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ABSTRACT
Fast progresson VLSI technologymakes clock skew more sus-
ceptibleto processvariations.We proposeDME/BST basedalgo-
rithms for clock treerouting to improve skew toleranceto process
variations. The worst caseskew dueto processvariationsis esti-
matedandemployedto guidethedecisionmakingduringtherout-
ing. Our methodcanbeappliedto generalnon-zeroskew require-
ments. Minimizing total wirelengthis consideredasa secondary
objective at thesametime. Experimentalresultsonbenchmarkcir-
cuitsdemonstrategreatimprovementonprocessvariationtolerance
throughour algorithms.

Categoriesand SubjectDescriptors
B.7.2[Hardware]: IntegratedCircuits—DesignAids

GeneralTerms
Algorithms,Performance

Keywords
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1. INTRODUCTION
In synchronousVLSI designs,thepaceof datatransferis gener-

ally coordinatedby clock signals,thusclock network qualityplays
a key role in determiningVLSI systemperformance.Conventional
clock designshave placedemphasison seekingzeroclock skew,
sincetheclockskew setsa lowerboundonclockcycle time. Previ-
ouswork hasfocusedonzero-skew clockdesignundereitherpath-
lengthor Elmoredelaymodel[8, 9, 16]. Further, sincethe clock
network is a major sourceof power consumption,reducingclock
network wirelengthto lowerpower consumptionis alwaysdesired.
The DME(Deferred-Merge Embedding)algorithm is proposedin
[1, 2, 7] to achieve zero-skew with a minimal wirelength.In prac-
tice, however, circuits are able to operatecorrectly within some
non-zeroskew bound[4]. In [4], a boundedskew clock tree(BST)
algorithmextendsDME to furtherreduceclock treewirelength.
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In reality, designedskewsmaynotbeguaranteedafterchipman-
ufacturingbecausethefabricatedwire width maybedifferentfrom
expectedvaluesdue to processvariationssuchas etchingerrors,
maskmisalignmentandspotdefects. Processvariationsaremit-
igatedin clock designthroughbuffer insertion/sizing[3,18] and
non-treetopology[10]. Othertypesof topologiessuchasmeshor
combinedmesh-tree[6, 14,15] have alsobeenproposedto pursue
processvariationtolerantzero-skew. Even thoughnon-treestruc-
turesare generallyeffective in overcomingprocessvariations,it
doesnot permit thewidely appliedclock gatingtechniqueandex-
cessive usageof non-treestructuresmayaggravatethealreadyse-
verepower consumptionproblemfor theclock network.

In modernVLSI circuit designs,clock skew is moreandmore
susceptibleto processvariationsbecauseof the increasinglyhigh
clock frequency, large chip areaandshrinking featuresize. This
requiresthat skew toleranceto processvariationneedsto be han-
dledin ameticulousmanner. Thus,aprocessvariationawareclock
treeroutingisneededin complementwith non-treestructure,buffer
insertion/sizingandwire sizingto achieve a greaterprocessvaria-
tion tolerance.Our experimentalresultsshow thata carefulclock
tree designitself will make a greatdifferenceon skew tolerance
to processvariations. In [17], an abstracttree topology for im-
proving processvariationtoleranceis suggestedbasedon the ob-
servationthatskew betweentwo clocksinkswill notbeaffectedby
theprocessvariationsalongthesharedportionof their source-sink
paths.Hence,skew toleranceto processvariationmaybeimproved
throughletting a pair of clock sinkswith a smallerskew permissi-
ble rangesharea greaterportion of their source-sinkpathsin the
abstracttopology. However, this work usesa crudedelaymodel
neglectingsink location/capacitance,andmoreimportantlyit is in-
completein that it doesnot show how to implementthe abstract
topologythroughphysicalrouting.

In thiswork, we improveuponthesedeficienciesby focusingon
the constructionof the clock tree to improve skew tolerancewith
respectto processvariations. The processvariation toleranttree
canbeadoptedaseithera completeclock network or a local clock
systemdrivenby abuffer or ameshof aglobalclocknetwork. The
primaryobjective is to minimizethemaximumskew violation due
to processvariationsand the routing wirelengthis minimized as
secondaryobjective. We proposeDME[1, 2, 7] andBST [4] based
algorithmsto solve theseproblems. The major distinction from
DME/BST is thataworstcaseprocessvariationlimit is considered
in additionto skew permissiblerangesduringtherouting. In exper-
iments,we comparedour methodwith a naive extensionof DME
andourmethodexhibitsgreatimprovementontoleranceto process
variations.



The remainderof this paperis organizedasfollows. Section2
presents� problemformulation. Thealgorithmof minimizing skew
violation is describedin Section3. Thentheexperimentalresults
are shown in Section4. Our algorithm is extendedto minimize
wirelengthsubjectto skew boundsin Section5. Finally, Section
6 summarizestheprimaryresultsof this paperandoutlinesfurther
research.

2. PROBLEM FORMULA TION
Let

���������
	����	�������	���������� �
denotea setof clock sinksin

theManhattanplaneand
���

bea clock sourceif given.An abstract
topology ����� ��� is definedasa rootedbinary treewith its � leaves
be
� � 	
� � 	
������	�� �

. A physicalembeddingof � � � ��� is a rootedrec-
tilinear Steinertree� �
� ��� suchthateachinternalnode!#"�$%����� ���
is mappedto a location &'�(! " � in the Manhattanplane. In a binary
rootedtree, eachnode ! is connectedto its uniqueparentby an
edge)+* . Supposethe costof )+* is its wirelength ,�)+*-, , thenthe
overall costof � � � ��� is thetotalwirelengthof theedgesin � � � ��� .

For thewire width variations,bothglobalspatialvariationsand
local randomvariationsareappendedto thenominalwire width . �
throughthefollowing expression[15]:

. � . �0/2143�/65478/:9 (1)

wherecoefficient
1

indicatesthespatialvariationalongthe
3

coor-
dinatesandcoefficient

5
modelsthevariationalongthe

7
direction.

The fourth term
9

is a randomvariablefollowing a normalproba-
bility distribution with meanvalue ; andstandarddeviation < . As
anapproximation,we assumethatthewire width . of is bounded
by ;2=?>A@CBD.EB?>GF where >A@ � . �C/�1436/H5�7-I�J < and> F � . � /K143L/:547M/2J < .

For eachsink
� " , let N�� ���	�� " � denotethedelaytime from root

���
to
� " . Thenfor any two sinks

� " and
�PO

, theclockskew N�Q�R �TS � � " 	��POU�
betweenthemis1 N�� ���	�� " �VI N�� ���	�� O � . Eachskew N Q�R �TS � � " 	�� O �
is allowedto changewithin a permissiblerangeW XZY\[ " O 	
] Y\[ " O�^
without affecting circuit performance[12,17]. The skew viola-
tion is definedas

�`_ " O �ba6ced �(XZY\[ " O I N Q�R �TS �(fhg �i	 N QjR �TS �(fhg �`I] Y\[M" OU� . In order to improve toleranceto processvariation,we
will first solve theminimal skew violation underprocessvariation
problemasfollows.

Minimizing Skew Violation (MinSV) Problem: Given a set�k�l�4� � 	�� � 	��U����	�� � �m�n� �
of clock sinks, skew permissible

rangesfor all pairs of clock sinks,find a clock routingtree � �P� ���
such that the maximumskew violation amongall pairs of sinksis
minimizedwhenwirewidth variesbetween>G@ and > F .

Note that the sourcelocation
�U�

is not includedin our formu-
lation sinceour proposedmethodscan handleany prescribed

� �
transparently. Eventhoughwe consideronly wire width variation
here,our methodcanbeeasilyextendedto accountfor wire thick-
nessandspacingvariations. The interconnectdelay is evaluated
throughElmoredelaymodel.

3. MINIMAL SKEW VIOLA TION CLOCK
TREE

Given an abstracttopology, the procedureto build the minimal
skew violation clock tree is divided into two phasesas [2, 4, 7,
9]: bottom-uptreeof mergingsegmentsconstructionandtop-down
routingtreeembedding.During thebottom-upphase,a setof can-
didatelocations,whichiscalledmergingsegment,is foundfor each
internal nodeof the given abstracttopology in order to achieve�
Someworkstreattheabsolutevalueof thedelaydifferenceasthe

skew withoutdifferentiatingthesigns.

certainskew objectives. Every candidatelocation alonga single
mergingsegmentshouldyield thesameskew behavior andthetree
obtainedis calledtreeof merging segments. Examplesof abstract
topologyandtreeof merging segmentsareillustratedin Figure1.
In the top-down embeddingprocess,onecandidatelocationis se-
lectedfor eachmerging segmentsuchthat the total wirelengthis
minimizedwhile theskew performanceobtainedin thebottom-up
phaseis retained.
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Figure 1: (� ) abstract topology tr ee, (� ) tr ee of merging seg-
mentsfor the abstract topology of (� ).

3.1 Notations and Definitions

DEFINITION 1. Segment Distance: For any two merging
segments ���(� " � and ���(� O � , the segment distance between���(�`" � and ���(� OU� is definedas ��" O��n� �j���(�`" �i	 ���(� O�'�6��e� fh� �4� �(!�� 	 !�� � ,D!���$ �m�(� " �i	 !��n$ ���(� O �i� , where�¢¡ �(! � 	 ! � �G� , 3 � IK3 � , / , 7 � IK7 � , is the rectilinear distance
between!�� and !�� .

DEFINITION 2. Nearest Pair: For any two merging seg-
ments �m�(� �i� and ���(� �
� , a pair of points ! � $ �m�(� �P�
and ! � $£�m�(� � � is definedas nearest pair if

� ¡ �(! � 	 ! � �¤�� �j���(� �e�i	 ���(� ���'� .
DEFINITION 3. Shortest Distance Region: For anytwo merg-

ing segments ���(� � � and ���(� � � , the shortestdistanceregion¥ �j���(� ��i	 �m�(� �P�'� between ���(� �e� and ���(� ��� is the set of
points with the minimumsumof Manhattandistancesto �m�(� � �
and ���(� ��� , i.e.,

¥ �j�m�(� ���i	 ���(� ���'�:�¦�e§ , �¢¡ � §¨	 �m�(� �P�'�©/� ¡ � §¨	 ���(� � �'�`��� �j���(� � �i	 �m�(� � �'�i� .
3.2 Treeof Merging SegmentsConstruction

Our objective in searchingthemerging segmentsis to minimize
the skew violation due to processvariations. More specifically
speaking,for an internalnode � with two childrennodes� " and� O , we look for a merging segmentfor � suchthattheskew viola-
tion betweenany sink

�U� $ª� � " andsink
� @V$ª� �O is minimized.

We use � � " and � �«O to denotethe subtreesrootedat � " and � O ,
respectively. In orderto guidethe searchingfor the merging seg-
ment,we needto estimatethe rangeof the skew between

���
and� @ . Becauseof processvariations,the skew betweena particular

pair of sinks
��� $-� � " and

� @¬$-� �«O is not a uniquevalue,instead
it is within a rangeW N Q�R �TS � � � 	�� @ �i	 NUQjR �TS � � � 	U� @ � ^ anddifferentsink
pairsmayhave differentskew rangesunderprocessvariations.

To minimizethemaximumskew violationsamongall sinkpairs,
we needto estimateskew rangesfor all sink pairs betweentwo
subtrees[19].For example,if thereare8 sinksin � � � and7 sinks
in � � @ , thenskew rangesfor 56 pairsneedto be estimated.This
is in contrastto thetraditionalzero-skew routingwhereonly skew
betweenonepair of sinksfrom two subtreesneedto becomputed.
However, estimatingskew rangesfor all pairsof sinksbetweentwo
subtreesgreatlyincreasesthe computationtime. Hence,we trace



the skew rangefor only the most critical sink pair betweentwo
subtrees.� Let Y � @ �D] Y\[ � @ I XZY\[ � @ andYVV" � betheminimum
skew permissiblerangeamongall pairsof sinksfor thegivennet.
Thecriticality betweena sinkpair

� �
and

� @ is definedas:

®0¯ fhNjfh°
�+&(fhN 7 � @ �²± Y V" �Y � @ / �'³ I-±��6´ � @´  �Pµ (2)

wheré
� @ is therectilineardistancebetween

�U�
and

� @ , ´  �
µ is the
maximumsink pair distanceamongall pairsof sinksof the total
net, and

±
is a constantweightingfactor. On the right-handside

of theabove equation,thefirst termrepresentsthecriticality dueto
theskew permissiblerangeandthesecondtermdescribesthecrit-
icality from thespatialdistance,sincetheskew betweentwo sinks
far apartfrom eachotheris moresusceptibleto processvariations.
We canpre-selectthemostcritical sink pair betweenany two sub-
treesaccordingto equation(2) and perform the skew estimation
for only this critical sink pair whenthemerging segmentfor their
correspondingsubtreesis searched.

Theskew rangebetween
� �

and
� @ canbeobtainedif themini-

mumandthemaximumdelayfrom node� to
�U�

and
� @ areavail-

able.Estimatingtheminimuminterconnectdelaydueto wire width
variation is actually very similar to the delay driven wire sizing
problem[5]. The differenceis that the wire width variationrange
dueto processvariationis muchsmallerthanthat in thewire siz-
ing problem.Suchsmallvariationrangeallows usto employ some
simplewire sizing schemeto estimatethe minimum interconnect
delay. It is statedin [5] that single width sizing is a reasonable
approximationto the optimal wire sizing. For a wire segmentof
length & andwidth . , its resistanceis

¯ &i¶e. andits capacitanceis°P&(. , wherē and ° arecoefficientsfor resistanceandcapacitance.
If it hasacapacitiveload

®©·
, its interconnectdelayin Elmoredelay

modelis N � �� ¯ °P& � / � @S ®©· . Evidently, theminimumdelayis ob-
tainedwhen . � >:F andthemaximumdelayoccursif . � >A@ .
Whenweestimatetheminimumdelayfrom anode� to asink

�U�
in

a routingtreeinsteadof a2-pin path,thewire width alongthepath
from � to

���
is >GF while wire width for any branchingsegmentnot

onthispathhasto betheminimum > @ . Sincethosebranchingseg-
mentsarepurecapacitive load to the �¹¸ ���

path,theminimum
wire width impliestheminimumload.Themaximumdelaydueto
processvariationin a routing treecanbeestimatedsimilarly. An-
otherobservation is thatprocessvariationsat any wiresnot in � �
do not affect theskew between

� �
and

� @ . Therefore,themerging
segmentsfor � ’s parent/ascendantnodesfound in latersearchings
may maintaintheskews betweenany sink pairsbetween� � � and� � @ .

Oncetheskew range W N Q�R �TS � � � 	�� @ �i	 N�Q�R �TS � � � 	�� @ � ^ for the most
critical sinkpair

�U� $%� � � and
� @¨$�� � @ is obtained,wecanchoose

the merging segmentfor the internalnode � , which is the parent
nodeof � � and� @ , suchthatthecenterof thisskew rangecoincides
with the centerof permissiblerange W XZY\[ � @ 	�] Y\[ � @ ^ for

���
and� @ . Whentheskew rangeisgreaterthantheskew permissiblerange,

suchselectionminimize themaximumpositive skew violation. If
theskew rangeis smallerthanthepermissiblerange,this selection
methodmaximizethesafetymargin.

Supposewe are working on the tree of merging segmentsfor
a node � with children � " and � O . Furthermore,let � º�» �4¼T½ and� ºL» ��¾�½ denotetwo subtreesof merging segmentsrootedat � " ’s
merging segment ���(�`" � and � O ’s merging segment ���(� OU� , re-
spectively. Let ! " $¿���(� " � and ! O $À���(� O � . The search-
ing for the merging point ! is started by modeling the min-
imum(maximum) delay N �(! 	����U� � N
�(! 	����U�'� and N �(! 	�� @ � � NP�(! 	�� @ �'�
from ! to

� �
and

� @ , respectively.

ÁÂÂÂÂÂÃ ÂÂÂÂÂÄ
N �(! 	
� � �`� N �(!#" 	U� � ��/ �PÅ�:Æ , ) * ¼ , � / ��Ç È �TÉ ¼ ÈÊCË Æ ® Ì ¼
N
�(! 	
� � �`� N��(!#" 	U� � ��/ �PÅ�:Æ , ) * ¼ , � / ��Ç È �TÉ ¼ ÈÊÎÍ Æ ® Ì ¼
N �(! 	
� @ � � N �(! O 	�� @ ��/ �PÅ� Æ , )#* ¾ , � / ��Ç È �TÉ ¾ ÈÊ Ë Æ ® Ì ¾
N
�(! 	
� @ � � N
�(! O 	�� @ ��/ �PÅ� Æ , )#* ¾ , � / ��Ç È � É ¾ ÈÊ Í Æ ® Ì ¾

where )#* ¼ is the edgebetween! and ! " , )#* ¾ is the edgebetween! and ! O . Notation
® Ì ¼ is the treecapacitanceof � º�» � ¼ ½ where

the wire width alongthe path from !Ï" to
� �

is > F andany other
wire width in this subtreeis .Ð@ . Notationsof

® Ì ¼
,
® Ì ¾ ® Ì ¾ are

definedsimilarly. Therefore,the lower bound N Q�R �TS � ���«	�� @ � and
upperboundN Q�R �TS � ���	�� @ � of theskew between

���
and

� @ areÑ N Q�R �TS � ���«	�� @ �`� N �(! 	
�U���¬I N
�(! 	
� @ �N Q�R �TS � ���«	�� @ �`� N��(! 	
�U���¬I N �(! 	
� @ �
If we let , ) * ¼ , �ÓÒ

and , ) * ¾ , � ��" OCI , ) * ¼ , � ��" O©IAÒ , where��" OÔ��� �j�m�(� " �i	 �m�(� O��'� , thenÁÃ Ä N Õ Q�R �TS � � � 	�� @ �`�²¯ ° Æ Ò Æ ��" OZ/G¯«Ò �+Ö × ¼Ê F / Ö × ¾ÊÔÍ �Ø/:Ù
N Õ Q�R �TS � ���	�� @ �`�²¯ ° Æ Ò Æ � " O /G¯«Ò � Ö × ¼Ê @ / Ö × ¾Ê Ë �Ø/ Ù

where
Ù � N �(! " 	�����ÏI NP�(! O 	U� @ �ÏI � �PÅ'Ç Ú�Û ¼ ¾� / ��Ç ÚÜ¼ ¾ Ç Ö × ¾Ê Í �

and
ÙÝ�

N��(! " 	�����¬I N �(! O 	�� @ �¬I � �eÅiÇ Ú Û ¼ ¾� / ��Ç ÚÜ¼ ¾ Ç Ö × ¾ÊCË �
.

Thus, for any ;ÞB Ò Bk� " O , the skew is within the boundß Õ � W N Õ Q�R �TS � � � 	�� @ �i	 N Õ Q�R �TS � � � 	�� @ � ^ . In particular, if , ) * ¼ , � ; , the
minimumandthemaximumskew aregivenas N � QjR �TS � ���	�� @ �V�2Ù
andN � Q�R �TS � � � 	�� @ �`� Ù . When , ) * ¼ , � ��" O , thenÁÃ Ä N ÚÜ¼ ¾QjR �TS � � � 	�� @ �`� N �(!#" 	�� � �ØI N��(! O	U� @ ��/ � �PÅ'Ç Ú Û ¼ ¾� / ��Ç ÚÜ¼ ¾ Ç Ö × ¼ÊCË �

N ÚÜ¼ ¾QjR �TS � � � 	�� @ �`� N��(!#" 	�� � �ØI N �(! O	U� @ ��/ � �PÅ'Ç Ú Û ¼ ¾� / ��Ç ÚÜ¼ ¾ Ç Ö × ¼ÊÎÍ �
Suppose that the skew permissible range for

� �
and

� @
is W X Y\[ � @ 	�] Y\[ � @ ^ and let à �Q�R �TS � W N � Q�R �TS � ���«	�� @ �á/N � QjR �TS � ���«	�� @ � ^ ¶�â , à ÚÜ¼ ¾Q�R �TS � W N ÚÜ¼ ¾QjR �TS � ���	�� @ �¨/ N ÚÜ¼ ¾QjR �TS � ���«	�� @ � ^ ¶�â , andàbã�ä � W X Y\[ � @ /ª] Y\[ � @ ^ ¶«â . In otherwords,àbã�ä is thecenter

of thepermissiblerange,à �Q�R �TS �(à ÚÜ¼ ¾Q�R �TS � is thecenterof theskew
rangewhen

ÒÓ� ;�� ÒÓ� � " O � . Thereexist threescenarios(Fig-

ure2): (å ) à �Q�R �æS B¹à ã�ä B¹à ÚÜ¼ ¾Q�R �TS ; (åçå ) à ÚÜ¼ ¾Q�R �TS =�à ãØä ; (åèåèå )à �Q�R �TSHé àbã�ä
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Let
)�� N �(! " 	U���U�¢/ NP�(! " 	����U�+I � ] Y\[ � @ / XZY\[ � @ / N �(! O 	�� @ �¢/N��(! O«	
� @ �'� .

In case(å ), no wire snaking[16]is necessaryandwe canobtain

ÒL� ¯ °
� �" O /:¯ Æ � " O � Ö × ¾ÊÔÍ / Ö × ¾Ê Ë �ØI*)¯ �'âe° Æ � " O / Ö × ¼,+ Ö × ¾Ê Ë / Ö × ¼ + Ö × ¾Ê Í � (3)



by aligningthecenterof theskew rangeto thecenterof thepermis-
sible range.This alignmentis equivalent to solving the following
equation:

N Õ Q�R �TS � � � 	�� @ �¬I X Y\[ � @ ��] Y\[ � @ I N Õ Q�R �TS � � � 	�� @ �
For case(åèå ), welet , )+* ¾ , � ; andneedto extendtheedgelength

of )+* ¼ sothat , )#* ¼ , é � " O . By solving

N È �TÉ ¼ ÈQ�R �TS � �U�U	�� @ �¬I X Y\[ � @ ��] Y\[ � @ I N È �jÉ ¼ ÈQ�R �TS � ���	�� @ �
we have

, ) * ¼ , �
- W ¯ � Ö × ¼Ê Í / Ö × ¼Ê Ë � ^ � I/.4¯ ° )KI6¯ � Ö × ¼Ê Í / Ö × ¼Ê Ë �

â ¯ ° �
(4)

Sinceà ÚÜ¼ ¾Q�R �TS =Hà ã�ä ,
) =ª; andthereforeW ¯ � Ö × ¼ÊÎÍ / Ö × ¼ÊCË � ^ � I.4¯ ° ) é ; . For thesamereason,theRHSof equation(4) is guar-

anteedto bepositive andthereis alwaysa feasiblesolution.
Similarly, for case(åçåèå ), we let , )+* ¼ , � ; andextend the edge

lengthof ) * ¾ sothat , ) * ¾ , é � " O andby solving

N È � É ¾ ÈQ�R �TS � �U�U	�� @ �¬I X Y\[ � @ ��] Y\[ � @ I N È � É ¾ ÈQ�R �TS � ���	�� @ �
we have

, )+* ¾ , �
- W ¯ � Ö × ¾Ê Í / Ö × ¾Ê Ë � ^ � /0. ¯ ° )áI:¯ � Ö × ¾Ê Í / Ö × ¾Ê Ë �

â ¯ ° �
(5)

Fromtheabove analysis,a merging point minimizing skew vio-
lation for

�U�
and

� @ alwaysexists. A feasiblemerging segmentis
a collectionof all suchmerging pointsof

� �
and

� @ . In addition,, )+* ¼ , / , )+* ¾ , is definedasmerging cost. It is obviousthatfor each
pair of !Ï" and ! O , thefeasiblemerging segmentof ! is actuallythe
intersectionof twoManhattancircles2 centeredat ! " and! O , respec-
tively. Consequently, it is a Manhattanarc3. Themerging segment�m�(� � is chosenamongthesefeasiblemerging segmentsin a way
suchthat the toleranceviolation is minimizedandmerging costis
alsominimized.If !#" and! O is anearestpair, thenthemergingcost
is minimized. Therefore,it is sufficient to selectnearestpointsof�m�(� " � and ���(� O�� to construct�m�(� � . Similar to [1], wehave the
following Lemma:

LEMMA 1. If two merging segment���(� " � and �m�(� O � do not
intersect,thenthere existsa nearestpair !#" $¹���(�`" � and ! O $�m�(� O � such that either ! " or ! O or bothis an endpoint of ���(� " �
or �m�(� OU� .

According to Lemma 1, the merging segment ���(� � is built
as follows. Suppose���(� " � ’s end points are ! "21 and ! " Û and�m�(� OU� ’sendpointsare! O 1 and! O Û . First, therectilineardistances� ¡ �(! "31 	 ! O 1 � , � ¡ �(! "31 	 ! O Û � , � ¡ �(! " Û 	 ! O 1 � , and

� ¡ �(! " Û 	 ! O Û � arecom-
puted.Thenall pairsof pointswhoserectilineardistancesareequal
to
� �j�m�(� " �i	 �m�(� O �'� areselected.For eachsuchpairof points,the

feasiblemerging segmentis found.Any two feasiblemerging seg-
mentsaremergedif they overlap.Theprocessrepeatsuntil no fea-
siblemergingsegmentoverlapwith eachother. Finally, thelongest
feasiblemergingsegmentis pickedup asmergingsegmentif there
are more than one feasiblemerging segmentsleft. Basically, if
there is no needto extend edge,the resultingmerging segment�
Manhattan Cir cle is acollectionof all pointswith equaldistance

from a point (center). Basically, Manhattancircle is a squarero-
tatedby 45degree.4
Manhattan Ar c is a line segmentof aManhattancircle. Its slope

is either
I ³ or

/ ³ .

M  n
 j

  n
 i

M

M  n 5 56
7 77 7889 9: : ; ;< <= == => >> >? ?@ M  n

 i

M  n
 j

M  n

A AA AB BB B
C CD D E EE E

F FF F
G GH H I IJ JK KL

M  n
 i

M  n
 j

M  nM MM MN NN NO OP
Q QR RS ST TU UV Vva

vj1

(c)(a) (b)

Figure3: (� ) An examplesuchthat � " O �b� �j���(� " �i	 ���(� O �'� �W
and �m�(� " � is not parallel to ���(� O� , supposeno edgeexten-

sion is needed, , )+* ¼ , is found to be
J
, (� ) An examplesuch that� " O ��� �j���(� " �i	 ���(� O �'� � W

and ���(� " � is parallel to ���(� O � ,
supposeno edgeextensionis needed, , ) * ¼ , is

.
, (° ) An exam-

ple such that � " O ��� �j���(� " �i	 ���(� O �'� �YX
and ���(� " � is not

parallel to ���(� O�� , supposeedge ) * ¼ needsto be extendedto, )+* ¼ , � W
.

���(� � is inside the shortestdistanceregion
¥ �j���(�`" �i	 ���(� O�'�

(Figure 3(� ) and (� )). Otherwise,someadjustmentis appliedto���(� � asfollows. For instance,in Figure3 (° ), ���(� � containsonly! O 1 is mergingsegmentif it is restrictedwithin
¥ �j���(� " �i	 ���(� O �'� .

In orderto obtainmoreflexibility , ���(� � is allowedto extendalong���(� O� suchthatall points ! Å of ���(� OU� with
�¢¡ �(! Å 	 ���(�`" �'� B W

maybeincludedin ���(� � . Therefore,in Figure3 (° ), ���(� � is the
line segment! O 1�! Å .
3.3 Algorithms and Their Analyses

Algorithm 1 Merging SegmentConstruction(lnode,rnode).

Input: Two nodeslnodeandrnodeof � � � �`�
Output: A routingtreewith internalnodesembedded.

1. pick a lnode’s clock sink
���

;

2. pick a rnode’s right sink
� @ ;

3. �[Z � �j���(& �]\ ´ ) �i	 ��� ¯ �^\ ´ ) �'� ;
4. XZY\[_Z lower boundof permissiblerangeof

���
and

� @ ;
5.
] Y\[_Z upperboundof permissiblerangeof

� �
and

� @ ;
6. computeN � Q�R �æS , N � QjR �TS , N ÚQ�R �æS and N ÚQ�R �TS ;

7. à �Q�R �TS Z �(N � Q�R �æS / N � Q�R �TS � ¶�âa`
8. à ÚQ�R �TS Z �(N ÚQ�R �æS / N ÚQ�R �TS � ¶�âa`
9. à ãØä Zk�(XZY\[ /á] Y\[ � ¶�âb`

10. if (à �Q�R �TS B²à ãØä BHà ÚQ�R �TS ) then
compute, )#@ �dcfe � , accordingto Equation(3);, ) � �dcfe � , � � I , )Ï@ �dcge � , ;

11. elseif (à ÚQ�R �æS =Hà ã�ä ) then
extend )#@ �dcfe � , accordingto Equation(4);, ) � �dcfe � , � ; ;

12. else)#@ �hcge � , � ; ;
extend ) � �hcge � , accordingto Equation(5);

13. end if

14. construct the merging segment according to rules de-
scribedin Section3.2 and return the resulting merging
segment;

To build the treeof merging segments,the initial clock abstract
topologytreeis processedin bottom-upfashion.Merging segment
of an internalnodeis basedon its left andright children’s merg-



ing segments.Merging SegmentConstruction(Algorithm 1) is the
mainroutineconstructingsuchmergingsegments.Insidetheroute,
sink

���
of lnodeandsink

� @ of rnodeare identified,distancebe-
tween���(&(�^\ ´ ) � and ��� ¯ �^\ ´ ) � arecomputed,permissiblerange
of
���

and
� @ is fetchedandall skews arecalculated.Finally, the

mergingsegmentis formedaccordingto rulesdescribedin Section
3.2.

After treeof mergingsegmentsis finalized,theclockroutingtree
is embeddedtop-down sameasin DME [1]. First the locationfor
clock sourceis determined,thenall descendent’s locationsarere-
cursively located.In particular, eachclock sink’s locationis itself
andeachinternalnode’s locationis derivedfrom its parent’s loca-
tion andtheconditionwhetherthereexistsextension.

In fact, Algorithm 1 is analogousto a postordertree traversal.
Therunningtime of postorderis iL�kj � wherej is thenumberof
edgesof the tree. Furthermore,all computationsin the algorithm
canbedonein constanttime. Therefore,bothtreeof merging seg-
mentsandclock routing embeddingcanbe madein time iL�kj � .
Note that if a treehas � leaves,the numberof the tree’s edgesis
usually iL�(� � .
4. EXPERIMENT AL RESULTS

Thealgorithmof MinSV havebeentestedonfivebenchmarkcir-
cuitswidely employedin theliterature[4, 7, 8, 9, 15,16]. As [15],
thewire widthsarescaledunderthe ; � ³bl microntechnologywhile
the sink’s loadingcapacitancesremainthe same.We assumethat
the wire width follows the variationdefinedin equation(1) with
nominalwidth . �L� ; �nmg. , standarddeviation < � ; � ³ao�â for the
local variation term

9
, andspatialvariationcoefficient

1K� 5á�4,pegqsrut wheré  �
µ is themaximumrectilineardistanceamongall
pair of sinks. Theweightingfactor

±
in selectingthecritical sink

pairs is ; �vm . The wire resistanceper unit length is ; � ;4; . â ¶i.xw
where . is the wire width, andper unit lengthandwidth capaci-
tanceis

J � ³ale) I o §dy , thedriver’s resistanceis ³al � âaw , andtheunit
of pin’s loadingcapis ; � ;�³ §ay . The initial clock routing abstract
topologyis constructedby applyingthemethodintroducedin [16],
which recursively partitionsinksinto two equalpartsin horizontal
andverticaldirectionsalternately. However, ouralgorithmsarenot
dependentonspecifictopologies.Any othermethodssuchas[1, 2,
7, 8, 9, 11, 12, 13, 17] canbeusedto generatethe initial abstract
topology. The experimentsare carriedout on a SUN Blade-100
workstationwith 512Mmemory.

Sincethereis no previous work which addressesthe construc-
tion of processvariationtolerantclock trees, wehave implemented
an extendedDME algorithmfor comparisons.Insteadof seeking
zero-skew, asin theoriginalDME algorithm,theobjectivehasbeen
modifiedto targettheskew betweeneachsinkpair to beat thecen-
ter of its permissiblerange.SinceDME algorithmitself is not ca-
pableof dealingwith randomprocessvariations,thelocalvariation
term

9
is ignoredfor the skew estimationduring the DME algo-

rithm. Even thoughthecorrespondingchangeon thealgorithmis
trivial, skew toleranceto any designuncertaintiesis improveddue
to theincreasedguardingband.However, thewire width variation
is nothandleddirectlyasin ouralgorithms.

Differentpermissiblerangesfor eachpair of sinkswereapplied
usinguniformly distributedrandomnumbersover [0.0, 1.0]. For
eachpairof sinks

� " and
� O

, X Y\[ " O is negativeand
] Y\[ " O is pos-

itive,respectively. WeuseaconstantSCALEto controlthe XZY\[ " O
and

] Y\[ " O (
�

randomnumber* SCALE).For eachSCALE,two
typesof casesareconsidered:(1) XZY\[ " O and

] Y\[ " O aresym-
metric, that is , XZY\[M" O , � , ] Y\[M" O , ; (2) , X Y\[ " O , and , ] Y\[ " O ,
differ, but nota lot, thatis , XZY\[ " O /2] Y\[ " O ,�B{z Ö]| ·~}� � . Results
for

�`®�� Xs� � ³ and
�`®�� Xs� � ; � ³ areshown in Tables(1–

2), where
�

meansall permissiblerangesaresymmetricwhile j �
indicatesthatall tolerancerangesarenotsymmetric.

Figure4: Clock routing tr eefor
¯�m

.

Tocomparethetoleranceto theprocessvariation,twoclockrout-
ing treesareconstructedwith thesamesetof permissiblerangesby
DME andMinSV, respectively. For eachroutingtree,Elmoredelay
of eachsinkandmaxskew andmaxskew violationamongsinksare
computedwith width variation. Tables(1–2)exhibit experimental
resultsfor benchmarks̄ ³ –̄�m . The total wirelengthare listed in
column2 and3. Thewirelengthgeneratedfrom MinSV is some-
timesgreaterandsometimeslessthanthewirelengthresultedfrom
DME, but all of thedifferencesareon a negligible level. Theskew
performanceis evaluatedthroughthe numberof skew violations
andthemaximumskew violations.Thenumberof skew violations
are shown in column 4 and 5, and the percentageimprovements
from MinSV arein column.Our algorithmconstantlyoutperforms
the DME by large margin of

J âa� I�maX � in term of numberof
skew violations. In column7 and8, theexperimentalresultsshow
thatMinSV alwaysyieldssignificantlylessvalueon themaximum
skew violation andtheaverageimprovementfrom MinSV is

J âa� .
Therightmosttwo columnsshow theCPUtimewhichindicatethat
ouralgorithmrunsat speedaboutthesameasDME.

Comparingtheresultsbetweensymmetricpermissiblerangeand
non-symmetricpermissiblerange,we canseethatnon-symmetric
permissiblerangesusuallycausegreaterwirelengthandworseskew
violations.This is dueto thefactthatwire snakingoccursmoreof-
tenwhenwe align theskews to non-symmetricpermissibleranges.
ThesmallerSCALE valuein Table(2) implies tighterpermissible
rangesandconsequentlythe skew violationsareworse. Figure4
shows theembeddedclock routingtreefor thebenchmark̄

�m
.

5. MINIMIZING WIRELENGTH SUBJECT
TO SKEW CONSTRAINTS

Besidesimproving processvariationtolerance,it is desirableto
minimize total wirelength for the clock tree and therebyreduce
power dissipation.Therefore,we furtherproposeanalgorithmon
minimizingwirelengthsubjectto skew constraints.

Minimizing Wir elength Subject to Skew Constraints (Min-
WSC) Problem: Givena set

�:�D�����P	���U	�������	������ �²� �
of clock

sinks,a setof skew permissiblerangesfor each pair of clock sinks,
finda clock routingtree� �
� ��� such thatthetotal wirelengthis min-
imizedwhile themaximumpositiveskew violation amongall pairs
of sinksis non-positivewhenwire width variesin Wç> @ 	 > F ^ .



total wirelength(��� ) #skew violations maxskew violation ( ��� ) CPU(� )
DME MinSV DME MinSV imprv DME MinSV imprv DME MinSV

r1-S 168376 168251 89 40 55% 0.141 0.126 11% 0.1 0.1
r1-NS 179702 179630 102 58 43% 0.082 0.057 30% 0.1 0.1
r2-S 351085 352044 190 91 52% 0.365 0.206 44% 0.2 0.2
r2-NS 383169 384651 243 157 35% 0.492 0.392 20% 0.2 0.2
r3-S 440309 440989 264 114 57% 0.302 0.250 17% 0.4 0.4
r3-NS 494090 494161 318 189 41% 0.329 0.274 17% 0.4 0.4
r4-S 885678 885523 496 230 54% 1.543 0.454 71% 2.2 2.2
r4-NS 1009232 1008957 659 383 42% 0.588 0.359 39% 2.1 2.1
r5-S 1309794 1311689 834 393 53% 1.449 0.649 57% 6.9 7.0
r5-NS 1552413 1552719 1139 671 41% 1.215 1.101 9% 6.9 6.9

Table1: The resultswhenSCALE is 1.

total wirelength(��� ) #skew violations maxskew violation ( ��� ) CPU(� )
DME MinSV DME MinSV imprv DME MinSV imprv DME MinSV

r1-S 168376 168252 161 100 38% 0.142 0.127 11% 0.1 0.1
r1-NS 169835 170020 166 101 39% 0.098 0.093 5% 0.1 0.1
r2-S 351085 352044 354 225 36% 0.371 0.207 44% 0.2 0.2
r2-NS 349704 351290 351 235 33% 0.171 0.060 65% 0.2 0.2
r3-S 440309 440990 462 285 38% 0.320 0.251 22% 0.4 0.4
r3-NS 443812 443676 491 311 37% 0.302 0.248 18% 0.4 0.4
r4-S 885678 885523 1028 616 40% 1.537 0.454 70% 2.1 2.2
r4-NS 888685 888342 1051 655 38% 0.458 0.363 21% 2.2 2.2
r5-S 1309794 1311689 1449 989 32% 1.449 0.650 55% 7.0 6.9
r5-NS 1310697 1311156 1665 1045 37% 0.993 0.763 23% 7.0 6.9

Table2: The resultswhenSCALE is 0.1.

Theprocedureto build theminimal positive skew violation and
minimal wirelengthclock tree is similar to the algorithmMinSV
exceptthatmerging regionsareexploitedotherthanmeremerging
segments. In section

J
, points whoseskew range W N QjR �TS 	 N�Q�R �TS ^

closer to the centerof permissiblerange W X Y\[ 	�] Y\[ ^ are pre-
ferred during treeof merging segmentsconstruction. If we only
seeknon-positive skew violation,suchmerging schememaycause
unnecessaryextra wirelength. In order to avoid suchextra wire-
length, all merging points whosecorrespondingskew rangesare
within permissiblerangeare consideredas candidates. Usually
thesemerging pointsmay form a polygonmerging region instead
of a merging segmentandany merging within this region will not
causepositiveskew violation. Mergingregionsallow usmoreroom
during the top-down routing phaseto find a minimum total wire-
length. The basicideais similar to the BST algorithm[4]. How-
ever, thescenariosin our work aremuchmorecomplicateddueto
the fact thateachsink pair mayhave its distinctpermissiblerange
in contrastto thesingleglobalskew boundin BST. Moreover, the
fact that at eachpoint ! " on a joining segment ��� (of an internal
node� ), theskew betweenany pair of sinksin thesubtreerooted
at � is a rangeinsteadof a singlevaluemakesthemerging regions
moredifficult to obtainthanBST.

5.1 Notations and Definitions

DEFINITION 4. Shortest Distance Region: 4 For anytwo con-
vex polygonalregionsY � andY � withboundaries� �(Y � � and�Î�(Y � � ,
respectively, the shortestdistanceregion

� �(Y �
	 Y �
� betweenY �
and Y � is the setof pointswith minimumsumof Manhattandis-
tancesto � �(Y � � and�Î�(Y � � , i.e.,

� �(Y � 	 Y � �`���e§ , � ¡ � §¨	 �Î�(Y � �'�i/� ¡ � §¨	 �Î�(Y �
�'� ��� �k�Î�(Y �e�i	 �Î�(Y ���'�i� .�
Notethatshortestdistanceregion hereis definedbasedon merg-

ing regionsand is different from the shortestdistanceregion de-
finedin Section3.

DEFINITION 5. Shortest Distance Segments: For anytwocon-
vexpolygonalregionsY � andY � withboundaries�Î�(Y �P� and�Î�(Y ��� ,
respectively, the shortestdistancesegmentsof �Î�(Y � � and � �(Y � �
are definedas �`ã Û �(Y �P� � � �(Y �P��� � �(Y �
	 Y ��� and �Üã�1j�(Y �
����Î�(Y � ���Ð� �(Y � 	 Y � �

DEFINITION 6. Joining Segment: Let � be an internal node
with children �`" and � O with merging region �Ý�(�`" � and � �(� OU� ,
respectively. Thesegmentsof � �(� " � and � �(� O � usedto build the
mergingregion � �(� � arecalled joining segments, denotedas � � ¼
and � ��¾ .

DEFINITION 7. Well-behaved Elmore Delay Line Segment: Let
a joining segment��� with respectto an internal node� bea line
segmentwith endingpoints! � and ! � . For each point !h� on ��� , let� denote

�¢¡ �(! �P	 ! � � , then
�¢¡ �(! ��	 ! � �Ð� , � � , I � . If for any leaf

node
� R in thesubtreerootedat �Ñ NP�(!h� 	�� R � �²Ù Æ � � //� � Æ � /�� �N �(!h� 	�� R � �²Ù Æ � � //� � Æ � /�� �

where
Ù

,
�Ô�

,
�C�

,
� �

, and
�Ü�

are constants,then � � is a well-
behavedElmore delayline segment.

5.2 Treeof Merging RegionsConstruction
Supposewe are working on the tree of merging regions for a

node � with children � " and � O and let �]� » � ¼ ½ and �]� » �«¾�½ de-
note two subtreesof merging regions rootedat � " ’s merging re-
gion � �(� " � and� O ’smergingregion � �(� O � , respectively. � �(� �
is constructedbasedon the skew between� � » � ¼ ½ ’s sink

� �
and� �(� O � ’ssink

� @ . First,shortestdistancesegments�^� » � ¼ ½ �k�Ý�(� O �'�
and � � » �«¾�½ �k�Ý�(�`" �'� arefound andareusedasjoining segments� � ¼ and � ��¾ . We assumethat � � ¼ and � �«¾ are well-behaved:
when � � ¼ and � ��¾ are parallel Manhattanarcs,delay functions



on � � ¼ and � �«¾ areconstantsandwhen � � ¼ and � ��¾ are paral-
lel non-Manhattan� arcs,delayfunctionson � �4¼ and � � ¾ havesame
quadraticterms.

First of all, let us look at certainpair of points !Ï" and ! O on� � ¼ and � ��¾ such that
� ¡ �(! " 	 ! O �ª�£� ��� � ¼e	 � �«¾ � . If the skew

range
ß Q�R �æS � W N � QjR �TS � � � 	�� @ �i	 N ÚÜ¼ ¾Q�R �æS � � � 	U� @ � ^ and permissible

range
ß ãØä � W X Y\[ � @ 	�] Y\[ � @ ^ , where � " O �£� ��� � ¼i	 � �«¾ � ,

therearefour scenarios:( ³ ) ß ã�ä and
ß Q�R �æS do not overlap,( â )ß ãØä and

ß Q�R �æS partially overlap, (
J
)
ß ãØä covers

ß Q�R �æS com-
pletely, and (

.
)
ß ãØä is covered by

ß Q�R �TS completely. WhenX Y\[ � @ � N � QjR �TS � ���	�� @ � and
] Y\[ � @ � N ÚÜ¼ ¾Q�R �TS � ���	U� @ � , both case

(
J
) andcase(

.
) occurandwe treatthis ascase(3) for simplicity.

Case( ³ ). happenswhen (� )
] Y\[ � @ = N � QjR �TS � � � 	�� @ � or (� )X Y\[ � @ é N Ú ¼ ¾Q�R �TS � ���	�� @ � . In subcase(� ), we let , )+* ¼ , � ; and )+* ¾

hasto be extendedaccordingto Equation(5). In subcase(� ), we
first let , )+* ¾ , � ; andcompute, )#* ¼ , ��Ò bysolvingN Õ Q�R �TS � ���	�� @ �`�X Y\[ � @ . If theresultsatisfiesN È �TÉ ¼ ÈQ�R �TS � ���	U� @ � B ] Y\[ � @ , thenwe are
done.Otherwise,, )+* ¾ , � ; and )+* ¼ hasto beextendedaccording
to Equation(4). In this case,the merging region is reducedto a
merging segment.

Case( â ). happenswhenX Y\[ � @¨B N ÚÜ¼ ¾Q�R �TS � �U�U	�� @ � andN � Q�R �æS � �U�«	
� @ � B] Y\[ � @ . If N � QjR �TS � � � 	�� @ � = ] Y\[ � @ = N � Q�R �æS � � � 	
� @ � or N ÚÜ¼ ¾Q�R �æS � � � 	
� @ � =X Y\[ � @©= N Ú ¼ ¾Q�R �TS � ���«	�� @ � , then )+* ¾ or )+* ¼ is extendedasCase( ³ ).
Otherwise,either(° ) N � Q�R �æS � � � 	
� @ � = ] Y\[ � @0= N ÚÜ¼ ¾Q�R �TS � � � 	�� @ � or

(́ ) N � Q�R �TS � � � 	U� @ � = X Y\[ � @ =�N ÚÜ¼ ¾Q�R �TS � � � 	�� @ � is true. By solvingN È � É ¼ È ��� ).M� ���«	�� @ �`��] Y\[ � @ , we have

Ò @ c � ] Y\[ � @ I N
�(! " 	������/ N �(! O 	�� @ ��/ � �eÅiÇ ÚØÛ¼ ¾� / �UÇ ÚÜ¼ ¾ Ç Ö × ¾Ê Ë �
¯ ° Æ � " O /G¯ � Ö × ¼Ê @ / Ö × ¾Ê Ë � 	

(6)

andtheedgelengthof ) * ¼ canbeany valuein W ; 	jÒ @ cT^ for subcase
(° ). Similarly, we canobtain

Ò�  " � XZY\[ � @ I N �(!#" 	�� � �Ø/ N��(! O«	
� @ �Ø/ � �eÅiÇ Ú Û ¼ ¾� / ��Ç ÚÜ¼ ¾ Ç Ö × ¾ÊÔÍ �
¯ ° Æ � " O /G¯ �+Ö × ¼Ê F / Ö × ¾ÊÔÍ �

(7)

by solving N È � É ¼ È ��� )«.M� ���	U� @ � � XZY\[ � @ and , )#* ¼ , canbeany value
in W Ò�  " 	 � " O ^ for subcase(́ ).

Case (
J
). happenswhen X Y\[ � @�B N � QjR �TS � ���	�� @ � BN ÚÜ¼ ¾Q�R �TS � � � 	�� @ � B ] Y\[ � @ . The value of , ) * ¼ , is in W ; 	 � " O ^ and, )+* ¾ , � � " O I , )+* ¼ , .

Case(
.

). happenswhen N � Q�R �æS � � � 	
� @ � =KXZY\[ � @`B ] Y\[ � @�=N Ú ¼ ¾Q�R �TS � ���«	�� @ � . If thereexists some
Òª� , )+* ¼ , suchthat XZY\[ � @0BN Õ Q�R �TS � � � 	�� @ � B N Õ Q�R �TS � � � 	�� @ � B ] Y\[ � @ , then , ) * ¼ , has to be

within W Ò @ c 	TÒ�  " ^ and , )#* ¾ , � � " O I , )+* ¼ , . Otherwise,, )#* ¼ , is ob-
tainedby solving

N È � É ¼ ÈQ�R �TS � � � 	�� @ �¬I X Y\[ � @ ��] Y\[ � @ I N È � É ¼ ÈQ�R �TS � � � 	�� @ �
and , ) * ¾ , � ��" O0I , ) * ¼ , .

Thenlet usconsiderwhenpoints! " and ! O move along � � ¼ and� �«¾ simultaneously. ThedelayfunctionsareN �(!#" 	�� � �`�2Ù Æ � �" /� � Æ � " /¡� � , N
�(! " 	����U�-�EÙ Æ � �" /¡� � Æ � " /¡� � , N �(! O 	
� @ �-�Ù Æ � �O /¢� 4 Æ � O�/¢� 4 , andN
�(! OU	�� @ �`�2Ù Æ � �O /¢� � Æ � O¨/¢� � , where;AB � " Bm, � � ¼ , and ;GB � O Bm, � ��¾ , and
Ù

,
� �

,
� �

,
� 4 , � � , � � ,�Ü�

,
� 4 , and

� � areconstants.
If welet , )+* ¼ , �²Ò and , )+* ¾ , � � " O I0Ò , where� " O ��� ��� � ¼i	 � ��¾ � ,

thenfor merging point ! ,

ÁÂÂÂÂÂÃ ÂÂÂÂÂÄ
N �(! 	�� � � � �eÅ�GÆ Ò � / ��Ç Ö × ¼ÊÔË Æ Ò / N �(!Ï" 	�� � �N
�(! 	����U� � �eÅ�GÆ Ò � / ��Ç Ö × ¼Ê Í Æ Ò / N
�(! " 	�����N �(! 	�� @ �`� �PÅ�AÆ �(��" O0I:Ò�� � / ��Ç Ö × ¾ÊCË Æ �(��" O0I:Ò���/ N �(! O«	�� @ �
N
�(! 	�� @ �`� �PÅ�AÆ �(� " O I:Ò�� � / ��Ç Ö × ¾ÊÔÍ Æ �(� " O I:Ò���/ N��(! O 	�� @ �

Let usconsiderthefollowing two cases:
Case(� ). � � ¼ and � �«¾ arebothManhattanarcs.SinceN �(! " 	����U� ,N��(!#" 	�� � � , N �(! O	�� @ � , andN
�(! O«	�� @ � areconstants(seeexplanationlater),

without loss of generality, we may assumethat N �(! " 	�����6�£� �
,N��(! " 	�����`�¤� � , N �(! O 	�� @ �`�¥� 4 , and N
�(! O 	�� @ � �¤� � . Therefore,ÁÃ Ä N Õ Q�R �TS � ���«	�� @ � � � � ¯ ° Æ � " O / ��Ç Ö × ¼Ê Ë / ��Ç Ö × ¾ÊÔÍ � Æ ÒM/ N � QjR �TS�¦ �N Õ Q�R �TS � ���«	�� @ � � � � ¯ ° Æ � " O / ��Ç Ö × ¼Ê Í / ��Ç Ö × ¾Ê Ë � Æ ÒM/ N � QjR �TS�¦ �

and ÁÃ Ä N � Q�R �TS�¦ � � � �`��I/� � �ØI � �PÅ'Ç Ú Û ¼ ¾� / �PÚÜ¼ ¾ Ç Ö × ¾ÊÔÍ �
N � Q�R �TS�¦ � � � � � I/� 4 �ØI � �PÅ'Ç Ú Û ¼ ¾� / �PÚÜ¼ ¾ Ç Ö × ¾Ê Ë � (8)

Case(� ). When � � ¼ and � ��¾ arenot Manhattanarcs,we have� " � � O . Therefore,theskew rangeis givenbyÑ N Õ Q�R �æS � �U�«	
� @ � � � � � � I�� � � � " / N Õ Q�R �TS � ���	U� @ � �N Õ Q�R �æS � �U�«	
� @ � � � � � � I�� 4 � � " / N Õ Q�R �TS � ���	U� @ � �
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Figure 5: (́ ) merging region when � � ¼ and � � ¾ are parallel
well-behaved Manhattan arcsand skew condition is in (� ), () )
merging region when � � ¼ and � ��¾ are parallel well-behaved
horizontal line segmentsand skew condition is in (� ), and ( § )
merging region when � � ¼ and � ��¾ are parallel well-behaved
with slope

� é ; and skewcondition is in (° ), where &(N � stands
for N � Q�R �TS � � � 	�� @ � , � N � for N � Q�R �TS � � � 	�� @ � , &(N Ú for N ÚÜ¼ ¾Q�R �TS � � � 	�� @ � , and� N Ú for N Ú ¼ ¾Q�R �TS � ���	�� @ � .

Basedontheabovediscussions,when!#" and! O aremovedalong� � ¼ and � �«¾ simultaneously, onecaseis replacedby anotherif one

of thefour line segmentsrepresentingN � Q�R �TS � � � 	U� @ � , N � Q�R �TS � � � 	�� @ � ,N Ú ¼ ¾QjR �TS � ���«	�� @ � , and N Ú ¼ ¾QjR �TS � ���	�� @ � intersectseither one of horizon-
tal line segmentsrepresentingXZY\[ � @ or

] Y\[ � @ . Therefore,the
merging region of � � ¼ and � ��¾ canbeformedin constanttime by
consideringconditionsat all possibleintersectionssincethereare
at most l intersections.Figure

m
illustratessomeexamples.

Notethatduringtheconstruction,thefollowing mayhappen:(å )� � ¼ and � � ¾ areparallelManhattanarcswith non-constantdelay
functionsor (åèå ) thedelayfunctionson � � ¼ and � ��¾ have different
quadraticterms. Underthesesituations,any pair of pointscanbe
picked up to constructthe merging region as long as they satisfy!#"�$�� � ¼ , ! O $/� �«¾ , and

�¢¡ �(!#" 	 ! OU� ��� ��� � ¼ 	 � ��¾«� .



5.3 Merging RegionConstruction Procedure
Supposeweareworkingonthemergingregionfor anode� with

children� " and� O .
Step ³ . Findjoiningsegments� � ¼Z� �¨� » ��¾j½ �k� �(� " �'� and� ��¾ �� � » � ¼ ½ �k� �(� O�'� andthencompute� " OÎ�b� ��� � ¼i	 � � ¾ � .
Step â . Basedon skew permissiblerangebetween

� �
and

� @W XZY\[ � @ 	�] Y\[ � @ ^ and delay functions N �(! " 	����� , N
�(! " 	
�U��� ,N �(! O«	
� @ � andN
�(! O«	
� @ � definedfor points!#" on � � ¼ and! O on� ��¾ , computedelayfunctionsof N �(! 	����U� , N��(! 	����U� , N �(! 	�� @ �
andN��(! 	�� @ � . Next, functionsN Õ Q�R �TS � � � 	U� @ � and N Õ Q�R �TS � � � 	�� @ �
arecalculated.

Step
J
. If � � ¼ and � �«¾ are both well-behaved Manhattanarcs

parallel to eachother, thenwe may obtain the merging re-
gion accordingto the relationbetween

ß Q�R �TS and
ß ã�ä as

describedin Section
m � â .

Step
.
. If � � ¼ and � �«¾ arebothwell-behavednon-Manhattanarcs

parallelto eachother, thenall possibleintersectionsbetweenN � QjR �TS � ���«	�� @ � , N � Q�R �TS � ���«	�� @ � , N ÚÜ¼ ¾Q�R �æS � �U�«	
� @ � , or N ÚÜ¼ ¾Q�R �TS � �U�U	�� @ �
andline segmentsXZY\[ � @ or

] Y\[ � @ areobtainedfirst. For
eachintersection,the positionsof ! " and ! O are locatedon� � ¼ and � � ¾ , and a feasiblerange W X � É ¼ 	�] � É ¼ ^ (X � É ¼ B] �jÉ ¼ ) for )+* ¼ is found. Furthermore,feasiblerangeis also
computedwhen!#" and! O areendingpointsof � � ¼ and � �«¾ .
Thenfor eachfeasiblerange,thepossiblelocationsfor merg-
ing point ! when , )#* ¼ , � X � É ¼ or , )#* ¼ , �?] � É ¼ arelocated
insideshortestdistanceregion

� ��� � ¼e	 � ��¾ � of � � ¼ and � �«¾
in theManhattanplane.Finally, theminimalpolygonenclos-
ing theselocationsis constructedasthemerging region.

Thefollowing Lemmasshow thecorrectnessof themerging re-
gion constructionprocedure(theproofs are omitted due to page
limit). Theboundariesof mergingregionareeitherManhattanarcs
or rectilinearline segmentswhen � � ¼ and � �«¾ areparallelwell-
behaved Manhattanarcs. However, boundariesof merging region
could be any kinds of line segmentsif � � ¼ and � ��¾ are parallel
well-behavednon-Manhattanarcs.

LEMMA 2. If � � ¼ and � ��¾ are two well-behavedManhattan
arcs parallel to each other, thenanyManhattanarc or rectilinear
line segment& $ � ��� � ¼i	 � �«¾ � is alsowell-behaved.

LEMMA 3. If � � ¼ and � �«¾ are two parallel well-behavednon-
Manhattanjoiningsegments,thenanylinesegment&Z$ � ��� � ¼e	 � � ¾ �
is alsowell-behavedif thedelayfunctionsN and N definedover � � ¼
and � ��¾ havethesamequadratic term.

LEMMA 4. ���(! � is a polygonwith at most âe; boundaryseg-
ments.

6. CONCLUSION AND FUTURE WORK
In order to copewith the increasinglysevere impact on clock

skew from processvariation,we proposeDME/BSTbasedprocess
variationawareclock treeroutingalgorithmsto improve skew tol-
eranceto processvariations. Experimentalresultsshow that our
methodprovidesgreatimprovementon skew toleranceto process
variations. In this work, we adopt existing techniqueson con-
structinginitial abstracttopology. However, thesetechniquesare
eitherbasedon clock sink locationdistributions[16], or only skew
permissiblerangesbetweenclock sink pairs [17]. In future, we
will investigatenew techniqueson abstracttopologyconstruction
thatconsidersboththesinkphysicalproximitiesandsink temporal
specificationsto enablea betterskew tolerancefor clock routing
tree. Processvariationson clock buffers will beconsideredin fu-
tureaswell.
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