes/Rnodes. The shadow area is a
power rail. All segments inside are Onodes.A, B andD have no
parent nodes in this power rail. ThusA, B andD are URnodes.F
andD have no child nodes in this power rail. They are DRnodes. A
node can be both URnode and DRnode, likeD.

Here are two observations:

1. Given a routing solutionT , one solutionT 0 is obtained by
moving one Onodeq outside power rail̂P. To minimize the
total deviation, the spacing between the new position ofq and
P̂ must equal to the wire separation requirement.

2. Given a routing solutionT , one solutionT 0 is obtained by
moving an Onodeno which is not a Rnode outside power
rails. Then there must be another solutionT 00 which is ob-
tained by moving a Rnode outside power rails such that the
total deviation ofT 00 is less than that ofT 0. This is because
no has at least one parent and child in the same power rail.
If no moves outside the power rail, it forces its parent/child
nodes to move outside power rails in order to keep order con-
sistency. Therefore, moving ano’s parent/child node outside
power rails leads to less total deviation. In Figure 9, the total
deviation for moving the segmentE must be larger than that
for movingB or F .

Based on the two observations, we propose the PSO-G algo-
rithm. In PSO-G, we need to search the graph in both directions(to
parent nodes and to child nodes). To facilitate searching, another set
of edges is added. If there is an edge(a;b) in G, add an edge(b;a).
To separate the two sets of edges, assign a color “black” to the orig-
inal edges and “white” to newly added edges. If a node searches for
its parents, use white edges; if it searches for child nodes, use black
edges.

First, we assign a cost to each Rnoder. Supposer is a URn-
ode. If r is moved outside the power rail, the new position ofr
may overlap with other segments or it is above its parents’ position.
Then the affected signal segments are forced to move up accord-
ingly. The cost of a Rnoder is the total deviation caused by moving
r outside power rails. Sincer is a URnode, the affected segments
can only be its parents. Let the noder be the starting point. Using
BFS(Breath-first search) algorithm on white edges, we can identify
all possible affected segments and mark them “red”. Assumer is on
power railP̂, then its new position isyp+wp+wr +2s whereyp is
they-coordinate of the center of̂P, wp andwr are the width ofP̂ and
r respectively, and 2s is the wire separation requirement. If this po-
sition is still overlapped with an power railP̃, testyP̃+wP̃+wr +2s.
Repeat this process until no overlaps with power rails or the posi-
tion is outsider ’s available position.r ’s available position is the
intersection ofr ’s FP-Range and its allowable deviation range. If
no suitable position is found, set its cost∞. Otherwise, go ahead to
process the affected segments. The position of an affected segment
is not calculated until all its red child nodes have calculated their
new positions. Suppose an affected segment isA = (x1;x2;y;w).
Let z= maxfyc +wc+2sjyc is they-coordinate of aA’s red child
node andwc is its width g. If z is not a suitable position, use the
above procedure until find an available position. If no suitable po-
sition is found, the cost is∞. If all affected segments can find a
position, the cost is the sum of the difference of their new positions
and the old ones. The similar rule applies ifr is a DRnode.

Each time, select one Rnode with the minimum cost, move it
outside power rails and adjust the positions of affected segments if
the minimum cost is not∞. Once a Rnode is moved outside power
rails, it is just an ordinary segment and it is not a Rnode any more.
Further some of its child/parent Onodes may become a Rnode. For
each Rnode, recalculate the cost and repeat this process until no Rn-
odes, i.e., no segments have overlap with power rails and the result
is a solution to the PSO problem; or the minimum cost is∞, i.e.,
no solution to the PSO problem. The algorithm is summarized as
follows:
Algorithm PSO-G(Sh, P, R, D)
1. Construct consistency graph, mark Rnodes;
2. Calculate the FP-Range for each node;
3. Calculate [FP-Range] \ [allowable deviation];
4. Push all Rnodes into List and assign costs;
5.
6. while List 6= φ do
7. Select the Rnode r with the minimum cost;
8. If min-cost = ∞, return “No Solution”;
9. Change positions of r and affected segments;
10. Push new Rnodes into List;
11. Adjust/assign costs to Rnodes in the List;
12. end

In the above procedure, the order consistency and horizontal
wire separation are satisfied. Since all segments move within their
FP-Range, no vertical wire separation or track consistency or P-
constraint is violated according to theorem 1. Further, each segment
is in its deviation bound and has no overlap with power rails. There-
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Table 1: Average results of PSO-H and PSO-G for 5 times.
File N3 S6 M8 F10

ECO Region Area(um2) 4908.92x3295.52 3295.52x4908.92 10872.90x4799.54 4799.54x10872.90
Top layer Signal Segments 1601 2098 1266 726

Power Rail segments 166 1128 631 747
Overlapped Signal Segments 465 594 441 206

Allowable Deviation 2% 2% 2% 2%
Time PSO-H 5.62 9.17 3.81 3.26

(second) PSO-G 21.44 41.28 23.72 11.38

Max PSO-H 1.987% 1.992% 1.991% 1.996%
Deviation PSO-G 1.617% 0.231% 1.522% 0.944%

Total PSO-H(um) 63029.58 126855.37 108874.92 120950.08
Deviation PSO-G(um) 13097.40 1208.10 7066.87 4200.80

PSO-G/PSO-H 20.780% 0.952% 6.491% 3.473%

fore, if PSO-G returns a solution, the solution is a correct one. On
the other hand, if PSO-G can not find a solution, the PSO problem
has no solution.

If a URnodeu has a cost∞, at least two parent nodesp1 andp2
of u are overlapped or their up/down order is disturbed. Supposep1
is abovep2 in the original design. Sincep1 can not move up fur-
ther, it must have reached its highest possible position which is the
intersection of FP-Range and allowable deviation bound excluding
power rails. Also along the path fromu to p2, the spacing between
two segments must be the required minimum spacing which is the
sum of the widths of the two segments and 2s. Thus if the cost of
a URnode is∞, it can not be moved up outside power rails and this
is totally decided by the problem itself instead of the processing
method. Similarly, whetheru can be moved down outside power
rails is totally decided by the problem itself.

If PSO-G returns “No Solution”, the minimum cost must be∞.
For any Rnoder left in List, there are two cases: 1)r is a URn-
ode and DRnode,r can not be moved up or down outside power
rails and it is decided by the problem itself. Therefore, no solution
to PSO-problem. 2)r is a URnode and it has a child DRnodet.
Both r andt have a cost of∞ and can not be moved down outside
power rails. Still the PSO problem has no solution. Thus if PSO-G
algorithm can not find a solution, the PSO problem has no solution.

Suppose the number of segments overlapped with power rails
is L. To construct the consistency graph and mark Rnodes, it takes
O(jShj

3+jShjjPj). The calculation of FP-Range may takeO(jShjjRj).
To calculate the cost of one segment, each edge is visited at most
twice(First for BFS, second for calculating the position) and it takes
O(jShjjPj) since the edges of the consistency graph is at most 8jShj
(including both black and white edges). Further, each Rnode can
be in the List at most twice. Thus the while loop has at most 2L
rounds, and each round can be finished inO(LjPjjShj) Thus the to-
tal runtime isO(jShj

3+ jShjjRj+L2jPjjShj). By setting up look-up
tables for pins, signal wire segments and power rails, the runtime
can be greatly reduced.

Further, once a URnode(DRnode) is moved outside power rails,
the segments affected can only be its parents(children). So if the
cost calculation of a Rnode does not involve these segments, its cost
will not be changed after the URnode(DRnode) moves out, i.e., no
cost adjustment (Line 10) is needed for this node. Therefore, for
each Rnoder, we record a bounding box(xb1;yb1;xb2;yb2) where
(xb1;yb1) and (xb2;yb2) are the coordinates of bottom left corner
and up right corner. The bounding box covers all of the affected
segments whenr moves out. After one URnode/DRnodet is moved
out, if the bounding box of a Rnode has no overlap withr ’s bound-
ing box, the cost keeps the same and no need for calculation. In this

way, a lot of calculation can be saved.

Theorem 3. Given a PSO problem, PSO-H algorithm guaran-
tees to find a feasible solution in polynomial time as long as one
solution exists.

7. Experimental Results
Our algorithms were implemented in C++ on PC(733MHz) with
128M memory. We tested PSO-H and PSO-G algorithms for four
test files. These circuits were obtained from industry files and the
top layer is for horizontal tracks. Both approaches were repeated
5 times. Table 1 lists the average results of these 5 trails. For all
of the test circuits, we can find a clean routing solution and the
derivation of each signal segment is bounded as 2% of the height of
the ECO region area. For PSO-H algorithm, each top layer signal
wire segment is moved only once. So it is much faster than PSO-G
algorithm. If the requirement only wants a clean solution satisfying
the deviation bound, PSO-H is preferred. But if no deviation bound
is given or want to find a solution as close as possible to the original
design, PSO-G algorithm always returns a solution with less total
deviation and a smaller max-deviation.

8. Conclusion
In this paper, we have presented two polynomial-time algorithms
to solve the overlaps between power rails and signal wires on the
top layer as well as satisfying the allowable deviation bound, order
consistency, track consistency, P-constraint and wire separation re-
quirement. Both algorithms guarantee to find a feasible solution as
long as one exists. One is faster, while the other makes effort to
reduce total deviation. According to different application require-
ments, users can choose an appropriate one. Experimental results
show the efficiency and effectiveness.

9. References
[1] T. E. Dillinger, VLSI Engineering, Prentice Hall, 1988.

[2] F. Mo, A. Tabbara, and R.K. Brayton, “A Force-Directed Macro-
Cell Placer,” Proceedings of IEEE/ACM International Conference on
Computer-Aided Design, 2000.

[3] S. Nag and K. Chaudhary, “Post-Placement Residual-Overlap Re-
moval with Minimal Movement,” Proceedings of the Design, Au-
tomation and Test in Europe Conference and Exhibition, 1999.

[4] N. Quinn and M.A. Breuer, “A Forced Directed Component Place-
ment Procedure for Printed Circuit Boards,” IEEE Transactions on
Circuits and Systems, 1979.

[5] N. Weste and K. Eshraghian, Principles of CMOS VLSI Design,
Addison-Wesley, 1993.

74




