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Abstract— Alternating-Aperture Phase Shift Mask-from 1.7-9.1%. Alternating-Aperture Phase Shift Mask-
ing (AAPSM), a form of strong Resolution Enhancang (AAPSM), a form of strong Resolution Enhance-
ment Technology (RET), will be used to image criticahent Technology (RET), will be used to image critical
features on the polysilicon layer at smaller technologfeatures on the polysilicon layer at smaller technology
nodes. This technology imposes additional constraint®des. This technology imposes additional constraints
on the layouts beyond traditional design rules. Obn the layouts beyond traditional design rules. Of
particular note is the requirement that all critical particular note is the requirement that all critical
features be flanked by opposite-phase shifters, whiteatures be flanked by opposite-phase shifters, while
the shifters obey minimum width and spacing requirghe shifters obey minimum width and spacing require-
ments. A layout is called phase-assignable if it satisfiesents. A layout is called phase-assignable if it satisfies
this requirement. Phase conflicts have to be removéus requirement. Phase conflicts have to be removed
to enable the use of AAPSM for layouts that are nad enable the use of AAPSM for layouts that are not
phase-assignable. Previous work has sought to detgidtase-assignable. Previous work has sought to detect
a suitable set of phase conflicts to be removed, as walkuitable set of phase conflicts to be removed, as well
as correct them. as correct them.

This paper has two key contributions: (1) a new This paper has two key contributions: (1) a new
computationally efficient approach to detect a minicomputationally efficient approach to detect a mini-
mal set of phase conflicts, which when corrected withal set of phase conflicts, which when corrected will
produce a phase-assignable layout; (2) a novel layogroduce a phase-assignable layout; (2) a novel layout
modification scheme for correcting these phase comodification scheme for correcting these phase con-
flicts with small layout area increase. Unlike previoudlicts with small layout area increase. Unlike previous
formulations of this problem, the proposed solution foformulations of this problem, the proposed solution for
the conflict detection problem does not frame it as #he conflict detection problem does not frame it as a
graph bipartization problem. Instead, a simpler andgyraph bipartization problem. Instead, a simpler and
more computationally efficient reduction is proposednore computationally efficient reduction is proposed.
This simplification greatly improves the runtime, whilé'his simplification greatly improves the runtime, while
maintaining the same improvements in the quality ehaintaining the same improvements in the quality of
results obtained in [2]. An average runtime speedup ¢ésults obtained in [2]. An average runtime speedup of
5.9x is achieved using the new flow. A new layout mo8:9x is achieved using the new flow. A new layout mod-
ification scheme suited for correcting phase conflicification scheme suited for correcting phase conflicts
in large standard-cell blocks is also proposed. Ouin large standard-cell blocks is also proposed. Our
experiments show that the percentage area increase ftperiments show that the percentage area increase for
making standard-cell blocks phase-assignable rangesaking standard-cell blocks phase-assignable ranges

from 1.7-9.1%.
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a form of strong RET that uses phase modu-
lation at the mask level to enhance the reso-
lution limit of current lithography equipment.
At smaller technology nodes, it will be widely
used to image features of the polysilicon

Phase Conflic

layer. Among several variants of AAPSMgig. 1. Example of incorrect phase assignment.

Bright-Field AAPSM is the most viable tech-
nology for the polysilicon layer [1]. In a
simple model of Bright-Field AAPSM, each
critical feature, which is a shape in the design
whose width is below a certain threshold
value, must be flanked by two phase shifters
of opposing phases in order to create de-
structive interference between them. There are
additional constraints of size and spacing that
the shifters must obey in order to ensure a
manufacturable mask.

Given a layout with shifters inserted around
each critical feature, it iphase-assignabléf
and only if there is a phase-assignment solu-
tion which meets the following requirements: .

1) Shifters on opposite sides of every criti-
cal feature are assigned opposite phases
(0° and 180);
Shifters that are separated by less than
the minimum shifter spacing should be
merged and assigned the same phase.
Two shifters separated by less than the
minimum shifter spacing will be re-
ferred to asoverlapping shifters.
Two shifters are inphase conflictif they

2)

which when corrected will render the
given layout phase-assignable. Unlike
the bipartization formulation which is the
basis of all previous work, we formulate
the conflict detection problem as a con-
flict cycle removal problem. This leads
to a substantial reduction in the number
of nodes/edges in the constructed graphs
and thereby produces average runtime
speedups of 5.9x, while maintaining the
same quality of results as the best results
available today [2].

A novel layout modification algorithm
for correcting a selected set of phase
conflicts that achieves small area in-
crease and good scalability for large
standard-cell blocks.Compared to the
approach in [2], which presents the only
available results on layout modification
for correcting phase conflicts for bright-
field AAPSM, our new approach can
reduce the maximum area increase from
>100.0% to 9.1% for large designs.

violate the above conditions in a phase a¥he paper is organized as follows: Section 2
signment solution in which each shifter isriefly reviews the previous work in phase
assigned a phase. Figure 1 illustrates an ewonflict detection and correction. In Section

ample where the above conditions are violate3] we provide a detailed discussion of the
due to a cyclic sequence of shifters that capew theory of the proposed phase conflict
not be properly mapped. THehase Conflict detection flow. Section 4 discusses our new
Detection Problemseeks to find a minimum conflict correction algorithm. Experimental
set of phase conflicts, which when correcte@sults are presented in Section 5. We end
will result in a phase-assignable layout. Th@ith conclusions and directions for future
Phase Conflict Correction Problencorrects work in Section 6.

a given set of phase conflicts by layout/mask

modification with minimum increases in area 1T£)Shape_cli pdhase anf'_ichmd Otlhec; local pfllaseh COI?_f"CtS .
; can be easily detected with simple design rule checking an
or mask comple_xny. ) corrected with phase splitting [7], feature widening [13] or
Our contributions are summarized as folkell re-design. Like the approach in [2], we assume that T-

lows: shaped conflicts are already corrected by other methods. We
. . . only consider conflict correction with spacing, i.e., increasing

« A new and computgtlonally eff|C|ent. al-gpace between features, due to its small impact on timing and

gorithm for detecting phase conflictsmask complexity.



Il. PREVIOUSWORK shifter regions without negatively affecting
. : _process latitude. Layout modification based
The phase conflict detection problem Igpproaches remove the conflicts by increasing

addresspd in.[2]. [3] .[4] [5] [6]. The b.aSiCspacing between features or widening critical
underlying principle in these works is to

. X features [3] [4] [9] [8] [5] [2]. Most of these
translate the_ pha_se _confllct detection pr_oble orks focus on dark-field AAPSRI The first
to a graph bipartization problem of a suitabl

Yayout modification scheme for correcting

construpted g“'%ph- T hus, conflict OIeteCtioﬂright-field phase conflicts is presented in
would involve identifying a set of edge 2].* The key idea in this work is to add a

gufht tha’;hthe dmodif_iedb_gra[t)_? o_lIJ_thained f(‘ft. inimal number of end-to-end spaces through
eleling the edges IS bipartite. The work 1, layouts to separate all shifter pairs corre-

[5][6] formulates .th.e phase .conflict dete(}tio%ponding to the phase conflicts by the desired
problem as a minimum-weight graph bipar-

tizat blem to minimize th i fspacing. While this technique is suitable for
zation problem to minimize the€ amount Ok, ,qar4 cells and some macro blocks with

:ayou: TlOd'f'Cat'Qn nslceTts_ary to renddtehr ih relatively small number of conflicts, experi-
ayout b taze-asskqna _”e. I IS asks)ume b gd ental results show that it is highly unsuitable
constructed graphs will always be embedogs, standard-cell blocks with a large number

s 1A a1 an i soon 1sgfpnase confcs orconcion
P S€. S There are also some cell-based solutions

in this area is presented in [2]. This algorithrrtwhat propose to add blank space around each

works on general layouts and is a generalize- - . )
. , ell to avoid introducing phase conflicts be-
tion of the scheme presented in [6]. The la Vol | ucing p !

ti ted h calleddh ¥ween neighboring cells or introduce an ad-
out s represented as a graph calledghase ditional requirement that all the boundary
conflict graph A new bipartization algorithm elements should have the same phase [10].
that does not require the input graph to be

: o results were presented in the context of
embedded planar graph is proposed. The ".ilgs%ndard-cell blocks. However, we believe

rithm creates a planar sup-graph Of. t.he 9VIbth these methods are very conservative and
graph, applies a computationally efficient ver=

sion of the optimal bipartization algorithm [5]C.OUIOI lead to unnecessary Inereases in area

on the planar sub-graph to get an optim nce_only a small fractlor_l of the phase con-
, ) . . "Ricts involve features of different cells.

solution and then combines this solution with

a greedy solution for the edges deleted during

planarization. The quality of results (in terms !l PROPOSEDPHASE CONFLICT

of number of conflicts selected for correction DETECTION SCHEME

and runtime numbers) was significantly better In this section, the proposed phase conflict

than previous work in this area. This phaseetection scheme is presented. As shown in

conflict detection algorithm will be used ag-igure 2, the proposed conflict detection flow

our reference for comparison because it out presented below:

performs other existing work in the area. 1) Conflict Cycle Graph GenerationA
Previous work in phase conflict correction conflict cycle graph Gis constructed
falls into two major categories. Mask-level from a given layout..

correction based approaches [7] split shifter 2) Planar Graph EmbeddingThe phase
regions whenever two shifters of opposite conflict graphG is not necessarily an
phases overlap to avoid layout modification.

However, the mask complexity is increased 3In dark-field AAPSM, phases are assigned to the critical

and it is not always possible to split th%esaetgrgﬁ :L‘ngzf;‘s’ﬁiozhl:ygm of phase is not likely to be

4Although the work in [6] proposes the conflict detection
2An embedded planar graph is one that has no linmethods for bright-field phase conflicts based on feature
crossings when embedded in a plane. widening, it neglects the layout modification problem.



LavoutL 2-coloring G' after deleting the edges

Y in D. If the two shifters ofe € P are
in phase conflicte is added to the set
Build conflict cycle graplG. D. At this point, D has a minimal set

D0 PO, of edges/AAPSM conflicts which when
removed will makeG phase assignable.

Create embedded planar graphfrom G
by deleting a minimal set of crossing edd&s

Unlike previous formulations of the prob-
lem, the proposed solution does not reduce

P« E;. the problem to a bipartization problem. In-
i stead, the phase conflict detection problem
is reduced to a new problem called the
E; — Edges deleted from G’ byl CC Remove minimum-weight conflict cycle removal prob-
D—E lem (the problem will be introduced formally
in the next section). This new reduction en-
For eache € P, addeto D if it belongs ables the construction of a much simpler
to a conflict cycle irG. graph from the layout. This graph, called the
conflict cycle graph removes all superflu-
ous edges that were introduced in the phase
D denotes the set of AAPSM Conf”Ctsl conflict graph construction to make them
chosen for correction.

bipartite for phase-assignable layouts. This

Fig. 2. Phase Conflict Detection Flow. simplification enables a significant reduction

3)

4)

in the number of edges compared to fitese

conflict graph [2] (an average reduction of
embedded planar graph, which is re31% in the number of edges is achieved using
quired by the optimal algorithm. Hencefhe simpler graph).
G is converted to an embedded planar A further advantage of this new formula-
graph G’ by greedily removing mini- tion is that an optimal polynomial-time algo-
mum weight conflict edges that crossithm exists for the minimum-weight conflict
other edges. These conflict edges aoycle removal problem when the input graph
added to a potential set of AAPSMis an embedded planar graph. The optimal
conflicts P. algorithm is used as a subroutine in the
Optimal Conflict Remove for Planarproposed phase conflict detection algorithm.
Graph An optimal minimum-weight The use of the optimal algorithm ensures that
conflict cycle removal algorithmBipar- the quality of results returned by our phase
tize described in Section III.B, is ap-conflict detection algorithm is comparable to
plied to G’ for choosing the minimum the best results returned by previous work [2],
set of AAPSM conflicts that when cor-since large sub-graphs of the input graph
rected will produce ghase-assignableare solved using an optimal algorithm. In
layout. The list of edges deleted by thaddition, the new theory enables the removal
algorithm is added t®, which denotes of certain edges that are marked undeletable
a minimal set of AAPSM conflicts and cannot be selected by the phase conflict
which when removed will ensure thadetection algorithm. This also results in sig-
G is phase assignable. nificant speed-ups of the phase conflict detec-
Computation of final set of AAPSM contion algorithm. Experimental results on rep-
flicts. It is necessary to check if any ofresentative examples show average speedups
the edges deleted during planar embedf 5.9x using the proposed approach, while
ding, i.e., the conflict edges I, lead to maintaining the same quality of results as the
phase conflict. This is accomplished bynethod in [2].



The key novel and distinguishing feafigure 3(a) shows an example of a conflict
tures of the proposed phase conflict detectiamycle graph for the layout shown earlier in
scheme from previous methods can be surhigure 1. The conflict cycle graph has 6
marized as follows: nodes and 6 edges. By comparison, the phase

« Representation of the layout as a corgonflict graph (shown in Figure 3(b)) of the
flict cycle graph and development of it$ame layout has 11 nodes and 11 nodes.
relationship to phase-assignability of th&xperimental results in a later section show a
layout. substantial reduction in the node/edge count,

« Reduction of the phase conflict detectiolhich results in significant runtime improve-
problem to a minimum-weight conflictments. However, unlike the phase conflict
cycle problem (to be defined later) ordraph, the conflict cycle graph does not equate
the conflict cycle graph and an optimaPhase-assignability of its corresponding lay-
polynomial-time algorithm for the Same’OUt to bipartition. So, a conflict cycle graph
when the graph is an embedded plan&tay be bipartite even if its corresponding lay-
graph. out is not phase-assignable. For instance, the

« Improvements to the intermediate redudayout in Figure 3(a) is not phase-assignable,
tions such that edges that cannot be s@ven though its corresponding conflict cycle
lected by the conflict detection algorithnraph is bipartite. Thus, a new criterion is

do not need to be explicitly representedieeded for detecting phase conflicts using the
conflict cycle graph.

The following sections include a detailed dis= . _
cussion of these points. It §hould be further clarified that in the
conflict cycle graph, the feature edges and
conflict edges play different roles: nodes con-
A. Conflict Cycle Graph nected by feature edges should be assigned
The first step of the conflict detection aldifferent phases and nodes connected by con-
gorithm is to build aconflict cycle graph flict edges should be assigned the same phase.
Given a |ay0ut|_’ the conflict Cyc|e graph Later in this SeCtion, we discuss how in cer-
G = (N,EUF) consists of shifter nodell, tain applications the feature edges are only
conflict edgesE and feature edges. used to appropriately classify the cycles they

1) For every shifter, create an edge shifté’relong to and can be dropped during some
noden e N. intermediate graph constructions, thereby pro-

2) For two overlapping shifte?ss; andsy, ducing more speed-ups. , i
create a conflict edgec E connecting The gen_eral _ phase aSS|gnment_ algorithm
n andny. Heren; andn; are the edge 'S Shown in Figure 4. A layout iphase
shifter nodes fos; andsp, respectively. aSS|gna_bIe|f and pnly if the boolean vari-

3) Create a feature eddec F between the able_: “failed” remains false at the end of the
two shifters that are on opposite side@SSIgnment process.

of a critical feature. In the rest of this section, we present the
theory for phase conflict detection using the
A —] e conflict cycle graph.
T S f””\’ L Definition 1: A conflict cycle is a cycle
LM/V I\// wc:uch contains an odd number déature
. edges

(a) Conflict Cycle Graph ) Phase Conflict Graph

Theorem 1:A layout is phase assignable if
29- 3h (a) Conflict Cycle Graph. (b) Phase Conflicgnd only if the corresponding conflict cycle
rapn. graph has no conflict cycles.

STwo shifters that are separated by less than the minimuﬁerOf: (=) Assume L is phase'aSSIgnable_'
shifter spacing are calledverlapping shifters. Let all the edge shifter nodes be colored with



Input:_Conflict cycle grapfG nodesn; and ny connected with the edge
Output: Phase assignment &

: _ There must be two paths from the rootng
1. failed—False; all nodes are uncolored
2. While (failed==False AND3 uncolored nodes andny. Let no to be the last common node

3. Pick a random uncolored nodg as the on the two paths. Then there is a cy€le=
root and assign it color Gy < {no} {no,...,N1,Np,....,ng. There are two possible
4. Put all the nodes connected with cases:
5 a,t:éfa(jlocnjo?gg eng%’eglaesselt)sl' 1) ny andnz have the same color areds a
6. Check nodes;, € S connected to feature edge: Since the colors are only
n; with edgee for the two rules: changed across feature edgesyithas
(1) if eis a conflict edge, the color of the same color agg, then there must
ny should be the same as; be an even number of feature edges

(2) if eis a feature edge, the color of
n; should be different fromn,.
If the rules are violated, failed True

from ng to n1. By assumptionn, has
the same color ary, and hence agg.

7. If (all nodes inS; are colored) Thus, there must be an even number of
return to Step 2 feature edges fronmg to ny. Then,C

Else must contain an odd number of feature
8. For (any uncolored nodes; € $)) edges and hendg is a conflict cycle.
9. Arbitrarily choose one node; € S 2) m andny have different colors and is

connected ta with edgee:

(1) if e is a conflict edge, the color a conflict edge: Ifn; and ng have the

of ny is the same asy: same color, then there must be an even
(2) if eis a feature edge, the color number of feature edges on the path
of ny is different fromns. from ny to ng. By assumptionn, has
10. S« S, return to Step 4 a different color fromn; and hence a

11.1f (failed==True)G is not phase assignable different colore fromng. Thus, the path

from ng to n, must have an odd number
of feature edges. Hen€ must contain
an odd number of feature edges and is
a conflict cycle.

the same phases as the shiftersLinlt is g contradicts our initial assumption that
true that the node colorings @ satisfy the 155 ng conflict cycles. Hence, our assumption

following two conditions: nodes connected thatL is not phase-assignable is wrong.Ol
a feature edge have d.ifferent colors and nodesIn order to make the layout phase
connected by a conflict edge have the Sa}rﬁ@signable, it is necessary to remove all con-
color. Let us assume further that there exi
a conflict cycleC and let{ns,ny,...,Nk, N1}

be a closed walk alon@. By the definition
of a conflict cycle, there are an odd numb

of feature edges irC. Hence, starting from

ny, the node phases will flip an odd numb%g the phase confli®.A large number of

of times inC. Therefore, the node, will be_ hase conflicts selected for correction would

assigned two different phas‘?s’ which is i mply large changes to the layout and/or
possible. Hence our assumption tkitwhose mask, which is highly undesirable. Hence, it

corresponding layout. is phase-aSS|gnabIe,iS essential to minimize the sum of weights of

has a conflict cycle is wrong. the edges to be deleted during conflict cycle
(<) AssumeG does not contain any con-ramoyal,

flict cycles andL is not phase-assignable.

Thel’_l the phase ass_lgnment process Specmedl’he weighting scheme depends on the layout modifica-
in Figure 4 must violate the rules for twoton methods, which will be discussed in Section IV.

Fig. 4. Phase assignment algorithm.

Stct cycles from the conflict cycle graph by

deleting edges. The deleted edges directly
correspond to phase conflicts that have to
Ye corrected. Each edge has a given weight
which reflects the negative effects of correct-



The minimum-weight conflict cycle re-feature edges, which has the same parity as
moval problem is defined as follows: Giverm; + mp. O
a conflict cycle graplc = (V,E), remove a Lemma 2 A planar embedded graph G has
minimum-weight set of edges’ such that the no conflict cycles if and only if all faces are
modified graphG’' = (V,E \ E’) does not have legal.
any conflict cycles. Proof. For a planar embedded graph, any
It can be easily proved that this probeycle is the result of merging faces. If all
lem is NP-hard for general graphs by doinéaces are legal, we know that the number of
a simple reduction to the minimum-weighfeature edges in the merged face is even from
bipartization problem. However, an optilemma 1. Therefore, by definition, the graph
mal polynomial-time algorithm exists wherhas no conflict cycles. If the original graph
the graph is an embedded planar graphas no conflict cycles, then every face is legal
This optimal algorithm is referred to ady definition. O
Pl _CC_Renove in Figure 2 and will be dis-
cussed in detail in the next section. @ - O
B. Optimal Minimum-weight Conflict Cycle
Removal Algorithm for Embedded Planar. , .
Fig. 5. Deleting all common edges (in this case, only one)

Graphs results in a merged face.
The theory of the optimal polynomial-time
algorithm for minimum-weight conflict cy- Theorem 2:Removing an odd number of
cle removal for embedded planar graphs &dges from every conflict face and an even
presented in this section. L& denote an number of edges from every legal face will
embedded planar graph for which we seegenerate a graph with no conflict cycles.
the optimal solution of the minimum-weightProof: Let G' be the graph obtained after
conflict cycle removal problem. the edge deletion. As shown in Figure 5, the
Definition 2: A conflict faceof G is a face deletion of one or more common edges results
corresponding to a conflict cycle f&. A face in the creation of a merged face. Any face in
of G that is not a conflict face is kegal face G’ must be the result of merging a s8t of
Definition 3: The dual graph GP of the conflict faces and a s& of legal faces irG.
conflict graphG is constructed by representlLet S= 5 JS.
ing every facef of G with a noden. An edge ~ We first want to prove that the cardinality
e which belongs to faceg; andg, in Gis of S, |Sl|, is even. Letr(f) denote the
represented with an edgt= {ny,ny} in GP. number of removed edges for each face
A node n € GP corresponding to a conflictS. Since all removed edge belong to two
face f € G is called aconflict node A node faces inS and are counted twicey ¢.sr(f)
that is not a conflict node is legal node is even.y sesf (f) = Sreg () + Stes, M (F).
Definition 4: Two faces areneighboring From the assumption, an even number of
facesif they share at least one common edgedges are removed from every legal face, i.e.,
The merged faceof two neighboring faces isr(f) is even forf € S. Therefore, ¢, r(f)
formed by deleting all common edges. is even and henc§¢.g r(f) is even. Since
Lemma 1 The parity of the number ofr(f) is odd for everyf € S, |Sl| must be
feature edges of the merged face is equal &ven.
the parity of the sum of the numbers of feature Then we want to prove thahe sum of the
edges of two faces. feature-edge numbers of all faces in S is even
Proof: Let the two faces havemy and np Since every face iy has odd number of
feature edges and they shangfeature edges. feature edges and there are an even number
Then the merged face haws; +nmp — 2mg  of faces inS;, the sum of the numbers of




feature edges of all faces B is even. Also 4

the sum of the numbers of feature edgese e/ L, 6, . I conflictNode
all faces inS; is even, since every face ® 2\ 4 ‘ SO O True Node
has even number of feature edges accord a \ /@ GhostNode

to the definition of legal faces. Therefore, tl A Dummy Node

sum of the feature-edge numbers of all fac (a)pual Grapn

in Sis even. Fig. 6. Gadget graph construction from dual graph.
According to Lemma 1, the feature-edgéhe directions on the edges in (a) are used to signify

number of the merged face is even sindB® edge assignment.
the sum of the feature-edge numbers of all
faces inSis even. Hence any merged face in

/3 / 1
G’ is legal. Thus,G' has no conflict cycles connectingv and V' in dual graph is

according to Lemma 2. = assigned tov, V' or both. The assign-

The problem of deleting a minimum- ment is done such that the following
weight set of edges such that an odd number .4 ditions are satisfied:

of edges are deleted from every conflict face
and an even number of edges are deleted
from every legal face ofs translates to the
following problem on its dual graptsP:’

Find the minimum-weight set of edgesS

to be deleted inGP = (V,E) such that: (a)

an odd number of edges inS are incident

on every conflict nodeu € V; (b) an even
number of edges inS are incident on every
legal nodev e V.

This is similar in spirit to thel-join prob-
lem [11] on a grapl@ which can be optimally
solved. Thel-join problem of a graph seeks a
minimum-weight edge se&$ such that a node
u is incident to an odd number of edges of
Sif and only if u belongs to the node subset
T of the given graph. Our problem reduces to
theT-join problem if and only if the set of all
conflict nodes is denoted as the JetUnlike
the problem formulation in [2] in whicf is
the set of all nodes with odd degrees, in our
formulation, T may include nodes with odd
or even degrees.

Next, we describe how the T-join problem
can be reduced to a perfect matching probleneto ensure that the conditions are satisfied, we use the
on a suitably constructed gadget gragh edge assignment method in [5] to assign the edges such that

: ; any gadget oh nodes, the number of ghost nodes is at
The gadget graph construction consists of tlﬁ;%sttgj. Then for any gadge®, which violates the parity

following steps: requirement, it is always possible to turn a ghost ngfe
into a true nodey (i.e., assign the edgeto bothv andV')
to meet the parity requirement at the cost of increasing the
"Given a planar grapl, its geometric duaGP is con- node number of the gadget graph by one.
structed by placing a vertex in each face®f{including the 9For example, edge 3 from nodeto ¢ means that edge
exterior face) and, if two faces have an edge in commoB,is assigned to nodeand it appears &g in Gc andgg in
joining the corresponding vertices by a dual edge. Gp.

1) Dual Edge AssignmentEach edgee

a) For each conflict node the num-
ber of true nodes i, is odd.
b) For each legal node the number
of true nodes inGy is even.
In Figure 6 (a), directed edges are used
to represent the assignment.

2) Gadget Node Constructionlf a dual
edgee connectingv andV is assigned
to v and not assigned 14, it will appear
as atrue node ! in Gy and aghost node
0¥ in G,.2 As a result, each node of
degreek in the dual graptGP becomes
a gadget ofk nodes ing, which is
denoted asG,. The weight ofg! is
w(e) and the weight ofy is 0. In other
words, the weight of any dual edge is
always assigned to its corresponding
ghost node Both nodes are connected
to adummy nodevith 0 weight edges.
In any perfect matching solution for the
gadget graphexactly one node in each
pair of t¥ and ¢ will be matched within
gadgetssince the other node will be



matched with the dummy node. the total weight of all ghost nodes matched
3) Complete Gadget Construction The within gadgets.

nodes inGy are connected to each other On the other hand, the total weight of the

by weighted edges to form a completenatching solution, i.e., the total weight of

graph. The weight of any edge @, the matched edgess the total weight of

is the total weight of its two nodes.the matched edges within gadgets (since the

Figure 6 (b) shows the gadget grapkweights of edges incident to dummy nodes are

constructed from the dual graph of Figall 0), = the total weight of all nodes matched

ure 6 (a). within gadgets (since the edge weight is the
In summary, g = (V',E’), whereV’ in- total weight of its two nodes), and henee

cludes the true nodes, ghost nodes afff total weight of all ghost nodes matched
dummy nodes, and’ is the set of edgeSWIthln gadgets (since the weights of qll true
between nodes ik’ nodes are 0). Therefore, the total weight re-
Theorem 3:The T-join problem for a mains the Same during Fhe mapping. -
graphGP = (V,E,w, T), whereT denotes the (<) Mapping a solutionsS of the T-jom_
conflict nodes andv \ T denotes the legal problem to a solution of the perfect matching

nodes inV, can be reduced to a minimumProblem ofg can be done as follows: For any

. D . .
weighted perfect matching on the gadgélOdeV in the dual graplhG", divide the true

graphg = (V/,E’,w). nodes and ghost nodes @, into four sets:
Proof:(—) Mapping perfect matching solu- * 3= {g\e/\ee S}
tion of the gadget graply to a valid solution * 2= {gve|e§Z S}
of the T-join problem onGP: For any node ° = {t3|e¢5}'
v in the dual graphGP, divide the edges of * S¢={tc/e€ S}
nodev into four sets: Let the cardinality ofS;, S, S and S, be a,
. S = {elg! matched withinGy} b, c an_dd, respectively. We need t_o prove that
.S = {e|eg" not matched WEC[h.irG - there is a perfect matching solution in which
v e " v thea ghost nodes i1%; and thec true nodes in
{elte mat;[ched W'th'nc.;"’.}' S3 are matched withirG, and the remaining
© 3 :_{e|te (Inatched Wr']thénG‘.’}H.rG _nodes are matched outsi@g. If vis a conflict
* S v {elte not m_at_c ed withirGy} = node, sinceSis a valid solution of the T-join
{€lge matched withinGy }. problem, the number of edgesS, a+d, is
We need to prove that the s&= S US odd. The number of true nodé¢s+d) is odd
thus constructed is a valid solution to the Tby construction. Thus((a+d)+ (c+d)) =
join problem. Let the cardinality of, &, (a+c)+2d is even. Hence(a+c) is even.
S and &4 be a, b, ¢ andd, respectively. In Similarly, we can prove thata-+c) is even
any perfect matching solution, the number afhenv is a legal node inGP. It is always
nodes matched withif,, (a+c), is even. possible to match an even number of nodes
If vis a conflict node, the number of trudn a complete graph.
nodes inGy, c+d, is odd by construction Since the edge weight in the dual graph
and (a+c)+(c+d) = (a+d)+2c is odd. is always assigned to its corresponding ghost
Therefore, the number of edges$ha+d, is node, we only need to consider the nodes
odd. Similarly, ifvis a legal node, the numbelin S; and S (true nodes inS and &
of edges inSis even. Therefore, the solutiorhave corresponding ghost nodes in other gad-
Sis a valid solution of the T-join problem. gets). Among them, only the nodes $ are
Since the weight of any edgein the dual matched within gadget and their weights are
graph is always assigned to its correspondimgcluded in the matching solution. In other
ghost nodegy, the total weight of the edgeswords, the ghost node weight is included in
in the T-join solution,S= S U%, is equal to the matching solution if and only if its corre-



10

sponding dual edge is in the T-join solution. with 2i divide nodeswith 0O weight.
Therefore, the matching solution has the same  All nodes inG,; and G, ;1 are con-

weight as the T-join solution. nected todivide nodes ¢, (j = 1...2i).
O Each pair of neighboring divide nodes
The perfect matching problem can be opti- {dyj,dvj+1} (j =1...2i—1), are con-
mally solved in polynomial time. In our im- nected. The weight of any edge @,
plementation, we integrate the code of Cook is the total weight of its two nodes.
and Rohe [12]. Figure 7 shows one example of dividing
It should be noted that using the proposed a big gadget into three small subsets
conflict cycle graph and the T-join formula- with divide nodes.

tion implies the classification of a face does | edge numbers can be greatly reduced

not rely on its edge number. Therefore, furthefi, divide nodes for large gadgets. For ex-
simplifications can be done on the dual grapgmlme a complete gadget of nodes has

yvhen it is converted to the gadget graph tha—tnz_l) edges. If the nodes are divided into
Is input to the perfect matching problem. Fo,

) ubsets with divide nodes such that each
'“Star.‘ce' feature edges ar'e only needed bset has at most three nodes and at most
classify the faces as conflict faces or Ieg%

faces and can be dropped during the dua @ subset has Ies(s th)an hree nodes, fhe edge
. o(n+2

raph construction if they cannot be picked pjUMPer is at mosi3—_Therefore, the edge

grap uction irthey P! %umber is reduced fror®(n?) to O(n) while

the phase conflict detection algorithm (in th . : .
next section we discuss why this might be th € node_ number IS st|IO(n),_wh|ch _Ieads
case). This simplification results in a furthe[’O reduction in perfect matching runtime for
reduction of the number of nodes and edges ff9¢ 9adgets. -
the gadget graph without affecting the correct- The constructed gadget with divide nodes
ness of the above reductions. However, thi@s the following important property.
simplification could not be done with previoud-emma 3 For any subset £ C
bipartite formulation in [5] [6] [2], which in {Gu1UGu2,...UGv2i} (i > 1), there s
turn resulted in the increased complexity ot Perfect matching solution to match all
their constructed gadget graphs. the nodes in § and the divide nodes

dy1,...,0v2i—1.

Proof: We prove this lemma in a recursive-
C. Gadget Decomposition with Divide NOdeﬁ/ay_ Fori = 1, there are three possib|e

For a large gadget af nodes, the numberCases:

of edges isO(nz) since a gadget is a complete , Both Gy1 andGy, have even nodes S;.
graph. Therefore, we propose a method t0 \we can match those nodes with@
decompose a large gadget into a set of small gp Gu2 since we can always match

complete gadgets wittlivide nodesto reduce even number of nodes within a complete

the edge number. S graph. Thendy; can be matched with
The gadget graph construction with divide ¢ ,.

node consists of the following steps: . Both Gv1 and Gy have odd nodes S;.

1) Dual Edge Assignment and Gadget We can match one node @&, with d
Node Construction These two steps and one node Gy, with dy,. Other
are the same as Step 1 and 2 of the nodes can be matched withi@,; and

construction without divide nodes. Gyo2.

2) Gadget Construction with Divide « Only one ofG,; andG,» has odd nodes
Nodes The nodes in each gadg&y € S. We can match one node of the
are divided into R+ 1(i > 0) subsets subset withd, ;1 and the other nodes are

Gyvj (j =1...2i +1), which are linked matched within the subsets.
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O True Nods S = {€|gg matched WithinGy}._

@ Ghost Node S = {e€|gg not matched withirG,} =

O Divide Node {eltY matched withinG, }.

Fig. 7. Decompose a complete gadget with divide * Sz = {€]ts matched withinG,}.

nodes. S = {€gty not matched withinG,} =
{elg¥ matched withinGy}.

We need to prove that the s&= S U

Therefore, the lemma is true fore= 1. . . .
. . . thus constructed is a valid solution to the T-
Suppose the lemma is true foe=k. Fori= .

k+ 1: if dyo is matched, then we only needg;n problem. Let the cardinality o, ,

to match the nodes to be matchedGgox. 1 and & be a, b, C and d’. respectively. In
NN any perfect matching solution, the number of
and Gy ;2 and dy k41, Which is similar to

the case of — 1 nodes matched \_Nithiﬁ‘:v (includi_ng 4 divio_le
I & is Not rﬁatched there are fo nodes),(a+c+2i), is even. Ifvis a conflict
v.2k ' urcase 'ode, the number of true nodes @y, c+d,

o Both Gya1 and Gyaki2 have even js odd by construction anta+c+2i)+ (c+
nodese S;. We can matched those nodeg) — (a+d) + 2c+ 2i is odd. Therefore, the
within G2 and Gy k1 and matchy2« - number of edges i, a+d, is odd. Similarly,
with dy k1. if vis a legal node, the number of edges in

« BothGy 21 andGy k2 have odd nodes sis even. Therefore, the solutidhis a valid
€ S;. We can match one node &,2«+1  solution of the T-join problem.
with dy2¢ and one node 06y 212 With  Since the weight of any edgein the dual
dy2k 1. Other nodes can be matchegraph is always assigned to its corresponding
within Gy a1 and Gy 2-2. ghost nodegy, the total weight of the edges

« Gy2+1 has odd nodes S; andGyoki2  in the T-join solution,S= S Sy, is equal to
has even nodes S;. We can match onethe total weight of all ghost nodes matched
node of Gy 1 with dyp and match within gadgets.
dy2k+1 With dyaii2. The other nodes are  On the other hand, the total weight of the
matched within the subsets. matching solution, i.e., the total weight of

» Gy2+1 has even nodes S; andGyki2  the matched edges: the total weight of
has odd nodes S,. We can match onethe matched edges within gadgets (since the
node of Gya2 With dya2 and match weights of edges incident to dummy nodes are
dvox with dyoci1. The other nodes areg)| 0), = the total weight of all nodes matched
matched within the subsets. within gadgets (since the edge weight is the

Therefore, the lemma is true for= k+ 1. total weight of its two nodes), and henee
O the total weight of all ghost nodes matched

Theorem 4:The T-join problem for a within gadgets (since the weights of all true
graphGP = (V,E,w,T), whereT denotes the nodes are 0). Therefore, the total weight re-
conflict nodes andv \ T denotes the legal mains the same during the mapping.
nodes inV, can be reduced to a minimum- (~) Mapping a solutionS of the T-join
weighted perfect matching on the gadggtroblem to a solution of the perfect matching
graph with divide nodeg; = (V/,E’,w). problem of g can be done as follows: For
Proof: (—) Mapping perfect matching solu-any nodev € GP whose gadget i&,, which
tion of the gadget graph with divide nodgs includes 2+ 1 subsetsG,j j = 1..2i +1
to a valid solution of the T-join problem onlinked with divide nodes, the true nodes and
GP: For any nodes € GP, let its gadge, to  ghost nodes can be grouped into four sets:
be 241 subset$5,; j=1..2i+1 connected « S ={g{|ec S}.
with divide nodes in the gadget graph. The « S = {gf{|le¢Z S}.
edges of node& can be grouped into four sets: « S = {tileZ S}.
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« S ={tylec S} shifters corresponding to a conflict (equiv-
Let the cardinality ofS;, S, Ss andS; bea, alent to correcting a conflict edge) or by
b, c andd, respectively. We need to prove thawidening critical features (equivalent to cor-
there is a perfect matching solution in whictiecting a feature edge). However, widening
all divide nodes, the a ghost nodes in&d critical features may introduce significant tim-
the ¢ true nodes insSare matched within G ing problems. Hence, in the present work,
and the remaining nodes are matched outsidée only focus on phase conflicts that can
Gy. be solved by increasing the spacing between

If vis a conflict node, sinc& is a valid features such that the corresponding shifters
solution of the T-join problem, the numbe@re separated by the required shifter spacing.
of edgesc S, a+d, is odd. The number of However merely increasing the spacing be-
true nodes(c+d) is odd by construction. tween the shifters corresponding to the phase
Thus, ((a+d)+ (c+d)) = (a+c) +2d is conflict may cause DRC violations as well as
even. Hence, the number of true nodes amigtroduce new phase conflicts as the relative
ghost nodes to be matched with@,, (a+ locations of the neighboring features may
c), is even. Since all thei2divide nodes change. The work presented in [2] solved
should be matched withi,, the total num- this problem by adding end-to-end spaces
ber of nodes to be matche(a+c) +2i, is throughout the layout. The spaces are inserted
even. According to Lemma 3, all nodes tsuch that only the length of the poly inter-
be matched inGys,...,Gy2i and the divide connect is increased. This technique could
nodes dyz,...,dy2—1 can ‘be matched in aonly be applied to standard cells and macro
matching solution. The remaining even nunblocks with a low density of phase conflicts.
ber of nodes are located in a complete gragixperiments indicate that this method when
Gy2i U{dy2i}. It is always possible to matchapplied directly to standard-cell blocks can
an even number of nodes in a complete graptause large increases in area.

Similarly, we can prove that there is a perfect Our layout modification algorithm exploits
solution whenv is a legal node irGP. the fact that standard-cell blocks can be nat-

Since the edge weight in the dual graphbrally partitioned into rows and that phase
is always assigned to its corresponding ghostnflicts in each row can be solved indepen-
node, we only need to consider the nodetently without introducing any DRC errors.
in S and S (true nodes InS and & The overall flow of the algorithm is presented
have corresponding ghost nodes in other gaid- Figure 8. The algorithm consists of the
gets). Among them, only the nodes $a are following steps:
matched within gadget and their weights are 1) First the standard-cell block is parti-
included in the matching solution. In other tioned into rows and its constituent

words, the ghost node weight is included in cells. The rows are identified by loca-
the matching solution if and only if its corre- tions of the power grid lines.

sponding dual edge is in the T-join solution. 2) Next the phase conflicts that are strictly
Therefore, the matCh|ng solution has the same between features of a cell are corrected

weight as the T-join solution. by adding a minimal number of end-
u to-end spaces in the cell as illustrated

in Figure 9. In this scheme, horizontal

IV. LAYOUT MODIFICATION and vertical spaces of variable width

The primary task of AAPSM-related layout are added along a cut line throughout
modification is to correct the phase conflicts the cell to correct the chosen AAPSM
that the conflict detection algorithm selected conflicts. As shown in Figure 9 (a), the
in the previous step. Phase conflicts can be space insertion is equal to moving all
corrected either by adding space between features on the right side of the cut line



Fig. 8. Details of Layout Modification Algorithm.

to the right by a distanc®. For any
feature across the cut line: if it is not
connected with the features on the right
side of the cut line (Figure 9 (a)), it
will not be moved; otherwise, if it is not
connected with the features on the left
side of the cut line (Figure 9 (b)), it will
be moved to the right by a distanBeif

it is connected with the features on both
sides (Figure 9 (c) (d)), the spaces are
added such that only the gate widths are
increased but the gate lengths remain
the same. Therefore, the straight cut
line will be replaced by the dashed line
as shown in Figure 9 (d). This prevents
any major timing problems after layout
modification®

The modified cells in a row are now

4)

3)

Insert gap within the cell to remove conflicts

13

| I e |

L 1=11
qh—

Modified Layout

.........................

Adjust cell distance to
avoid new conflicts

tallest cell and the width is equal to the
sum of the widths of the standard cell
plus the widths of the inserted spaces
between the standard cells. The spaces
that are occupied by filler cells are
made available at this step to avoid any
unnecessary area increase.

The final step consists of assembling
the modified rows. Here, again horizon-
tal space is added only as needed. Space
is added only if there is an existing
conflict between features of cells on
adjacent rows or if relative locations of
the features in adjacent rows is changed
from the original configuration (this can
only happen if vertical space is added
at different locations on adjacent rows).

assembled such that no phase conflictsHence, in this algorithm, end-to-end spaces
exist between any two features of adare only added within a cell. The spaces
jacent neighboring cells. The height obetween the cells and between the rows are
each row is equal to the height of thesmartly managed such that no phase conflicts

remain or are introduced after the changes
101 practice, the timing impact due to layout modificatiorto the individual cells. This results in much

is negligible since (1) the cell is small; (2) a minimum-sdma”er area increases for correcting phase
weighted set-covering problem (similar to the one propose fli h d h hod i
in [2]) is used to determine cut lines to avoid most casd<ON ICts when compared to the method In

like Figure 9 (c) and (d); and (3) if the cases like Figure §2]. According to our layout modification al-

(c) and (d) can not be avoided to correct one conflicgorithm, the Weighting scheme of the conflict
its corresponding edge in the conflict cycle graph will b

assigned a large weight to prevent the edge from beir%yde graph IS as fO!|OWS. The _V\{elghts of
selected for correction. feature edges are aSS|gned as |nf|n|ty since we
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@ B (b) S n

(a) Total Area Increase = I*11*w. (b) Total Area Increase = (I/5)*10*w + 4*I*w = 6*I*w.

Fig. 10. Comparing the area increases produced by the
layout modification scheme in [2] with the proposed
scheme.

(©) (d)

Fig. 9. Layout modification with vertical space insertion.

do not permit feature widening. The vertical
conflicts (i.e., conflicts that can be solvec| 4 .
by adding vertical end-to-end spaces) are a 6 L
signed a much lower weight than horizontalig 11. Hierarchical layout and its partition tree.
conflicts (i.e., conflicts that can be solved by
adding horizontal end-to-end spaces), since it
is less disruptive to increase the width of thend hence the modifications introduced by
standard cells than their height. In our implethe proposed flow does not introduce any
mentation, the weights of conflict edges afdditional complications for the router. This
vertical conflicts are assigned as the width @ also a difference from the method in [2]
the spacing to be added to solve the conflichat does not match the inserted spaces to
i.e., B in Figure 9, to reflect the area increasthe routing pitch. This solution needs to be
due to layout modification; the weights otpplied even if the placement is done with
conflict edges of vertical conflicts are asAAPSM-compliant standard cells, i.e. cells
signed as 18 spacing width. The weights ofthat have no phase conflicts. This is because
conflicts which may result in increased gatphase conflicts can exist between features of
width are assigned as 50spacing width. neighboring cells. The only difference is that
Figure 10 compares our layout modificaStep 2 of the proposed layout modification
tion algorithm with the one presented in [2hlgorithm may be omitted.
on a hypothetical example. The layout is a Our proposed algorithm can also be easily
square and is composed of 5 rows of standaggttended to solve phase conflicts in slicing
cells. Let| denote the length of each sidéierarchical layouts, i.e., the layouts whose
of the layout. The shaded rectangles denodfleorplan can be represented by slicing trees.
the spaces added in the layout and the bad shown in Figure 11, a slicing hierarchical
dark lines are used to represent the locatiof®/out can be represented using fbeatition
of the phase conflicts being corrected. ket tree, where each leaf node represent a layout
denotes the width of horizontal and verticalegion. TheH (or V) node represents a region
spaces added (assumed to be the same iiidhich is partitioned into several child regions
simplicity). The area increase with the schemegsing horizontal (or vertical) cut lines; there
in [2] is 11lw, whereas the area increase witls a dashed line between any two neighboring
our scheme is onlyl&. child nodes which represents the cut line.
The presented algorithm can be appliedhe layout modification can be solved us-
as an additional processing step during postig a bottom-up algorithm. First, the phase
placement optimizations. The inserted spacesnflicts are corrected within each leaf node
are integer multiples of the M1 routing pitchby inserting end-to-end spaces. Then for each

A (A D
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Flow in [2] Proposed Flow
Design || # Plgns/#Ovlps| #edges| #nodes/#edges GG CPU(s)| # Conflicts||  #edges| #nodes/#edges GG CPU(s) | # Conflicts |
1 10274/24580 98347 75086/242093 2.53 938 66875 25198/46346| 0.38 910
2 13630/32257 112599 62480/203971 1.90 963 79672 20910/36403 0.22 946
3 || 21868/53749 | 182809|  103912/338810  3.33 1558 | 128836 34806/61227] 0.55 1534
4 || 20425/50059 || 173319 98834/320499  3.18 1678 | 121546 33266/57705  0.48 1664
5 25784/63760 216691 122324/397999 3.87 1854 | 152655 40614/70853 0.60 1839
6 || 48787/157668| 484999 355760/1147057 12.17 6330 | 325769 8077/45208 2.78 5989
7 || 44121/142707| 436297 339538/1084677 12.30 5010| 295001 112152/207784 2.47 4865
8 || 72101/237557|| 729980| 567532/1817272 20.05 10275| 489922|  189986/351007  4.23 9631
9 | 105882/376707| 1133279 949064299758 41.35 18148| 757581| 303408/565217  7.95 17463
10 || 159070/552767| 1667581| 1415620/4437522 66.40 27308 || 1115928|  444082/829808 11.58 26349
TABLE |

PHASE CONFLICT DETECTION RESULTSEXPERIMENTS WERE RUN ON A4X400 MHZ ULTRA-SPARCII
WITH 4.0 GBoOF RAM.

upper level, new phase conflicts are avoidegtle number of phase conflicts chosen for com-
by inserting gaps along the cut lines. Thparison and runtime, when compared to other
algorithm shown in Figure 8 is the speciastate-of-the-art approaches [5] [6]. Columns 1
case when the input layout can be representadd 2 give the design names and design statis-

as a two-level tree. tics (like number of polygons and number
of shifter overlaps, respectively). The results

, , , grouped under the columns “Flow in [2]”. The
This section presents the experiments Wegits obtained using our phase conflict de-

_conducted to test the benefits of th_e Proposeghtion method are grouped under “Proposed
ideas. All our examples a@0 nmdesigns and gq”, Columns 5 and 9 compare the runtime

assume typical values of threshold width fog¢ the flow in [2] and our proposed flow

critical features, shifter dimensions and Shift%spectivelﬂzl. As can be seen. our runtimes
spacing. This work focuses mainly on phasge significantly better than those obtained
conflicts that can be solved by increasing th?sing the flow in [2] with an average im-
spacing betyveen features in the layout. Thuﬁrovement of 5.9x. This can be primarily
phase conflicts caused by T-shapes are ngiripyted to the significant reduction in the
handled. These can be corrected by featyigmper of edges in the conflict cycle graph
widening or mask splitting [7]. Phase conflictgompared to the phase conflict graph used in
caused by line-end conflicts between nelgfpzé and the removal of undeletable edges (in

boring features can be detected and correctgl case feature edges) during intermediate
are not considered as they can be efﬂmen%

) = aph constructions. This is reflected in the
detected and corrected using additional DRL, mber of nodes and edges of the gadget
checks during layout generation [14].

graph constructed during perfect matching.
The gadget graphs constructed in our flow are
A. Phase Conflict Detection Results significantly smaller than the ones constructed
. in [2]. While the examples presented are
Table | compares the runtime and the qual- [2] np P
: not very large, we believe the same trend
ity of results (number of edges deleted, or
in other words, nu_mber of phase conflicts 11 spouid be noted that only the time spent in solving
selected for correction) of the proposed flowhe perfect matching problem is reported in both cases as
with other state-of-the-art approaches. THéis is the most compute-intensive portion of the algorithm.
fl din 121 ) . The gadget graph construction was also sped-up by 2x using
0\_N pr_esente _In [ ] IS our main Cpmpanso%e new graph, but the perfect matching times has a greater
point since their results are best in terms @bntribution to the total run-time.
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| Design || Area [ Conflict | Outside| % Area Inc.| % Area Inc. [2] ]|

1 25173.96 937 61 1.7 18.1
2 16397.82 995 197 54 231
3 31416.21 1589 284 5.8 26.8
4 25715.23 1724 238 6.1 28.8
5 40409.68 1720 322 4.7 32.12
6 61705.52 6257 770 5.8 57.47
7 58414.06 5100 586 6.1 59.1
8 94178.09| 10141 512 7.3 80.2
9 || 148231.77| 18657 2672 9.1 >100.0
10 || 249210.41] 28121 4224 9.0 >100.0
TABLE Il

LAYOUT MODIFICATION RESULTS FORSTANDARD-CELL BLOCKS.

of speed-ups should also be present in mu€volumnOutsidereflects the number of phase
larger examples. The limitations of the currergonflicts that are selected for correction and
code prevented us from testing our idea amccur between features of neighboring cells.
larger examples. As can be seen, it is a very small fraction
The table also shows that the quality of ounf the total number of phase conflicts in any
results (in terms on number of phase conflictdesign. This strengthens our view that it is
chosen for correction) is also better than theo conservative to leave blank space around
results obtained using the method in [24ll the cells or force the boundary features of
(please look at Column labelled “# Conflicts’each cell to have the same phase and could
under the subgroup “Flow in [2]” for the cause large area increases. The fifth column
results obtained using the method in [2])eports the percentage area increase for these
and Column labeled “# Conflicts” under sublayouts as a result of the added spaces. The
group “Proposed Flow” for the results obarea increase for these layouts ranges from
tained with our method). This improvement.7-9.1%, with an average increase of 6.1%.
is primarily due to the fact that the numbeiThe area increase goes up slightly with the
of edges deleted during planarization of theize of the testcases. For comparison, the
conflict cycle graph (second step in Figure 2ayout increase caused by the method in [2]
iIs smaller than the edges deleted during the also reported in the last column. As can be
corresponding planarization step of the phaseen, the area increases caused by the method
conflict graph [2]. Hence, the optimal algoin [2] are very large.

rithm can be applied to a larger sub-graph of

the original graph. VI. CONCLUSIONS
) ) A new theory for Bright-Field phase con-
B. Phase Conflict Correction Results flict detection was presented in this paper. The

Table Il reports the results of using the proproposed method greatly simplified the graph
posed layout modification scheme for correctonstructed from the layout which resulted
ing the phase conflicts chosen by the deteitr a substantial reduction in its edge count.
tion step on the same layouts. ColurArea Unlike previous constructions, the proposed
reports the area of the designs in square ngraph does not equate phase-assignability of
crons. ColumnConflict specifies the numberits corresponding layout to its bipartition.
of phase conflicts selected by the detectiddence, a new property of the graph called
algorithm for each design (the numbers amonflict cycles was introduced and an opti-
slightly different from the ones in Table | duemal algorithm for removing conflict cycles
to the use of different weighting schemes)n embedded planar graphs was presented.
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The algorithm was also generalized so that[@ A.B. Kahng, S. Vaya and A. Zelikovsky. New Graph

minimal solution could be obtained for non- Bipartizations for Double-Exposure, Bright Field Alter-
| h S fi . tal nating Phase-Shift Mask Layout. IASP-DAC pages
planar grapns. osupporting experimental re- 133-138, 2001.

sults were also presented that illustrated hugg c. Pierrat, F.A. Driessen and G. Vandenberghe. Full
improvements in the runtime in the process, phase-shifting methodology for 65 nm node lithography.

. . .. . In SPIE (5040) pages 282—293, 2003.
while maintaining the same quality of resultg; Ooi, K. Koyama and M. Kiryu. Method of Designing

(in terms of number of phase conflicts chosen Phase-Shifting Masks Utilizing a Compactor. Jpn J.
for correction) as the best available previou[g] Xf A'\}IDP-_PhySf?rpageS 677|L<1_6r\77|§"19%4's e and
. - . oniwa, |. lerasawa, . akajo, J. akeml an
work in this area. . . . S. Okazaki. Heuristic Method for Phase-Conflict Min-
A novel layout modification algorithm  imization in Automatic Phase- Shift Mask Design. In

for standard-cell blocks was also presented. Jpn J. of App. Phys. 3jages 6584-6589, 1995.

: : 0] K. Cao, J. Hu and M. Cheng. Layout modification for
Experimental results confirm that the ne\x} library cell Alt-PSM composability. I'SPIE 2004.

method produces much smaller increases [il] w.J. Cook, W.H. Cunningham, W.R. Pulleyblank and
area than previous work in this area. The A. Shrijver. Combinatorial OptimizationWilley Inter-

small area increases make it suitable for usg, S G0 e s “Rohe.  Computing Minimum-

in a true industrial flow as a post-placement "weight Perfect Matchings. August , 1998.
optimization step. The current algorithm does http://www.or.unibonn.de/home/rohe/matching.html.

not assume that the standard cells used [ilﬁ] L. Liebmann, J. Lund, F.L. Heng, |. Graur. Enabling
alternating phase shifted mask designs for a full logic

the placement are phase-assignable. However, gate level: design rules and design rule checking. In
the proposed method can also be applied to DAC, pages 78-84, 2001.

; _ +~[14] P. Ghosh, C. Kang, M. Sanie and J. Huckabay. Psm-
a placement done with AAPSM complalnf Lint: Bringing Altpsm benefits to the IC design stage.

cells and will produce much smaller area in- |, spiE (5042) pages 314-325, 2003.
creases, when compared to other methods be-
ing considered for building phase-assignable
placements. The proposed method has to be
extended to allow feature widening for cer-
tain phase conflicts that cannot be solved by
increasing the spacing between features. It
will also be desirable to integrate the layout
modification method with a timing engine
since the layout modifications produced by
the method can cause some timing violations.

REFERENCES

[1] L. W. Liebmann, T. H. Newman, R. A. Ferguson,
R. M. Martino, A. F. Molless, M. O. Neisser, and
J. T. Weed. A Comprehensive Evaluation of Major Phase
Shift Mask Technologies for Isolated Gate Structures in
Logic Designs. INSPIE (2197) pages 612—-623, 1994.

[2] C. Chiang, A. Kahng, S. Sinha, X. Xu and A. Ze-
likovsky. Bright-Field AAPSM Conflict Detection and
Correction. INDATE, pages 908-913, 2005.

[3] A. Moniwa, T. Terasawa, N. Hasegawa and S. Okazaki.
Algorithms for Phase-Shift Mask Design with Priority
on Shifter Placement. Idpn J. of App. Phys. 34ages
65846589, 1993.

[4] K. Ooi, S. Hara and K. Koyama. Computer-Aided
Design Software for Designing Phase-Shift Masks. In
Jpn J. of App. Phys. 3%ages 5887-5891, 1993.

[5] P. Berman, A.B. Kahng, S. Mantik, I.L. Markov and
A. Zelikovsky. Optimal Phase Conflict Removal for
Layout of Dark Field Alternating Phase Shifting Masks..
In IEEE TCAD (9) pages 1265-1278, 1999.



Dear Professor Macii: of opposite phases overlap to avoid layout modifica-

We have thoroughly revised the manuscript takintjon. However, the mask complexity is increased and
all reviewer comments in consideration. The maiit is not always possible to split the shifter regions
changes are: without negatively affecting process latitude.

« We added the explanation for Figure 2, which
explains our phase conflict detection flow. NonComment 1.3:Since the two nodes of a conflict edge
planar graphs is greedily converted to planaare always in the same color, how about shrink such
graphs in a planarization step. edges into single nodes? Then, the problem is still an
« We add the phase assignment algorithm in Figuagld cycle problem.

4 and modified the proof of Theorem 1. 'Response:The two nodes of a conflict edge are in the
« We modified the proof of Theorem 2 to make itsame coloronly if the layout is phase-assignabiee.,

clearer. _ _ there are no phase conflicts. The goal of the conflict
« We added a footnote in Page 2 to clarify that Wgetection process is to select some conflict edges to

only consider spacing-based conflict correctioe geleted. Therefore, we can shrink the conflict edges

and T-shaped poly connections are assumed iy single nodesnly if we are sure that these edges
be corrected by other methods. will not be deleted.

« The weighting scheme is added in Section IV.

« We modified Figure 6 and introduced dumm%omment 1.4: Page 8, line 6, typo, *
nodes to help explain the gadget graph construgz o e dded planar (_:iraph.” ' ’
tion.

. The proof of equal-weight during mapping isResponse:Corrected.
added for Theorem 3 and 4. .

We thank the diligent referees for their very carefyfomment 1.5 According the proof of Theorem 2,

reviews. Their comments have helped us to improJ8€ condition of Theorem is satisfied only whel| is

the paper. We have addressed the specific commefifid: in other words, only when the number of conflict
faces is odd. What will happen and is your approach

the graph is an

as follows: ; > v ; _

still valid if |S1| is even in a layout?
COMMENTS OF THE ASSOCIATE EDITOR Response:Actually, Theorem 1 is satisfied whesl|

is even. Weprove that|S1| must be eveif we remove
COMMENTS OF REVIEWER #1. an odd number of edges from every conflict face and

This is a solid work in general. There are plentyan even number of edges from every legal face. Also
of experimental results to show the effectiveness of tremoving an odd number of edges from every conflict
proposed algorithms and flow. However, there are stiface and an even number of edges from every legal face
a few points that need to be improved as a journa$ equal to the T-join problem. So the main purpose
article. of Theorem 2 is to convert the layout phase conflict

detection problem to the T-join problem. We rewrite
Comment 1.1:1t is strange that the authors claim the proof to make this clear.
ref[2] as the first work on bright field PSM, as ref[6] is
also on bright field PSM and appeared earlier. Or ther&€omment 1.6: The basic algorithm here is based on
is subtle difference between AA (Alternating Aperturgjlanar graph. Please discuss the chance of non-planar
and “double exposure”. Please clarify this. in practice.

Response:The authors of ref[6] only consider layoutResponse:As shown in Figure 2, our proposed flow
conflict detection. They did not present any layout cortan handle the non-planar cases with a planarization
flict correctionmethods. Therefore, we add a footnotetep. We first remove some conflict edges to make the
in Page 3 as follows: Although the work in [6] proposegraph a planar graph and put these edges in the.set
the conflict detection methods for bright-field phasgfter we delete some edges to make the graph phase-
conflicts ba_ls.ed.on feature widening, it neglects thgssignable and assign the phases, we check the conflict
layout modification problem. edges inP whether they should be deleted or not. We

add a description of the flow shown in Figure 2 to
Comment 1.2:Ref[7] suggested to cut phase conflicmake the flow clear.

regions instead of increasing spacing. Please discuss

the pro and con of the proposed method versus [7]. comment 1.7: Currently, there are commercial tools
Response:We add the following in the introduction providing PSM clean cell layout. It is not clear why
section (Page 4): Mask-level correction based ageu have to work on the cell level PSM conflicts. Looks
proaches [7] split shifter regions whenever two shiftersnly focusing on inter-cell conflicts should be sufficient.



Response:Our proposed method is a general methostricter way. Current proof is actually based on the
which works for both PSM clean cells and cells havinfpllowing assumptiontf any L is not phase-assignable,
PSM conflicts. For PSM clean cells, the whole layouhere must exist an assignment in whiop and ny
conflict detection and correction are also needed. Alwhich are neighboring) are the ONLY edge shifter
though we can choose a fixed phase assignment favdes that can not be assigned properly, and there is no
each cell, the area increase is large since most conflicther violation inL. But authors did not provide proof
can be avoided with correct phase assignment. Thdog this. Maybe a constructive proof, which actually
are some other cell-based approaches with additiorssigns the phase, can be more illustrative.
constraints on cells. We discuss these methods in thﬁsponse: We agree with the reviewer’s Opinion_
last paragraph of Section L. The main reason for this confusion is that the phase

assignment algorithm is missing. We add the phase

Comment 1.8:This work does not consider T-shapegyssignment algorithm in Figure 4. We also modify the
poly connections for the reason of maintaining t'm'”%roof to incorporate the reviewer's comments.
performance. However, the poly may be field poly

rather than gate poly, widening field poly will not affeciComment 2.2: In conflict cycle resolution, the al-
timing. gorithm to determine the edges to be deleted (T-join)
Response:lt is easy to incorporate feature widenings based on the minimum weight deletion of edges.
into our solution. Conflict detection would remain unHowever, authors did not provide a specific weighting
changed except that feature edges can also be delefiieme for the conflict cycle graph in the paper. How
Feature widening would correspond to inserting spac®dll various schemes of weighting factors affect the
in feature regions. However, widening some featurdiial experimental results?
could negatively impact timing. In such cases, it maResponse: We add the following in Section III.A
be preferable to resolve the corresponding conflictEach edge has a given weight which reflects the
using mask splitting. negative effects of correcting the phase conflict.” as
We added a footnote for T-shaped poly connectiongell as a footnote: “The weighting scheme depends
in Page 2:T-shaped phase conflicend other local on the layout modification methods, which will be
phase conflicts can be easily detected with simpliiscussed in Section IV.”
design rule checking and corrected with phase splitting The following weighting scheme is added in section
[7], feature widening [13] or cell re-design. Like thelV: According to our layout modification algorithm,
approach in [2], we assume that T-shaped conflicts atee weighting scheme of the conflict cycle graph is as
already corrected by other methods. We only considésllows. The weights of feature edges are assigned as
conflict correction with spacing, i.e., increasing spadefinity since we do not permit feature widening. The
between features, due to its small impact on timing anekrtical conflicts (i.e., conflicts that can be solved by
mask complexity. adding vertical end-to-end spaces) are assigned a much
We believe that there are two kinds of conflictiower weight than horizontal conflicts (i.e., conflicts
one is “local” conflicts (such as T-shaped conflictsthat can be solved by adding horizontal end-to-end
which can be easily detected but can not be solvegaces), since it is less disruptive to increase the width
by spacing; the other is “global” conflicts (such a®fthe standard cells than their height. In our implemen-
odd-even conflicts) which can not be easily detectddtion, the weights of conflict edges of vertical conflicts
with simple design rule checking and can be correctede assigned as the width of the spacing to be added
by spacing. The focus of this paper is mainly on thto solve the conflict, i.e.B in Figure 9, to reflect the

“global” conflicts. area increase due to layout modification; the weights
of conflict edges of vertical conflicts are assigned as
COMMENTS OF REVIEWER #2. 10x spacing width. The weights of conflicts which

This paper introduces a novel data structure anghay result in increased gate width are assigned as 50
an efficient algorithm for identifying phase conflictspacing width.
as well as edges to be deleted in AAPSM, together
with a scheme to fix the phase conflicts with smaflomment 2.3:In Figure 5 which shows the how to
area penalty. The algorithm runs fast, and can prosonvert a dual graph to a gadget graph, the figures
duce comparable results with [2]. However, there ar@nd the illustrations below are somewhat confusing:
several issues need attention before the paper can @gThe dual graph is essentially an undirected graph,
published, as detailed below. but the edges are directed in Figure 5 (a). Is there any

special meaning for the directed edges?

Comment 2.1: In the proof of theorem 1, authors (2) Figure 5(b) is illustrated as “gadget graph”,
try to prove “G has no conflict cycle» the layout but there is no edge between gadget groups, and this
is phase assignable” This point can be proved in & different from the definition of gadget graph.



(3) Figure 5(c) shows a final gadget graph with allComment 2.5:In part IV, layout modification, authors
unnecessary edges deleted, but it is not used in lat@liso discuss the application of layout modification to
perfect matching. It is actually not used in later part ohierarchical layout. It seems this approach is good for
the paper. The proof for theorem 3 is essentially basesticing style hierarchical layout, but not non-slicing
on Figure 5(b) (with all gadgets properly connected)layout. It is more safe to say the scheme can be applied
not Figure 5(c). Thus drawing Figure 5(c) is somewhab slicing hierarchical layout.
confusing here. Response:We agree with the reviewer and modified

(4) Adding a specific definition of a gadget graph Gne graft.
=V, E, and defining what V and E consists of, can show
the idea more clearly. Currently in the paper, gadgeétomment 2.6: The experimental results show the
graph is defined in a constructive way, instead of grea increase from reference [2] is much larger than
specific way. In the step 2 of building gadget graph, ithis approach. This can be due to the different layout
item (d), £ should be § modification scheme used in [2] and here. However, to
Response: (1) We add the following: “Each edge compare the qualify of the conflict spots identified in
connectingv andV' in dual graph is assigned &9 V' [2] and in this paper, authors can also find the area
or both. If the edge is assignedpit will appear as a increase for fixing conflicts spot found with [2], but
true node { in Gy; otherwise, it will appear as ghost using the modification scheme proposed in this paper.

node ¢ in Gy. In Figure 6 (a), directed edges are Usefesponse: This experiment was done and we found
to represent the assignment.” And a footnote to shoat ysing the conflict detection scheme used in [2]
an example: “For example, edge 3 from nduéo ¢ \yith the new layout modification scheme produced
means that edge 3 is assigned to nodmd it appears mych smaller area increase than the layout modifica-

H b : ”
astg in Ge andgz in Gp. o tion used in [2]. The results were omitted for the sake
(2)(3) We introduce dummy nodes in Figure 6 (b} brevity.

to help the explanation. We delete Figure 6 (c).

(4) We add:g = (V',E'), whereV’ includes ghost comment 2.7: (1) Page 7, the third line of case
nodes, true nodes and dummy nodes Bhé a set of 1, replace the comma with period before “Thus’.
edges between nodes\iﬁ_. Then we add “As a result, (2) Page 11, in the proof of theorem 3, “T-join”
each nodev of degreek in the dual graph becomesyopiem can be stated more clearly as “extended T-
a gadget ofk nodes ing, which is denoted a&v." join” problem. (3) Page 12, item (d) in the middle of
to explain the construction of the complete graphs (?fage, ¥ should be { (4) Page 18, at the beginning of
gadgets). part A, “Table I” instead of “Table IV". (5) Page 17,

Comment 2.4: The proof of Theorem 3 shows theTable |, there is no unit for the runtime.

equivalence of the perfect matching solution on Response:Modified.

gadget graph is equivalent to the solution of the corre-

sponding T-join problem. However, only the validity iCOMMENTS QF REVEWER #3. o
shown here, but not the optimization part, i.e., authors A fast algorithm for detecting the phase conflicts in
did not show the minimum perfect matching solutioH€ layout to be used with AAPSM is proposed. Several
does correspond to the minimum solution to the T_joig;pntrlbutlons are claimed including the introduction of
problem. This can be analyzed by using the weightirfy "€W graph, the "conflict cycle graph” to represent
scheme introduced in item (b) on page 10. The simil ase-assignability of the layout, a new formulation

part is also missing from the proof of Theorem 4. for the problem as a minimum-weight conflict cycle

Response:We modify the weighting scheme descrip-pmblem’ rather than 5ay blpartlt.lon problem, a.nd. other
tion as follows: speed ups. Overall, it's a solid paper, and it is very

1) For any edgee of weight w(e) between two well written. Here are several points that should be
nodesv andV in the dual graph which appearstake!ﬂ in_to account in preparing the manuscript for
asg! andtY in the gadget graph, the weight ofPublication:

ghost nodeg), is w(e) and the weight ofY is 0. .
In other wordsthe weight of the edge e, (@), Comment 3.1:Figure 2 on page 4 should be accom-

is always assigned to the ghost node instead Bfmied by more explanation - it is not intelligible at
the true node. that point of the discussion. Perhaps, it's worth moving

2) The weight of the edge in the gadget graph i to later in the text.
the sum of the weights of its two nodes. Response:We add a description of the flow shown in
We also modify the proof of Theorem 3 and 4 td-igure 2 to make the flow clear. The main purpose of
prove that the total weight remains the same duririgigure 2 is to propose the conflict detection flow in
the mapping. which the edge deletion for planar graph is the third



step and is the most important step. Then the rest p@&bmment 3.4:0n p. 15, in the last paragraph, should
of Section Il will focus on this step. it say “only the widths of features are increased but the
lengths of the features remain the same. This prevents

Comment 3.2: It is not clear from the text how the 1Y Major timing problems after layout modification.

authors propose to weight the edges of the conflifiésponse:We agree with the reviewer and modified
graph. Obviously, this is an essential issue since tf{Be draft.

goodness of solution depends on the proper choice &)MMENTS OF REVIEWER #4

edge weights. The main contribution of the paper is the formula-
Response: The weighting scheme depends on thdéon of PSM phase assignment problem as a conflict
layout modification methods. The following weightingcycle graph, and algorithms in solving the conflict
scheme is added in section IV: According to our layoutetection problem. These are significant contributions.
modification algorithm, the weighting scheme of th&his reviewer will like to see the following revision:
conflict cycle graph is as follows. The weights of
feature edges are assigned as infinity since we do fe@mment 4.1: The paper will be more complete if
permit feature widening. The vertical conflicts (i.e.s0me practical phase conflict issues are addressed. In
conflicts that can be solved by adding vertical endpractice there are a number of tricky phase conflicts
to-end spaces) are assigned a much lower weight tHggalization problems, these are not addressed by the
horizontal conflicts (i.e., conflicts that can be solved bguthors. For example, two merged shifters may not be
adding horizontal end-to-end spaces), since it is legdegal phase shape. Please refer to “Enabling AltPSM
disruptive to increase the width of the standard celfor a Full Logic Gate Level: Design Rules and Design
than their height. In our implementation, the weights dRule Checking”, L. Liebmann, J. Lund, FL. Heng, I.
conflict edges of vertical conflicts are assigned as tigraur, Design Automation Conference, June 2001, for
width of the spacing to be added to solve the conflicther phase legality issues.
i.e., B in Figure 9, to reflect the area increase due tResponse:We added a footnote for T-shaped poly
layout modification; the weights of conflict edges otonnections and other local conflicts in page T2:
vertical conflicts are assigned as>dGpacing width. shaped phase conflicend other local phase conflicts
The weights of conflicts which may result in increasedan be easily detected with simple design rule checking
gate width are assigned as>6Gpacing width. and corrected with phase splitting [7], feature widening
[13] or cell re-design. Like the approach in [2], we

Comment 3.3: The authors do not say much abou%s/sume that T-shaped conflicts are already corrected

the impact of the proposed layout changes for fixing’ other methqu‘ We only consider conflict correction
phase conflicts on timing. Making certain gates wide ith spacing, 1.€., Increasing space between featqres,
and thus faster may, in fact, lead to "major timingdue to its small impact on timing and mask complexity.

problems”. It would be desirable if the authors tried W? tiellev? that_there are two kinds of conf_llct:
to address this issue more directly. one is “local” conflicts (such as T-shaped conflicts)

which can be easily detected but can not be solved
Response:We added the description of our layoutyy spacing; the other is “global” conflicts (such as
modification method in Figure 9. Also a footnotepdd-even conflicts) which can not be easily detected
is added to explain why our method will not causgith simple design rule checking and can be corrected
major timing problems: In practice, the timing impacby spacing. The focus of this paper is mainly on the
due to layout modification is negligible since (1) theglobal” conflicts.
cell is small; (2) a minimum-weighted set-covering
problem (similar to the one proposed in [2]) is used t&omment 4.2:Please clarify if reference [2] handled
determine cut lines to avoid most cases like Figure the T-shapes problem. If so, the comparison is not a
(c) and (d); and (3) if the cases like Figure 9 (c)air one, since the conflict cycle graph does not handle
and (d) can not be avoided to correct one conflict, itE-shapes. The 5.9x runtime improvement will need to
corresponding edge in the conflict cycle graph will b&e discounted. Please also clarify how T-shapes are
assigned a large weight to prevent the edge from beidgtected in the present algorithm, since the conflict
selected for correction. edge due to shifters of the a T-shape might be deleted
We agree that as a general method, we need ifdot identified.
consider the timing impact even if it is negligibleResponse:Reference [2] did not handle the T-shapes
for our current testcases. The impact on timing igroblem since T-shapes can not be corrected with
currently being investigated. We are currently lookingpacing. However, they can be easily detected and
at schemes to translate slack information after timingplved by previous methods like [7] [13]. Basically,
into flexibility for changing gate widths. T-shapes are not the focus of this paper.



Comment 4.3: Some typos in sectionv V: Table IV
does not exist, should be Table I. "Flow in [8]" should
have been "Flow in [2]". There is another wrong

referece to Table IV.

Response:Corrected.
Sincerely,

Xu Xu

Computer Science & Engineering Department
University of California, San Diego

9500 Gilman Dr.

La Jolla, CA 92093-0114, USA



