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An ECO Routing Algorithm for Eliminating
Coupling Capacitance Violations

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

Abstract—ECO changes are almost inevitable in late stages tapeout designs. However, the post silicon debugging nteada
of a design process. Based on an existing design, incrementathe design to be fixed in previous converged design. In [10],

change s favored since it can avoid considerable efforts of i target is to remove overlaps among power rails and signal
re-doing the whole process and can minimize the disturbance . .
wires, and the spacing

on the existing converged design. In this paper, we address ) ) .
the CVE (Coupling-capacitance Violation Elimination) problem. between any two signal wires only need to satisfy the
Due to the changes in a multiple layer routing design, the minimum spacing requirement. But this may cause large cou-
total coupling capacitance on some signal wire segments on apjing capacitance for some sensitive signal wires. Theeefo

layer may be larger than their allowable bounds after post- /g gigorithm can be used to eliminate coupling capacitance

layout timing/noise analysis. The target is to find a new rounhg . . . . . A
solution without coupling capacitance violations under ceain  Violations in the output of the previous ECO wire legalipati

constraints which help to keep the new design close to the ginal ~ Problem.
one. We propose a two-stage algorithm to solve CVE problems, In previous works, there are several papers address routing

and present optimization strategies to speed up the execoi. proplems with coupling capacitance constraints. [4], [T5]

Experimental results demonstrate the efficiency and effesteness focused on detailed routina with coupling capacitance icbns

of our algorithm. . 9 . piing cap . .
eration. [3], [12] developed coupling-aware techniquesrdy

Index Terms—ECO, Coupling capacitance, Routing global routing phase. [5], [11], [14] presented algorithms
of simultaneous shield insertion and net ordering to reduce
I. INTRODUCTION crosstalk violations. Also post-global-route technigeesh as

ECO due to frequency push and design/market requireméht] 2ré proposed to reduce crosstalk. However, ECO prablem
change is very important for producing high-end and higN_suaIIy try to keep the modified desgn as close as possible
volume main stream products in the semiconductor industf§, (€ €xisting one. So more constraints are set in order to
It is a highly constrained design optimization based on 4RINiMize the disturbance on the.eX|st|ng.deS|gn. For exampl
existing design with tight design scheduling due to time-td" this CVE problem, the ordering of wire segments cannot
market consideration. However, any changes on an existigﬁ changed, while all the above previous works can make use
routing design may cause design rule violations and it f§ "eordering wires to reduce coupling capacitance. _
necessary to develop efficient and graceful algorithms to!n this paper, we propose a two stage CVE (Coupling-
resolve these violations. capacitance Violation Elimination) algorithm to elimieatou-

In this paper, we address the problem of eliminating coBling capacitance violations for a given routing design as
pling capacitance violations to a given routing design. onell as m|n|_m|2|ng_the total deviation. The first step FCVE
possible application of our algorithm is as follows. Retent Processes signal wire segments on the ldyene by one and
[10] addressed an ECO problem which solves design spaclfi§S t© find a clean routing solution satisfying all constts.

rule violations between power rails and signal wires due fg1en in the second stage SCVE, we make efforts to minimize
the re-design of power rails on the top layer of a multiplg‘e total deviation based on the shortest path algorithm.

layer routing region. This problem is usually caused bl;xperimer_nal results demonstrate that our approach igesffic
design changes in power delivery or package - both can #gd effective.

requested from performance, noise, reliability, or markgt

considerations. For example, for high-volume high-rewenu ||. CouPLING-CAPACITANCE VIOLATION ELIMINATION
multiple-year design products, power rails may be changed
due to added power rails for higher reliability, post sitico
discovery or design changes (such as cache size changes
to market reasons) that may not be pre-designed in previ

Given a routing solutiors with N signal nets, there aré
payer rails on layet.. Without loss of generality, we assume
ﬁq%metal layet is used for horizontal tracks, and the layers
e%ow and abové, which arel andL, respectively, are used
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minimum wire separation spacing of a metal layer. For a ‘ d ‘ d
horizontal segment, it can be represented(yxz,y,w,c,d) a ib' e a }b.

where (x1,y) and (x2,y) are the end point coordinates of | | i €
the center line(x; < x2), and w is the half-width of the b ', P ‘ . P
segmentgc is called coupling capacitance threshold, i.e., the IC ¢ b 1C C
total coupling capacitance on the segment should not excee

this bound, andl is the allowable deviation bound, i.e., when (&) (b)

the segme_nt m_oves up/do_wr_1, Its new p(?SIt(I&{] X2, Y, W, Cvd) Fig. 1. (a) A routing solution with 5 horizontal signal wiregnents and 1
should satisfyly—y| < d. Similarly, a vertical segment can bepower railP on L, and 2 vertical signal wire segments an (b) A routing
represented a@q,ygx,vmc,d). Sometimes, we can simplify solution with overlap violations. Two wire segmertisand e violates the

- ! coupling capacitance requirement. Segmieris moved down to reduce the
the representation. For_example, a horizontal segment ean, pling capacitance betweenandb. But b’ andc’ on layerL overlap.e is
represented byxj,xp,y) if we do not care other factors. also moved down, but it overlaps with the power fil

Since the coupling capacitance on some sensitive segments
in S exceeds the given bounds, the target is to modify the

existing routing solutiorS so that the new routing solution AS We notice that, once a signal wire segment is moved,
S'is a clean routing solution which satisfies the followind€ total coupling capacitance on both this segment and its

constraints: neighbor segments may be changed_. At the same tim_e, design
) spacing rule violations must be avoided. For convenierfce, i
1) The power rails> on L are not changed. the spacing between two segments is less than the minimum

2) Horizontal signal wire segments dncan only move gpacing requirement, we say the two segments overlap. &igur
up/down, i.e., the-coordinates of the two end points ofy (g) gives a
the segment keep unchanged. . routing solution with five horizontal signal wire segments,

3) The total coupling capacitance on a wire segment shoylg, vertical wire segments and one power rail. Suppose
not exceed its coupling capacitance threshold.e., segments ande violate the coupling capacitance requirement,
the total coupling capacitance from its neighbor WIréSe | the total coupling capacitance dnand e exceeds the
should not exceed the bound. defined thresholds. As illustrated in Figure 1 (b)eif moved
Since this is an ECO task for post-layout convergeghwn, it overlaps with the power rai. Also, if b is moved

design, thresholds for coupling capacitance can Rgywn, vertical overlap between andc on L is introduced.
derived after timing analysis for ECO area by cal-

culation or heuristics for coupling capacitance re- lIl. PRELIMINARIES
budgeting/specification.

4) ThegrelagtJivep positions of two segments on all Iayelé' FP-Range

should not be changed.
For example, for any two horizontal signal wire seg- 25,28 2S: 25
ments on one layefxy,Xz,y) and (X3,X5,y’) (assume
y>Y), their new positions aréx, x2,y) and (x},%5,Y), 2:%
respectively. If(x1—s,X2+S)N(X; —S,X,+S) @,y >Y U
must hold. Similar requirements for vertical segments. I?Q
This property is called “order consistency”.

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

d is defined to constrain that one segment does not del\:/j- > FPR ilustration. Ti fixed bi
ate too much from its original position. At the same time,'g' ' ange flustration. Tiny squares are fixed pins.
it helps to prevent introducing new coupling capacitance
violations to other layers. When horizontal segments
L are changed, the length of vertical segment$ am L

may also be changed. However, the length change is

)

2s

If we arbitrarily move one horizontal signal wire segment
Cfﬂ) or down, not only overlaps between horizontal segments
on L, but also vertical overlaps o or L may be introduced
. i 89 iilustrated in Figure 1 (b). Therefore, similar to [10R-F
more than 2 since each vertical segment connect; to ﬁange is introduced. Then if horizontal signal wire segment
most t.WO ho_nzontal segments dm Then th? coupl_lng ove within the range, no vertical wire separation violasio
capacitance mtrod_uced by Iength increase is also Imﬂeﬁ,e introduced.
There_fore, by s_ettmg appropnate deviation bounds, neWFP—range is defined as follows. Suppose the wire separation
couplmg capacitance violations on layleror L can be requirement is & andW and H are the width and height
avoided. of the routing region, respectively. A horizontal wire segrh
Although the CVE problem deals with coupling capacitand® = (x1,X2,yr) on L belongs to nety. Its two end points are
violations on one layer, it can be applied layer by layer iy = (x1,yr) andrz = (X2,yr), and they are connected to layer
resolve violations on all layers to a given multiple layenting L’ and L”, respectivelyL’ (L") can be eitheil or L. Then
design. calculate two pin set® andQ. Let P be the set of fixed pins
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onL andL’ whosex-coordinates fall in(x; —2s,x1+2s) and do length, andt is the distance between two segments. Further-
not belong to nety, andQ be the set of fixed pins dnandL” more, power rails act as shields and do not cause coupling
whosex-coordinates fall inx2 — 2s,x2 + 2s) and do not belong capacitance to their adjacent segments.

to netn. LetU = min{{y—2slye PUQAY >y} U{H — 2s}}

andV = max{{y+2sye PUQAY <y }U{2s}}. The range IV. CVE ALGORITHM

[V,U] is called “FP-Range”. Figure 2 shows the FP-Range of 15 solve the CVE problem, we develop a two-stage algo-

a horizontal segmerR. Pin a is the closet pin abov& and  jihm The first stage FCVE processes signal wire segments
pin b is the closet pin belowR. In this example, the FP-Range

) ] on L one by one and tries to find a clean routing solution
of Riis [yb +25,¥a — 25 whereya andyy are y-coordinates of gatisfying all constraints. This stage is very fast and dcps
pin a andb respectively.

_ .. . wire segments upwards. This also gives more room for the
Then we have the following theorem. The proof is similagecnq stage to minimize the total deviation since the skcon

to [10] and it is omitted here. stage processes segments from bottom to top.
Theorem 1. If all horizontal segments on laydr move

up/down within their FP-Rangel¥/,U] and satisfy horizontal .

wire separation requirement and order consistency, the newCVE Algorithm

routing solution has no vertical wire separation violasion For convenience, for any two nodésandB in G, if there
is a path fromA to B, we sayA is B's parent, andB is A's
child.

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

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

For each segment, its available position is related to its
FP-range, allowable deviation bound, coupling capac#&anc
threshold, the distribution of power rails and the pos#ion
of its parents. Suppose segmént= (x1,X2,y,W,c,d) has an

@) (b) FP-range[V,U]. Also A records a valudJbound. Ubound

Fig. 3. (a) A routing solution of signal wires dry (b) The corresponding = min{yp — 25— Wp|yp is the y-coordinate of anA’s parent

consistency graph. node andw, is its half width}. Then if A moves in the
. . . range[0,Ubound —w], the order consistency is guaranteed. Let

An important property of CVE proplem is to keep Or'[\7,J] — V,U]N[y—d,y+d] N [0,Ubound — w]. Check tracks
der consistency”. (,S'V?n any two_horizontal s?gmeet& t starting fromU. If t is not occupied by any power rails
(x1,%2,) andB = (x1,%,Y), if (1 =SX+8)N04-SX%+  an4 g coupling capacitance violations are introduceé’so
S) # @ (2 IS the wire sepz_;\ratlon requirement) a_nd no se%’arents and itself ifA is put at trackt, t is assigned a#\'s
me/nts fall in the region with left bottom cornémm{x/l— new position. Otherwise, check the next track betoRepeat
S —s},min{y.y'}) a!’ld right upper corne(rmax{xz—i—s, 2T this process until a feasible position is found or the tracksy
s}, max{y,)/}), we deflne_segmentsandB adjacent s“egmgnts. beyonaV. The latter case means no feasible solution is found.
According to order consistency, we can construct “conseste Once the position of is decided, the coupling capacitance

graph”:.each horlzonta! signal wire segment IS r_epresemed bounds ofA and A's parents have to be adjusted accordingly,
a node; for agy_tvvp adjacent _segmeAtand B, if Ais above i.e., subtract the coupling capacitance betw&emd its parent
B, one edg€(A,B) is added. Figure 3 illustrates an examplefrom the coupling capacitance boundsfAfnd its parent.
Furthermore, if one segment has several children, then
C. Coupling Capacitance the children selected first always have higher priority. For
In general, each segment has coupling effect to all oth@xample, in Figure 4, suppose the positiorAdfas been fixed.
segments. However, the coupling capacitance decreases déaC andD are the children oA. The coupling length ratio of
tically if the segment is out of the neighborhood of the othdé#, C andD is 2:1:1. The coupling capacitance bound of all
segment [6], [8], [9], [12], [16]. Therefore, we only coneid segmentsis 30. The numbers in the figure indicate the cayplin
the coupling capacitance between two neighboring paralkgpacitance if the segment is placed at their highest dlaila
wires and suppose the neighborhood distanc® is y-2s, positions. SupposB is first selected and it is placed as Figure
(0 < y < 2). Then the coupling capacitance between twé (b). Then the coupling capacitance boundhds reduced to

B. Consistency Graph

segments can be expressed by the following formula: 0. ThereforeC andD have to be placed lower, which pushes
| E down too. In order to avoid one segment consuming all or
c= { 6 t<D most of the coupling capacitance budget, we use the follgwin

0 t>D approach. Suppose a segmdttis fixed and its coupling

where a is the coupling parametef is an experimentally capacitance bound 5. Also its total coupling length with all
estimated constant with a value34 [6], | is the coupling of its unfixed children id;. Let dr = min{D, (a- (I;/¢;)) T3 }.
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A A

A positions while some segments do not need to deviate so much
| | from their original positions. In this section, we first cafex
30 llS § 30 § a special case of CVE problem (CVEP) and propose an exact
7 : o lo | 15 |7 |8 e : ; - "
— L= 3 polynomial-time algorithm to decide wire segment positsion
B D § B J J D D with minimum total deviation under all constraints. Then by
C | cC D B C applying this algorithm repeatedly on the output of FCVE, we
— | — can greatly reduce the total deviation.
| E § PROBLEM CVEP is a special case of CVE problem when
@) (b) © all horizontal segments on layér are placed in a line, i.e.,
the corresponding consistency graph is a path.
Fig. 4. (a)B, C and D are the children ofA. The position ofA is fixed. Figure 5 (a) shows an example. There are 4 signal wire

All segments have a coupling capacitance bound 30. TheHeragio of B, segments and 1 power rail. (b) is its consistency graph and
CandDis 2:1:1. (b)B is first selected and put to its highest available, . inal h f d . h
position. ButC and D have to be placed lower. (c) A solution according toIt IS a S'ng_e path from nodéy to A4 For convenience, the
our approach. segments in a CVEP problem are indexedAas..., A, from
bottom to top.

] o . To solve the CVEP problem, we first construct a “Segment
Then the distance betwe®mwand its first selected childl must  pgsition” (SP) graph, and then apply the shortest path al-
be no less thad;. OnceT is fixed, ¢ is adjusted accordingly, gorithm to get the solution. The SP graph is constructed in

i.e., subtract the coupling capacitance betngde .from two steps. The first step graph (FSB)= (V,E) is formed as
¢r. Then the newc; is used forR's other children in the fqjjows.

same way. Figure 4 (c) shows a solution with this approach.

According to the coupling capacitance budget, the couplifghdes:  Since the allowable deviation of segmetis d;,
capacitance betweehandB, A andC, AandD should be 15, totaly there are @ + 1 possible positions foh;. Let node set
7.5 and 75, res_pectlvely._ Suppose segmeénis flrst selected, v/ _ {ViJ li € [1,n],] € [—di,di]} representing possible positions
then the coupling capacitance upper bounda$ reduced t0 o o, e i refers to the positioy; + j. For convenience, we
15. S!nce the Ie_ngths @ andD are the same; a“O,'P geta . v/ a node ofA;. Also for any possible position, if it is
coupling capacitance budget57 And the new position o€ occupied by a power rail or it is outsidg’s FP-Range, then

E::a_n Ibe calilulate:. Holwelver,dthe hi_ghe?thava:clél:;!e pos&lfonAi cannot put there. Suppose nodes corresponding to this kind
is lower than the calculated position. TherefdZes put on ¢ positions form the se¥”. V =V’ — V"

its highest available position and the coupling capac#atac
Ais 7. Finally,D takes all of the coupling capacitance budget
Surely, the ordering of segments to be processed may Ieac{E ! i

. . S ILn—1), ke [—d;,di], ] E[—di+1,di+1],Vr€V,vi+1€V}. For
different budget plans which further affect the locationarfe cach node of\, it is connected to the nodes A, such that

segments. Therefore,_FCVE may not return a feasible Smu“&e distance between two nodes satisfies the minimum spacing
although one may exist. ;
requirement.

In FCVE, we always try to put a horizontal segmen
upwards. This leaves more room for other segments Smﬁ,g)rst: Each edge{vﬁ,vijﬂ) is assigned a cost which is the

once one segment is processed, its location is fixed and ot : ) .

. . coupling capacitance betweén and A1 supposing the two
segments below it cannot take the space above it. If W ‘ments are laced dt andv!, ,, respectivel
arbitrarily assign a segment to one of its available pas#jo 9 P i+1 [€SP Y-

some segments may have no place to put.

dge: B ={('v1)l W1 w1 (Frw) 225 i€

As we notice that, even if there are no coupling capacitance _ As @
violations in the given input routing design, segments mnidly s
be moved in the above procedure. However, our targets are not P _As @
only to eliminate coupling capacitance violations, bubais
minimize the total deviation. Therefore, we start with aazer A2 @
allowable deviation bound and each time increase the bound
by a certain percentage. For each deviation value, we eaécul A1 @
the positions of all segments according to the above praeedu
Repeat thi til a feasible solution is found or th (@) (b)
peat this process until a feasible solution is found or the

deviation bound exceeds the pre-defined value. For the latté&- 5. (a) A CVEP problem. There are 4 signal wire segméatsis, Ay
case. no feasible solution is found and A4, and 1 power raiP. (b) The consistency graph is a path.

Figure 6 shows a simple example. (a) is a CVEP problem
B. SCVE with 3 signal wire segmentsy, Az, A3 and 3 power rails.
If FCVE returns a solution, then the solution must be Bor simplicity, suppose all wires have the same length, and
feasible solution satisfying all of the constraints. Hoaev the deviation bounds of signal wire segments are all 2. Also
FCVE tends to place segments to their “highest” availabthe coupling capacitance thresholds are all 0, i.e., thamkie
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Fig. 6. (a) A CVEP problem. There are 3 signal wire segméatsA,, andAs, and 3 power rails. The allowable deviation &f, A, and Az is 2, and their
coupling capacitance upper bound isA3. and A, violate the coupling capacitance requirement. (b) FSPhy@Guof the CVEP problem. (c) SP graph of
the CVEP problem. The three dashed ellipses indicate thgitpegositions of the three segmets A, and Az, respectively. (d) An optimal solution to the
CVEP problem.

between any two signal wire segments must be larger than 1 (V! ,,VK) andt, the cost isik.
unit. In Figure 6 (a), since segmemg and A, are adjacent
to each other, the coupling capacitance between them exceed-igure 6 (c) illustrates the SP graghfor the given CVEP
the coupling capacitance bounds of béthand A;. problem. Each edge i is represented by a node (. For
Figure 6 (b) shows the corresponding CVEP gr&plior edgeses andejg in G, since their cost is 1, edgéss, e12),
(a). Due to the overlap with power rails, the available posgione;,e1p) and (es,e10) are not included irG. Based onG, we
of each segment are only 3 and they are represented bwapgply the shortest path algorithm to find the shortest patim fr
nodes, respectively. The three dashed ellipses indicate #htot. In Figure 6 (c), the shortest path is indicated by thick
possible positions of the three segments, respectivelg Tturves. It is easy to derive a CVEP solution as shown in Figure
costs of all edges are 0 except two edgesande. 6 (d).
In FSP graph, the allowable deviation bound is reflected Suppose totally there are wire segments and/ is the
by nodes, and the edge cost records the coupling capacitafi@ allowable deviation. The number of nodes in FSP graph
between two segments. However, the coupling capacitarig®(n-M). For each node in FSP graph, it connects to at most
constraint is not included. Therefore, based on FSP gragh) nodes. Therefore, the number of nodes and edges in SP
we derive the SP grapB = (V,E) so that the shortest pathgraphG areO(n-M?) andO(n-M?), respectively. Sinc& is
algorithm can be applied to find the solutid®.is formed as @ directed acyclic graph, the shortest path algorithm can be
follows. accomplished irO(|V| + [E|) [1], [2], i.e., O(n-M?3).

1) Nodes: Each edge i@ is represented by a node. For
convenience, an edde, V) in FSP graph also refers to
a node in SP graph. Also two nodssindt are added Algorithm CVEPP)
representing the starting and ending nodes, respectively.. Construct SP graph G for the input path P;
2) Edges: For any two edge@/ VK ;) and (V;,V.,) 2. Apply the shortest path algorithm on G ;
in FSP graph, if the total cost of the two edges is3. Derive the solution to the given CVEP problem
less thanci ;1 which is the coupling capacitance bound _
of segmentA 1, an edge is added between the two The construction of SP grapB takesO(n-M3) and the
corresponding nodes iG. Also connects to all of the derivation from a shortest path @& to a CVEP solution takes
nodes corresponding to the edges relafgdin FSP O(n). Therefore, CVEP algorithm can solve CVEP problems
graph, and all of the nodes corresponding to the edgesO(n-M?3). Furthermore, the algorithm guarantees to return
related toA, are connected tb. _ a feasible solution with minimum deviation as long as there
3) Cost: If edgee connects two nodegv/,vK ;) and is a solution to the given CVEP problem.
(VK. 1,V ,), the cost ofe’is |k| (i.e., the deviation of
Ai;1); if edge e starts froms, i.e., € connectss and
(v1,V¥), the cost igj; if edge€ends at, i.e.,éconnects  Based on CVEP algorithm, we have the following SCVE

We now summarize the CVEP algorithm as follows.
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Fig. 7. (a) A consistency graph; (b) Nodé€ has no child nodes. It is selected, and forms a path with ode Ho (c) NodeK is selected. And it leads to
three path& —G—-C—A, K—G—F andK — E. The first one includes more nodes. So it is selected; (d) filne path isF; (e) The forth path i€ —D —B.

algorithm. SCVE algorithm performs as the second stage V. OPTIMIZATION

of CVE algorithm since its input is the output of FCVE cyep aigorithm is the kernel part of SCVE algorithm.

algorithm, which is a feasible solution to the given CVER,qyever, the number of possible positions of wire segments

problem. The target of SCVE is to reduce the total dewaﬂthay be quite large and it makes SP graph include a lot of
nodes and edges, which requires not only much memory but
also long running time. In order to speed up the execution, we

) _ develop the following optimization strategies.
Based on the consistency graph, each time we select a

path and apply CVEP algorithm to find the optimal solution Ai

corresponding to the selected path. Once a path is progessed T D

all nodes along the path are marked “Processed” and their —

positions are not changed any more. Since FCVE algorithm (@)

traverses a consistency graph from top to bottom, and many A

segments may be put on a position higher than their original == \5“‘\\/
positions, SCVE algorithm selects paths from the bottom of a e = -
consistency graph. For each path, the first noaeust either (b)

have I’_]O child or all of its Ch”dren are marked. Then rac€y. 8. (a)A; is a wire segment and it has 12 available positions. (b) Every
up to its parents. If one of its parengshasu as the only three nodes are clustered as a “super-node”.

unmarked child,p is selected. Continue this procedure until

no nodes satisfy the selection rule. Once a path is selected,

we treat all other nodes unchanged and apply the CVEP Node Clustering

algorithm. If there are several paths, we select the path wit o ) )
the most number of nodes. Figure 7 illustrates an exampleWhen the deviation of a wire segment is large, the cor-

Figure 7 (a) is a consistency graph. The node processfifggPonding FSP graph and SP graph must include a large
starts from bottom to top. At the very beginning, and K number of nodes. In order to facilitate the process of huge

have no child nodes. Then select one of them. Sup;bbseCVEP problems, we propose the_ following node clustering
is selected. Then considét’s parentG. G has a childk. Method to speed up the computation. , _

So the path stops. The first path contains one riddéfter For any wire segmers;, suppose the number of its possible
processingH, it is marked asProcessed. Then consideiK. positions is M. By grouping neighbor positions together,
Similarly, we get three path& - G—C—A, K —G—F and We can greatly reduce th_e number of nodes in FSP graph,
K — E. The first path includes more nodes and it is selectegPnsequently reduce the size of SP graph. Once several nodes
Repeat this process until all nodes are processed. Note (A& 9rouped together, we can use the average coordinate as
the coupling capacitance of each possible position of aasighl€ location of the new “super-node”. Figure 8 illustrates a
wire segment is also affected by other segments which &xample.A includes 12 feasible positions. When clustering
not incident on the path. Finally, SCVE algorithm itself cars N0des as a “super-node’, there are only 4 “super-nodes”.
be used independently to improve the coupling capacitarfc€cordingly, the size of SP graph can be greatly reduced.
violations locally. But still, the solution is affected byath

selection, and it doesn’t guarantee to return a feasiblétieal B. Edge Omitting

although one may exist. The construction of SP grapﬁ is based on FSP graph.
Algorithm SCVE() During the transformation _from FSP graph to SR graph, if_ we
know that some edges will not appear in the final solution,

1. Setall nodes in consistency graph “UnProcessed” ( -
2. While( 3 “UnProcessed” nodes) then these edges can be omitted in SP graph. Therefore, the
3 Select a path P from the consistency graph target of this optimization strategy is to identify this Hiof

4. Apply CVEP algorithm on P edges.

5

Mark all nodes on P as “Processed” Suppose a path = (Aq,...,An) is the input of a CVEP
problem, whereA(i = 1,...,n) is a wire segment. Lef; =
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(74
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Fig. 9. (a) FSP graph of a CVEP problemis a feasible position oAj_1. Fig. 10. (Case 1) is the closest feasible position § in [yi —r,yi +]
(b) SP graph of the CVEP problem. wherer = min(y; — B;,By —yi). Only one edge(e es) is needed in the SP

graph. (Case 2 is a feasible position iriBj,By], andy; is the only feasible
position in(By, 2y; —u). Edges(e, 3), (e e4) are added. (Case 8)is a feasible
position in[By, By}, and there are two feasible positions(Ry; —u,B;). Three

(X, %5, vi,wi,ci,di), and its FP-range bév,U;]. For conve- edges(e.es), (6.6;) and (e &) are added,

nience, we call a position is a feasible position Afif it
is not occupied by any power rail, and iscoordinate falls
in Vi,Ui]N[y; —di,yi + di]. For a feasible positiop of A;_1,
suppose there is one edgeconnecting top either froms Case 2. B, <B, <y
or a feasible position of_> as illustrated in Figure 9 (a).  start fromBy, and search withifiB, B]. If By is occupied
In (a), Ai includes 7 feasible positione. connects top and py power rails, then checB, — 1, B,— 2 ... until a feasible
p connects to all feasible positions &f. Based on this FSP positionu is found or it is out of the range. If is found, then
graph, the corresponding SP graph is Figure 9 (b), assumidy edgege, (p,u)) and (e, (p,u)) where u e (By,2y; — u).
(e,&) (i=1,...,7) satisfies the coupling capacitance constrainks jllustrated in Figure 10 (Case 2), the feasible position i
However, some of these edges may not be needed. (Bu,2yi —u) is y;. Therefore, only two edge®, e3) and (e, &)

Suppose is the lowest feasible position @.1. LetBy=are added in SP graph.
min{q—2s—wi —Wi;1,q— D —wi — W1}, where Zis the  As to other feasible positiong of A;, it must be outside
minimum spacing between two segments and if the distanceygg rangefu, 2y, — u). If p, v andw (w is a feasible position
two segments is larger thdn there is no coupling capacitanceyf A, ;) are selected for wire segmerd_1, Ai and A1,
between the two segments. Also Bt=max{p+2s+Wi + respectively in a solutio, there must exist a solutic®with
Wi-1,Pp+D+wi+wis1}. Then we have the following cases. |ess total deviation. IS, the positions of all segments are the

same as those i8 except thath; is placed atu instead ofv.

Case 1. B <y <By

Let r = min{y; — By,By —yi}. Start fromy;, and Case 3. yi<B <By

search withinly; —r,y; +r]. If yi is occupied by power rails,  siart from By, and search within the rangé,By]. If B
checkyi —1,yi+1,¥ —2,yi+2 ... until a feasible position s gccupied by power rails, then cheBk+ 1, B +2 ... until
is found or it is out of the range. li is found, then only one 4 feasible positioru is found or it is out of the range. If
edge is needed in the SP graph, i.e., connecting the two nogeg found, then add edge@, (p,u)) and (e, (p,d)) where
corresponding te@ and (p,u) in the FSP graph. In Figure 10 (2yi —u,By). As shown in Figure 10 (Case 3), there are
(Case 1), a fea_sible positiqnis found in the range and only ¢ feasible positions ifi2y; —u, By). Therefore, edge&, e3),
one edge(e &) is needed in SP graph. _ (e,e4) and (e,ep) are added in SP graph.

Consider other feasible positionsof Ai. Given an optimal ¢ the conditions in the above three cases are not satisfied,

solutionS of a CVEP problem, suppose positiopsv andw  {an just connect nodes in the original way.
(w is a feasible position of; ;1) are selected foA_1, A; and

Ai;1, respectively. Them, u andw are also feasible positions
of the three wire segments since the coupling capacitance of
(p,u) and (u,w) is zero. Howeverp is the closest feasible Our algorithms were implemented in C++ on PC (733MHz)
position toy; and it has the least deviation among all feasibl&ith 128M memory. We tested CVE algorithms for four test
positions ofA;. Therefore, a solution witlp, u andw as the files. These circuits were derived from industry files. The
positions ofA;_1, A; andA; ;1 should have less deviation. Buttechnology is 130nm, and the metal layers 86. For all
this contradicts tha8 is an optimal solution. of the test circuits, the allowable deviation of each sigmiaé

VI. EXPERIMENTAL RESULTS
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TABLE |
TESTRESULTS OFCVE PROBLEM

File N3 S6 M8 F10
ECO Region Area(ur) 4908.92x3295.52| 3295.52x4908.92| 10872.90x4799.54 4799.54x10872.90
Signal Segments 1610 2098 1266 726
Power Rail Segments 166 1128 631 747
Sensitive Segments 1439 1868 1085 627
Violation Segments 649 676 343 162
Max Coupling Capacitance / Bounf] 215% 215% 215% 215%
Allowable Deviation 2% 2% 2% 2%
Node Clustering for CVE 10 9 30 80
Test Results
Max Deviation 0.34% 0.36% 1.24% 0.86%
Violation Segments 0 0 0 0
Time FCVE 2 4 11 1
(second) SCVE 33 55 88 28
Total FCVEumM) 11925.20 23294.40 57955.50 52293.80
Deviation SCVEUm) 2378.33 6224.76 11270.80 8936.27
FCVE/SCVE 19.94% 26.72% 19.45% 17.09%
segment is bounded as 2% of the height of the ECO region REFERENCES
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VIl. CONCLUSION
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