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Abstract late ECO stages. For most high-performance VLSI design where
mesh power rails are used to provide dense power supply for better
target changes from manufacturing, marketing, reliability, or per- Signal integrity, the most upper metal layer can be changed due to
formance. At each step, designers usually want to modify the ex- different reasons such as current consumption requirement changes,
isting solution incrementally and keep the design as close as possi-Package connection changes when the low resistance highest metal
ble to the existing one. In this paper, we address the PSO (Powerare used to deliver power, local routing ECO changes, etc. For most

rail - Signal wire Overlap) problem which solves overlaps between CIrcuits at ECO stage, it is important to minimize disturbance upon
power rails and signal wires due to the changes in power rail design the xisting converged design while implementing ECO requests.

on the top layer of a multiple layer routing region. PSO problems

Design ECO commonly happens in industry due to constraints or

are frequently caused by changes from power delivery system or . — Vs
package design. The new routing solution satisfies the following |, s -=-Mg
constraints: 1) Keep the routing of power rails in the new design | =—9 12 o :c' °
unchanged. 2) Only the routing of the top two layers is changed. | C— P1
3) Horizontal (vertical) signal wire segments on the top layer can E'a_' b :
only move up/down (left/right). At the same time, the new rout- R — id’ e’
ing solution keeps the routing pattern unchanged. This requires: a) 0’ ¢ ' f
If one end point of a horizontal (vertical) wire segment on the top ¢ 1TBE f.: P2
layer is a fixed pin, this segment can not move. b) If vertical (hori- é
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 * —Ms
different nets are on the same track, their left/right (up/down) re- E g SN _ng ==-Ma
lationship should not be changed as long as the two segments still Ela—|a @Cl—'c' ®
exist in the new solution. 4) For each signal wire segment, the devi- P1 :
ation (i.e., the difference between its new position and the old one) e :
should not exceed the user-defined allowable deviation bound. Dif- T o §e‘ f
ferent bounds can be set on different segments. We propose two o' ¢ | F—
algorithms to solve the PSO problem. Both algorithms guarantee to ¢ f': P2
find a feasible solution as long as one exists. One is faster, while e -
the other makes effort to minimize the total deviation as well as the
max deviation. According to time and quality requirements, users (0)
can choose an appropriate algorithm to solve the problem. For a ° —Ms
set of industrial test circuits, we were able to remove all overlaps . -=-M4
between power rails and signal wires with minimal wire deviation. B—gg :a °

' o« P1.
1. Introduction E - w— g »
In ECO (Engineering Change Orders), a design need go through b Hel ¢ ‘Ta
many changes[1, 5] due to constraints or target changes from man- ¢ Q—E f P2
ufacturing, marketing, reliability or performance. At each step, de- 301_” E'_‘f'
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- Figure 1:Ms |s_presente_d by solid lines; dotted lines areNbs- 4.
ally caused by design changes in power delivery or package - both (2) Due to the Intro_ductlor_1 of the new power rd-'l‘lj_sand_Pg on Ms,
can be requested from performance, noise, reliability, or marketing Some horlzont_al signal wire _segments g qverlap withP1 and_
considerations. An efficient and graceful solution to PSO is very P2. (b) A f_eaS|bIe PSO0 solution. .(C) A SOll.Jt'On. with P-constraint ,
important due to design constraints and tight schedules during thefack consistency and order consistency violations.

*This work was partially supported by the National Science Foun-  Informally, the PSO problem can be described as follows. On
dation under grant CCR-9912390. a multiple layer routing region with fixed power raison the top
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layer, there is a clean signal wire routing design which has no wire removal problem in macro-cell placement [2, 3, 4]. When macro
separation violations. Now a new design of power r&ilen the cells are placed based on analytical techniques (e.g., force-directed
top layer is adopted to replace the existing dhe Some power placement, quadratic placement), there are overlaps between the
rails in P may overlap with signal wires or the horizontal/vertical macro cells. A clean-up phase is needed to shift the macro cells
spacing between two wire segments is less than the wire separatiorto remove all overlaps. However, PSO problem is significantly
requirement. Without lost of generality, we assume the multiple more difficult since moving the horizontal wire segmentsMg

layer routing design is in HYHVH style. We refer to the top layer also changes the vertical wire segmentdvbn

asMs and the second top layer 8. Ms is used for horizontal In this paper, we first give the definition of PSO (Power rail -
tracks andM, is for vertical tracks. Figure 1 shows an example. Signal wire Overlap) problem in section 2. In section 3, we give
We use solid horizontal lines to present the top laylerrouting, the definition ofFP-Rangeand prove that if all segments move in

and doted lines are fav, routing. Segments of different nets may their FP-Rangeas well as keeping order consistency and horizontal
have different widths. Due to the introduction of the new power wire separation in the new routing solution, it satisfies the verti-
rails P, and P, (the shadow area), some segmentsvinoverlap cal wire separation requirement as well as track consistency and P-
with P; andP;. constraint. On the other hand, if a solution of a PSO problem exists,
Our purpose is to find a new clean routing solution without wire the new position of each segment must be in its FP-Range. In sec-
spacing violations. At the same time, we hope to keep the topology tion 4, we discuss the construction of the consistency graph. Based
of new routing solution as close as possible to that of the original on FP-Range and consistency graph, we propose two polynomial-
one. Thus four constraints are set: 1) Keep the routing of power time algorithms PSO-H and PSO-G to solve PSO problems in Sec-
rails in the new design unchanged. This is required by the prob- tions 5 and 6 respectively. Both algorithms guarantee to find a clean
lem itself. 2) Only the routing of the top two layers is changed. routing solution as long as one exists. PSO-H is faster than PSO-G,
The changes on the top laylels may cause changes ty. How- but PSO-G makes effort to minimize the total deviation. We show
ever, the changes should not propagate to all layers. By treating allthe experimental results in section 7 and conclude the paper in sec-
connections tdvi4 from lower layers as fixed pins, the changes can tion 8.
be restricted to the top two layers. 3) Horizontal signal wire seg-
ments on the top layevls can only move up/down. Atthe same 2. PSQO (Power rail - Signal wire Over-
time, keep the routing design pattern unchanged. This requires: i) |ap) Problem
If one end point of a horizontal (vertical) wire segment on the top ) . L . ) )
layer is a fixed pin, this segment can not move. This kind of seg- A multiple Iaye_r routlpg region is 3-d|men5|pnal. For convenience,
ments is called “P-segment”. And its unmovable property is called W€ call the 3 dimensions asy andz dimension. Each layer is an
“P_constraint”. Since pins o1, may connect to botMs andMs, Xy dlmen_S|onaI plane, Whe_r>eaX|s goes horlzor_nally an;_zirams
keep all pins orM, fixed and they are treated as a vertical wire 99€S vertically. For convenience, let the _coordmate of its bottom
segment with a length of zero so that there is no influence to lower €ft corner be(0,0), andW andH be the width and the height of
layers. In Figure 1, fixed pins are denoted by a solid dot. But some e routing region respectively. In most existing high-performance
pins onMs, which are end points of horizontal segments, are al- chips, eac_h layer h_as its §pe0|f|c trac_k orientation in _(al_ther horl_zon-
lowed to move with the corresponding horizontal segments. They tal or vertical and its design rule which specifies minimum width

are unfixed pins and they are presented by tiny squares. In Figure2nd separation of wires. Letbe the half minimum wire separa-
1, horizontal segmerti is a P-segment and can not be moved like tion of a metal layer. To simplify the presentation, suppose the wire

Figure 1 (c). ii) If vertical (horizontal) projections of two horizon- separatlon_ reql_Jlrement iss 2or both M“ andMs. The algorlthms

tal (vertical) signal wire segments have overlaps, then the up/down ProPosed in this paper can be easily extended to handle different
(Ieft/right) relationship should not be changed. This is called "order Wiré separations for different layers.

consistency”. For example, in Figure 1 (c), horizontal segreasit
abovef while in the original desigreis below f. So this violates

order consistency. iii) If two horizontal (vertical) segments belong- 4323; T\
ing to different nets are on the same track, their left/right (up/down) [ C ‘
relationship should not be changed as long as the two segments still (Xl'y)%"""’"A ,,,,,,, —l(x2,y) ¢
exist in the new solution. This is called “track consistency”. In Fig- WA s
ure 1 (c), vertical segmert is belowd' while ¢’ should be above

d’ to maintain track consistency. 4) For each signal segment, the ;25

deviation (i.e., the difference between its new position and the old \ A

one) should not exceed the user-defined allowable deviation bound (X',y) B Mo (x2,y")

so that local changes are confined. Different bounds can be set on
different segments. _
For the given new design of power rals does there exist a Figure 2: Wire separation requirement illustration.
clean routing solution satisfying the above constraints? If there is
a solution, how to find one? For Figure 1, (b) gives a clean routing For a horizontal segment, it can be presented>ayxz,y, w)
solution. where(x1,y) and(xg,y) are the end point coordinates of the cen-
As we notice that, once a segment is moved, it may overlap with ter line ; < X2), andw is the half-width of the segment. Simi-
some signal wire segments. Consequently these signal segmentsarly, a vertical segment can be presentedyasy,,x,w). For any
have to be moved, which may cause overlaps with other segmentstwo horizontal segments, X, y,w) and (X, X5, Y, W) (X2 < X}),
etc. In Figure 1 (b), the move-up af causesy to move up too. if (x1—SX+9)N(X;—5X+9) #@ [y—y|>w+W +2s must
Further, the movement of wire segments on the top layer may makehold; also if(y—w—sy+w+s) N (Y —wW —s)y +W +5) # @,
some segments a4 become longer/shorter and introduce over- |x, —x;| > 2s. The similar rule applies to vertical segments. Figure
laps onM4. 2 gives an example of three horizontal segments. We say a routing
Note that our problem is significantly different from the overlap 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 byxy,x2,Y).

Given a clean routing solutioB with N signal nets, there are
P power rails on the top laye¥ls. Also each signal segment is
associated with a non-negative numlgecalled allowable devi-
ation bound, i.e., for a horizontal segmemi,x,y,w), when it
moves up/down, its new positiofxs,%p,y,w) should satisfy that
Iy—y| < d. Now if this designP is replaced by a new power rail

b d ‘L@
I [

designP, the wire separation requirement might not be satisfied any
more. How to modify the existing routing soluti@so that the new
routing solutionSis a clean routing solution as well as satisfying
the following constraints?

1. The power rail$ on the top layer are not changed.

2. Only the routing of the top two layefd, and Mg can be

changed.

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

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

. If an end point of a signal wire segment on the top layer is a
fixed pin, itis 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.

. Suppose any two horizontal signal wire segment®erix,
X2,Yy) and (x’l,xz,y’) (assumey > y') have new positionéxy,
X2,¥) and (x,X5,y’) in the new routing solutiors respec-
tively. If (xl —SX+9) N (X, —SX+9) #@ y>Yy must
hold. This property is called “order consistency”.

. If two vertical signal wire segmenty, y2,x,w) and(y;,Y5,
X, W) (assumey, < y;) belonging to different nets on the
same layer satisfyx —w—sx+w+s)N (X —w —sX +
W + ) # @, then in the new desig8, if the two segments
still exist, y» < ¥} holds. This property is called “track con-
sistency”.

3. FP-Range (Fixed-Pin-decided Range)
In a PSO problem, since the original power rail desiga replaced
by P, we can just ignor® and simplify the problem as solving the
overlaps between power rails and signal wire segmentsi9@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 segment$/gnbut
also vertical overlaps oM, may be introduced. For example, in
Figure 5(b), if horizontal segmeidt moves up, it overlaps with.

On the other hand, #& moves down, the vertical segmenatsandb’
on My 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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(a) (b)

Figure 3: (a) A PSO problem; (b) Overlaps: vertical segments
andc on My; and horizontal segmenbsandd on Mg

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 itgy-coordinates, e.g., one segment is pre-
sented a$xy,xp,y) and one of its end point is denoted (as, y).

. /4/ /
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Figure 4: FP-Range illustration. (The tiny squares are fixed pins.)

Suppose the wire separation requirementds A horizontal
wire segmenR = (Xg,%2,Yr) on Ms belongs to nety. And its two
end points are; = (x1,yr) andra = (X2,yr). If Ris a P-segment, it
can not be moved. Its movable ranggyisyr]. Otherwise, calculate
two pin setsP andQ. If ry is a unfixed pinP = @; otherwise lef
be the set of fixed pins whosecoordinate falls ir(x; — 2s,xg + 2s)
and do not belong to net. Also if rz is a unfixed pin,Q = @,
otherwise letQ be the set of fixed pins whosecoordinate fall in
(X2 — 28,%2 4 2s) and do not belong to net,. LetU = min{{y —
29y € PUQAY >y} U{H —2s}} andV = max{{y+2sly € PU
QAY <y }U{2s}}. The rangédV,U] is called “FP-Range”. Figure
4 shows the FP-Range of a horizontal segnfentAs 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 movidgp/down, the
pins or segments in the shadow area can not create vertical overlaps
with R.

For any two end pointa andb on layerMg4, suppose their coor-
dinates aréXas,Ya) and(Xy, yp) respectively. And in a new routing
solution, their positions arg,ya) and(xy, yp) respectively.

Lemma 1 Letall horizontal segments on the top layet Move
up/down within their FP-Range¥,U] and satisfy horizontal wire
separation requirement and order consistency. For any two end
points aand b on M if [xa —Xp| < 2s, then ifya > yp, |Ya—Yb| > 2s
and ya > Yp.

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



horizontal segments, some vertical segments are created and somthe track consistency is kept. Obviously, the P-constraint is satis-
disappear. If a vertical segment= (y1,y2,%) is created when a  fied. We only need to prove that if horizontal segments move within
horizontal segment moves up/down, one end poirk ofiust be a their FP-Rangg@v,U] as well as keeping order consistency and hori-
pin onMy. Suppose the pin locates @g,y1). SinceT does not zontal wire separation, no vertical segment overlaps are introduced.
exist in the original design, we 18t’s end points correspond to the Suppose this claim does not hold. Then there exists a horizon-
end points of a empty vertical segméht= (y1,Yy1,%), which con- tal segmentA = (x1,Xp,a) whose new positiorfxs,x,a) falls in
nects toT through a via. In this way, for each end point in the new its FP-RanggV,U], and it causes overlaps between two vertical
design, we can find its corresponding end point in the original one. segmentga,b) and(c,d) on My in the new routing solution. (We
For convenience, if an end point is an end point of a horizontal usey-coordinates to denote a vertical segment.) The two segments
segment or it is connected to a horizontal segment through a via, wemust belong to two different nets since overlap only occurs between
call this kind of end points “turning point”; otherwise, it is called two different nets. Suppose the two vertical segments in the orig-
“fixed point”. If an end point is a turning point in the new design, inal design is(a,b) and(c,d). They could be an empty segment.
it must be a turning point in the original one since horizontal seg- (For example, if no vertical segments are connectedi &(x;,a)
ments only move up/down. For a fixed point, there is no horizontal through a via,(x;,a) is a pin onM4. (a,b,x;) is a new segment

segments oMs connecting to it. So it must be a fixed pin by andb = a. Let it correspond to an empty segméata,x;) in the
or connected to a fixed pin oMs through a via. Therefore, the  original design.) Without lost of generality, suppasel ¢. Then
location of a fixed point is not changed in the new design. their positions can be classified into 3 cases as shown in Figure 5.

There are 4 cases:

1. Bothaandb are fixed pointsys = ya andyy, = yp,. Obviously, d d b

if Ya > Vb, Ya > Yo. Also in the original designya —yp| > 2s,

therefore,)ya — yp| > 2s. < 5 5
2. aandb are both turning points. They are connected to hori- b| I * <

zontal segments through vias. Suppassdb correspond to

horizontal segmenta andB respectively. Sincga > Yy, A a@ z 3

is aboveB in the new routing solution. Also the shift move- .

ments ofA andB stick to "order consistency” as well as satis- 0) (i) (iii)

fying horizontal wire separation requirement, |$9— yp| >
2s, and A must be above in the original routing solution.

Thusya > Yo. Figure 5: Three cases of vertical overlaps.

3. ais a fixed point and is a turning point.b must be con-
nected to a horizontal segment through a via. Let the hor- 1.
izontal segment b®. Sincea is fixed, yg = ya. Suppose

b— €] < 2s, this case does not hold according to Lemma 1.

Ya < Yp. According to the calculation &'s FP-RanggV,U], 2. a<c< Eg d. According to Lemma 1, we can conclude that
Ya <V. FromV <Yy, Ya < ¥p, i.e.,¥a < Yp. This contra- a<c<b<d.
dicts with our assumption thas > y,. Thereforeya > Vp. i) a#bandc#d. (ab)and(c,d) are vertical segments

SincePR, is a fixed pin, and/z > yp, we knowy,; > U +2s>

- ) ; in the original solution. But this contradicts the fact that the
U >y, according to the calculation of FP-Range. Therefore

original one is a clean solution.

Va—Yo| > 2s. )
_ _ _ o ) S ii) a=b=c=d. (a,b) and(c,d) are empty segments, sup-
4. ais aturning point ant is a fixed point. The proof is similar pose they are created from fixed piRsandP. respectively.
to case (3)9 SinceP; andP; belong to different nets®; and P; have to

be on different layers. Suppo&g is onMs andP; is onM.
ThenP; is an end point of a horizontal segmextHowever,
Ais a P-segment and can not be moved, therefaye) can
not be createda = b = c = d does not hold.

Theorem 1 Ifall horizontal segments on the top layeghove
up/down within their FP-Range¥,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- i) a=bh=c<d. (c,d) is a vertical segment in the original
zontal segment moves out of its FP-Range, order consistency, wire design,P, must be orMs above(c,d). ThereforeAis a P-
separation or track consistency or P-constraint violation is intro- segment, and the edga b) can not be created=b=c<d
duced. does not hold.

Proof: First, we prove that if all horizontal segments move 3. a<c<d<b. According to Lemma 1, we can conclude that
within their FP-Ranges as well as maintaining order consistency a<c<banda<d<h. Still this case does not hold. The
and horizontal wire separation, no violation of P-constraint or track proof is similar to case (2).

consistency or vertical wire separation is introduced. (If two seg-
ments have wire separation violation, we also say they are over-  Thus we have proved that no vertical overlaps, track consistency
lapped.) and P-constraint are introduced in the new design.

If a horizontal segment is a P-segment, its FP-Range makes it
unmovable and causes no changes to the new routing solution. If  On the other hand, if a horizontal segment moves out its FP-
both end points of a horizontal segment are floating pins, it can be Range, the constraints, i.e., order consistency, track consistency,
moved up/down freely and causes no changed4o P-constraint, wire separation, do not hold any more.

From Lemma 1, we know the relative positions of end points Suppose one horizontal segmeht= (x1,Xp,Ya) Moves out its
from different nets are not changed in the new design. Therefore, FP-RangeV,U] and all of the constraints still hold. Without lost
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of generality, assumA moves below to (x1,Xp,Ya). If Alis a P-
segment, it can not be moved. Thiisan not be a P-segment. Also
if both of A’s end points are floating pin¥, is 2s andA can not go
belowV. Therefore, we assume at least one end pooftA is not

a pin, i.e.aconnects to afixed pin a4 through a via or a vertical
segmenB through a via. Suppose this end poinais: (x;,Ya) and
its new position isa= (Xg,Ya). Also suppose/ is decided by a
pin R, below A and itsx-coordinate falls in(x; — 2s,x; + 2s). For
conveniencel, also denotes itg-coordinate. Further we may refer
to a horizontal segment as ifscoordinate.

1. Ry <A<V. If B is onMs, it has wire separation violation
with A. ThusP, is onMy4. However, ifa connects to a fixed
pin p on M5 through a viaP, has wire separation violation
with p. If aconnects to a vertical segmdhthrough a viaPR,
has wire separation violation witB. ThereforeR, <A<V
does not hold.

In the following cases, we suppos_e< Py.

2. a connects to a fixed pip through a via. Wher\ moves
down, a new vertical segmeBtis created connecting and
a. If R, is on My or it has connection ti, through a via,
it overlaps withB. If R, is onMs and have no connection to
Mg, P, must be an end point of a horizontal segnm@rin the
new design an@ is above théA. So in the original desigrg
is aboveA andC is connected to a vertical segmdhtThen
B must overlaps wittp. Therefore, this case does not hold.

3. aconnects to a vertical segmddthrough a via.
)P, is onMg.

(a) Py is connected to a horizontal segm@rhrough a via,
C is belowA in the original design. Le€ beC’s new
position. To maintain order consisten,is still be-
low A in the new design. Then there must be a vertical
segmentD connectingC andPR,. A is betweerC and
P,. Therefore A can not have connections kly, i.e.,B
disappears in the new design aachust be a pin. Thus
in the original designB connectsaanda through vias.
But P, is betweera anda. This leads to contradiction.

P, has no connection tMs. P, is an end point of a
vertical segmenbD. If B still exists, it has to be above
D in order to keep track consistency aAdcan not be
belowP,. If B does not exist in the new design, it means
B connectsa and a in the original design. BuP, is
betweera anda. This leads to contradiction.

(b)

i) Py is onMs.

(a) Py is an end point of a horizontal segméntC is a P-
segment and can not be moved. Thereférean not go

belowP, in order to maintain order consistency.

P, is connected to a vertical segmdntthrough a via.
D must still exist in the new design. B still exists,

it has to be abov® in order to keep track consistency
andA can not be belowR,. If B does not exist in the
new design, it meanB connectsa andain the original
design. BuB andD have overlap in the original design.
This leads to contradictior]

(b)

Figure 6: lllustration 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
Mg any more.

Suppose the number of fixed pinsNi. To calculate the FP-
Range of a segment, it tak€§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 regiofW,H) (W andH could be quite huge),
claim a two-dimension array MA®/Ry, H/R,], whereRy, and
R, are two positive numbers set by users. The elements of MAP are
a set of pins . A pin with locatiofipy, py) is put in MAP[py/Rw,
py/Rn]. For any horizontal segmertky,x2,y), we only need to
search MAP(x1 —2s) /Ry...(X1+2S) /Rw; 0...H/Ry] and MAP[(x2 —
2s)/Ry...(x2+ 2s)/Rw; 0...H/Ry]. 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 théV,U] bound should take the width of segmérinto
consideration, that i/ +wa,U —wa].

Further, this theorem can handle different spacing requirements
of different layers without any extra work. Lef ands, be the half
minimum wire separation dfls and M, respectively, and usually
the upper metal layevls has larger spacing requirement tHel.
Since FP-Range is used to avoid vertical segment overlapdson
under the assumption of no horizontal overlapsvby if we uses,
to do calculate FP-Range, the theorem still holds.

4. Consistency Graph
From the theorem, we know that the influencevf 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 segmems= (Xa1,Xa2,Ya) and
B = (Xp1,Xp2:Yb) if (Xa1 — S, Xa2 +5) N (Xp1 — S, Xo2 +S) # @ (25
is the wire separation requirement), we define segméraad B
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

From the above discussion, we can conclude that each horizontalwire segment. (Without misunderstanding, we use the same nota-

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

tion for segments and nodes, and refer to a node as its corresponding
segment, vice versa.) For any two adjacent segmeaisdB, if A

all horizontal segments in their FP-Range as well as keeping orderis aboveB, there must exist a path frofto B.
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Figure 7: A routing solution of signal wires on the top layer.

ments, and the graph construction involves 2 loops. So its worse
case runtime i€(|S|%). 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 g@ah
maintain the order consistency. For convenience, for any two nodes
AandBin G, if there is a path fron#\ 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 onMs and the positions of its parents. Let the wire
separation requirement be.2Suppose segmert = (X1, X2, Y, W)

Figure 8: (a) Full connections of adjacent segments. (b) Consis- has a FP-RangQ/,U] and an allowable deviation bourdl If A

tency graph.

moves in the rang&/,U] N[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

One simple way to set up the consistency graph is to create annodet records a valu&bound Ubound= min{y; — 25— w; |y is
edge for each pair of adjacent segments. Figure 7 gives a routingthe y-coordinate of &’s parent node andy is its width }. Thus

solution of signal wire segments dvs. (Since we only consider

if A moves in the rangé0,Ubound—wj], the order consistency

horizontal segments, the picture only shows the top layer.) Figure and horizontal signal wire separation are guaranteed\M.&t] =
8(a) is its corresponding graph. But in this graph, a lot of edges are [V,U]N[y—d,y+d] N [0,Ubound—w]. If no power rails fall in the

not necessary. For example, segmarg aboveC andC is above
G, thus no necessary for edgg, G).

For any two adjacent wire segmems= (Xa1,Xa2,Ya) andB =
(X015 X62,Yb), 1€t [X1,%2] = [Xa1 — S, Xa2 + 5 N [Xp1 — S, X2 + 5| and
(Ya > Yp). If there is no other segments overlapped with the rect-
angle(x1,Yp,X2,Ya) Where(x1,Y,) and(Xo,ya) are the coordinates
of the bottom-left corner and up-right corner respectively, the two

rectangle regioiix; — 2s,U —w— 2s,xp + 25,U + w+ 2s), trackU

is the new position of the signal wire segmént Otherwise, sup-
pose a power rail segmeRt= (Xp1,Xp2,Yp,Wp) has overlap with

the rectangle region, l&t =y, —wp —w—2s. Repeat the checking
until a suitable position is found & < V. 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

adjacent segments are called close adjacent segments, and one edgdfect on the calculation. For fixed pins &fs, they are handled

(A,B) is added. The rectanglex, Yy, X2,Ya) is called “clear box”
if no other horizontal segments have overlaps with it. In Figure 7,

similar to power rails.
PSO-H Algorithm can be summarized as follov&, is the set

the shadow areas are clear boxes. Figure 8(b) shows a consistencef horizontal signal wire segmentB,is the power rail sefR is the

graph by adding edges for each pair of close adjacent segments.

set of fixed pinsD records the allowable derivation bound for each

The construction of consistency graph can be summarized assegment. For each nodlgits U boundis denoted as t.Ubound.

follows. &, is the set of the horizontal signal wire segment on the
top layer and a segment with indeis presented &a5.

Function Consistency-Graph-Constructi&j
1. for each segmentin §,
create a node;

fori=1to |S,| do
for j=i+1to |S,| do
if 5 and sj are close adjacent segments
then if 5 is above s;
then add_edge(s;, sj)
else add_edge(s;, )

CoNoOrWODN

For the consistency grafb, the number of nodes |§,| and the
number of edges is no more thaf§4. Given any two horizontal

segment#\ andB, if there is an edge between them, there must be

a clear box betweeA andB. Thus each edge corresponds to one

Algorithm PSO-HG&,, P, R, D)

1. G = Consistency-Graph-Construction($,);

2. Calculate the FP-Range for each node;

3. Calculate [FP-Range] N [allowable deviation];

4. Push all nodes without parent nodes into a List L;
5. ForallnodestinL,t.Ubound=H;
6

7

8

9

. WhileL#@do
Remove a node q from L;
Calculate g's new position;

If no position is found, return "No Solution”;
11. Update g'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

clear box. However one end point of a horizontal segment belongs segments since once one segment is processed, its location is fixed

to at most two clear boxes. Since there are tgl segments and

and other segments below it can not take the places above it. If we

2|S,| end points, the number of edges in the consistency graph is arbitrary assign a position in the available position, some segments

bounded by 4,|.
It takesO(|S,|) to check if two segments are close adjacent seg-
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may have no place to put.
In the calculation of available positions, FP-Range, deviation



bound and the distribution of power rails are decided by the prob-  Based on the two observations, we propose the PSO-G algo-
lem itself. If no range satisfies these three constraints, no solution. rithm. In PSO-G, we need to search the graph in both directions(to

On the other hand, if the problem has a solution, the position of parent nodes and to child nodes). To facilitate searching, another set
each signal wire segment in this solution must fall in the range of of edges is added. If there is an edgeb) in G, add an edgéb, a).

the available position obtained in PSO-H since PSO-H always puts To separate the two sets of edges, assign a color “black” to the orig-
segments to their highest available positions, therefore PSO-H guar-inal edges and “white” to newly added edges. If a node searches for

antees to find a solution as long as one exists. its parents, use white edges; if it searches for child nodes, use black
To construct the consistency graph, it tak¥$S,|%). The calcu- edges.

lation of FP-Range may take(|R||S,|). For the while loop, it has First, we assign a cost to each RnadeSuppose is a URn-

|Sh| round. In each round, checking the intersection of power rails ode. Ifr is moved outside the power rail, the new positionr of

and fixed pins orMs may takeO(|P|+ |R|). To updateJbound may overlap with other segments or it is above its parents’ position.

each edge is visited only once for the whole loop. Since the number Then the affected signal segments are forced to move up accord-

of edges is no more than%,|, the runtime for PSO-H i©(|S, [ + ingly. The cost of a Rnodeis the total deviation caused by moving

ISh||RI + 4|Sh||P| + 4/Sh||R]). Still, we can set up loop-up tables  r outside power rails. Sinceis a URnode, the affected segments
for pins, signal wire segments and power rails so that the searchingcan only be its parents. Let the nodbe the starting point. Using
time can be greatly reduced. BFS(Breath-first search) algorithm on white edges, we can identify
. ) all possible affected segments and mark them “red”. Assuisien
Theorem 2. Given a PSO problem, PSO-H algorithm guaran-  ,oyer railP, then its new position i$p + Wp + Wy + 2s whereyp, is
tees _to flno_l a feasible solution in polynomial time as long as one they-coordinate of the center & wp andw, are the width oP and
solution exists. r respectively, and€is the wire separation requirement. If this po-
. sition is still overlapped with an power rél testys +wp +wr + 2s.
6. PSO-G Algorlthm Repeat this process until no overlaps with p0\7ver rgils or the posi-
In Section 5, we propose an algorithm PSO-H to solve PSO prob- tion is outsider’s available position.r’s available position is the
lem. In that approach, all horizontal signal wire segments are put intersection ofr’s FP-Range and its allowable deviation range. If
to their highest available positions. Surely for some segments, this no suitable position is found, set its cost Otherwise, go ahead to
is not necessary. And in many applications, we hope to make the process the affected segments. The position of an affected segment
changes as little as possible. So in this section, we propose anothefs not calculated until all its red child nodes have calculated their
algorithm PSO-G which tries to reduce the total deviation. The new positions. Suppose an affected segmert is (xq,xp,Y,W).
“total deviation” is defined as the sum of the deviations of all hor- Let z= maxyc +wc + 23y is they-coordinate of a\s red child
izontal segments. Also we define the node overlapped with power node andw is its width }. If zis not a suitable position, use the
rails as Onode; if an Onode overlaps a power Paiand it has no above procedure until find an available position. If no suitable po-
parent nodes overlapped wikh the node is called URnode; Sim-  sition is found, the cost is. If all affected segments can find a
ilarly, if an Onode has no child nodes in the same power rail, the position, the cost is the sum of the difference of their new positions
node is called DRnode. And a Rnode refers to either a URnode or and the old ones. The similar rule applies i§ a DRnode.

a DRnode. Each time, select one Rnode with the minimum cost, move it
outside power rails and adjust the positions of affected segments if
A B the minimum cost is nok. Once a Rnode is moved outside power
—# F —E _Dﬂ_ 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-
Figure 9: lllustration of Onodes/Rnodes. The shadow area is a ggeg, i.e., no segments have overlap with power rails and the result
power rail. All segments inside are Onodes. B andD have no is a solution to the PSO problem; or the minimum cosbjs.e.,

parent nodes in this power rail. Thids B andD are URnodesF no solution to the PSO problem. The algorithm is summarized as
andD have no child nodes in this power rail. They are DRnodes. A fqjiows:

node can be both URnode and DRnode, like Algorithm PSO-G&,, P, R, D)

1. Construct consistency graph, mark Rnodes;
Calculate the FP-Range for each node;
Calculate [FP-Range] N [allowable deviation];
Push all Rnodes into List and assign costs;

Here are two observations:

2.
1. Given a routing solutiofl, one solutionT’ is obtained by 3.
moving one Onode outside power raiP. To minimize the 4.
total deviation, the spacing between the new positiomarid 5.
6. while List = @ do
7. Select the Rnode r with the minimum cost;
2. Given a routing solutio, one solutionT' is obtained by 8. If min-cost = oo, return “No Solution”;
moving an Onodel, which is not a Rnode outside power g Change positions of r and affected segments;
rails. Then there must be another solutibh which is ob- 10. Push new Rnodes into List;
tained by moving a Rnode outside power rails such that the 11 Adjust/assign costs to Rnodes in the List;
total deviation ofT"” is less than that of’. This is because 12. end
no has at least one parent and child in the same power rail.
If ny moves outside the power rail, it forces its parent/child In the above procedure, the order consistency and horizontal
nodes to move outside power rails in order to keep order con- wire separation are satisfied. Since all segments move within their
sistency. Therefore, movingrg's parent/child node outside ~ FP-Range, no vertical wire separation or track consistency or P-
power rails leads to less total deviation. In Figure 9, the total constraint is violated according to theorem 1. Further, each segment
deviation for moving the segmeBtmust be larger than that s in its deviation bound and has no overlap with power rails. There-
for movingB or F.

P must equal to the wire separation requirement.
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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(uf) 4908.92x3295.57 3295.52x4908.92 10872.90x4799.54 4799.54x10872.90
Top layer Signal Segmentg 1601 2098 1266 726
Power Rail segments 166 1128 631 747
Overlapped Signal Segmen(is 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 way, a lot of calculation can be saved.
the other hand, if PSO-G can not find a solution, the PSO problem
has no solution.
If a URNnodeu has a costo, at least two parent nodgs and pz
of u are overlapped or their up/down order is disturbed. Suppgse
is abovepy in the original design. Sincp; can not move up fur-
ther, it must have reached its highest possible position which is the 7 . Experimental Results
intersection of FP-Range and allowable deviation bound excluding our algorithms were implemented in C++ on PC(733MHz) with
power rails. Also along the path fromto p, the spacing between — 12g8M memory. We tested PSO-H and PSO-G algorithms for four
two segments must be the required minimum spacing which is the test files. These circuits were obtained from industry files and the
sum of the widths of the two segments argl Zhus if the cost of o |ayer is for horizontal tracks. Both approaches were repeated
a URnode is», it can not be moved up outside power rails and this 5 times, Table 1 lists the average results of these 5 trails. For all
is totally decided by the problem itself instead of the processing of the test circuits, we can find a clean routing solution and the
method. Similarly, whethen can be moved down outside power  derivation of each signal segment is bounded as 2% of the height of
rails is totally decided by the problem itself. the ECO region area. For PSO-H algorithm, each top layer signal
If PSO-G returns “No Solution”, the minimum cost mustde  jre segment is moved only once. So it is much faster than PSO-G
For any Rnode left in List, there are two cases: L)is a URN- gigorithm. If the requirement only wants a clean solution satisfying
ode and DRnoder, can not be moved up or down outside power  the deviation bound, PSO-H is preferred. But if no deviation bound
rails and it is decided by the problem itself. Therefore, no solution s given or want to find a solution as close as possible to the original

to PSO-problem. 2j is a URnode and it has a child DRnotle design, PSO-G algorithm always returns a solution with less total
Bothr andt have a cost ofo and can not be moved down outside  geviation and a smaller max-deviation.

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 rails8' Conclusion
is L. To construct the consistency graph and mark Rnodes, it takes
O(|Sh|®+Sh||P]). The calculation of FP-Range may te®€ S, ||R|).
To calculate the cost of one segment, each edge is visited at mos
twice(First for BFS, second for calculating the position) and it takes
O(]S||P|) since the edges of the consistency graph is at m&st 8
(including both black and white edges). Further, each Rnode can
be in the List at most twice. Thus the while loop has at mast 2
rounds, and each round can be finishe®i.|P||S,|) Thus the to-
tal runtime isO(|S, |2+ |Sh|[R| 4 L2|P||Sh|). By setting up look-up
tables for pins, signal wire segments and power rails, the runtime
can be greatly reduced. 9. References
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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.

In this paper, we have presented two polynomial-time algorithms
to solve the overlaps between power rails and signal wires on the
fop 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.

(5]
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