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(57) ABSTRACT 

A method of optimizing hierarchical very large scale integra 
tion (V LSI) design by use of cluster-based cell cloning. The 
method of the present invention provides improved yield or 
migration by reusing cells in order to reduce the number of 
unique instances of at least one of the reused cells. The 
method performs hierarchal optimization on the reduced set 
of clones (i.e., clusters). The method of the present disclosure 
includes, but is not limited to, the steps of setting the initial 
clustering parameters; assembling the physical design from 
existing reused cells; for each cell type, performing a full 
cloning operation in order to create a full set of duplicate 
cells; for each cell type, performing a full optimization of the 
design; for each cell type, performing an analyses of all cell 
environments andperforming a clustering operation; and ana 
lyzing the overall results in order to determine Whether the 
optimization objectives are achieved. 
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METHOD OF OPTIMIZING HIERARCHICAL 
VERY LARGE SCALE INTEGRATION (VLSI) 

DESIGN BY USE OF CLUSTER-BASED 
LOGIC CELL CLONING 

FIELD OF THE INVENTION 

[0001] The present invention generally relates to the ?eld of 
integrated circuit design. In particular, the present invention is 
directed to a method of optimizing hierarchical very large 
scale integration (VLSI) layout by use of cluster-based cell 
cloning. 

BACKGROUND 

[0002] Design synthesis is a computer process that trans 
forms a circuit description from one level of abstraction to a 
loWer level, usually toWards the physical implementation of 
an integrated circuit. For example, a schematic diagram is 
generated and then the circuit elements thereof are mapped to 
a set of reused elements. These reused elements may be 
prede?ned in a cell library and reused across many integrated 
circuit designs, or may be custom-designed for a use only 
Within a speci?c integrated circuit. Subsequently, the physi 
cal layout is generated Within Which cells are arranged physi 
cally in multiple circuit roWs and/or circuit columns in order 
to form the completed design. In doing so, the geometric 
shapes that form each cell are generated. In the hierarchical 
VLSI optimization process, there is sometimes an additional 
modi?cation step of the initial circuit layout in order to 
achieve a certain objective. For example, a layout of one or 
more devices may be modi?ed because a manufacturing 
ground rule has changed or in order to optimize manufactur 
ing yield, circuit performance, poWer requirements, noise 
immunity, or any other electrical behavior. In particular, a 
mathematical optimization program is executed Within any 
standard electronic design automation (EDA) application. 
The EDA application facilitates the design process. The opti 
mization program is able to analyze, for example, all the 
physical relationships betWeen geometric shapes. 
[0003] In any given integrated circuit design, there are 
cells, such as certain logic gates in a set of library cells, that 
are repeated multiple times. Each cell Within the set of 
repeated or reused cells has a set of prede?ned shapes asso 
ciated thereWith. For example, a NAND gate or a NOR gate is 
formed of a speci?c arrangement of one or more transistors. 
Each transistor of a speci?c logic gate is formed of a pre 
de?ned set of geometric shapes that form the base, emitter, 
and collector thereof (for bipolar transistors), or the source, 
drain, and gate thereof (for ?eld-effect transistors, or FETs), 
and that form electrical connections thereto. 
[0004] Within an integrated circuit design, a cell, such as a 
NAND gate, may be placed multiple times Within a larger unit 
of logic. In the hierarchical VLSI optimization process, if a 
shape that is part of the NAND gate (i.e., a shape of some 
component element of the NAND gate) is modi?ed, it is 
desirable to ensure that the hierarchical structure is main 
tained. To achieve this, When modifying a shape that is part of 
a particular cell, such as the NAND gate, Within a design, one 
must consider the most constrained environment of the design 
in Which the NAND gate is used. More speci?cally, the modi 
?ed NAND gate must function properly in every instance 
thereof Within the larger layout. By Way of example, if there 
are 25 instances of a NAND gate in a design, any change in a 
shape that is part of the NAND gate must be ground rule 
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correct and electrically correct in all 25 instances, i.e., the 
modi?ed NAND gate must function properly in all 25 envi 
ronments. This requirement may constrain the optimizations 
that may be made to the cell. Consequently, in the context of 
modifying a layout for VLSI optimization, the potential opti 
mization improvements may not be realized because of one or 
more environments in Which a cell appears. 

[0005] By contrast, in order to provide maximal design 
?exibility for the purpose of VLSI optimization While still 
keeping the elements composing each cell together in the 
same cell, each unique usage of every cell in the hierarchy 
may be duplicated. In other Words, all usages of each cell are 
broken into separate cells. As a result, each cell has a single 
environment only in Which it is used. This duplication is 
referred to as “cell cloning.” Cell cloning leads to much 
greater ?exibility in modifying the layout during the VLSI 
optimization process. HoWever, a severe drawback to this 
approach is that the original hierarchical structure of the 
layout is essentially destroyed. Even though the hierarchical 
nesting is preserved, the cell de?nition is be copied and modi 
?ed for each instance of the cell and, thus, the data volume 
that is used to represent the complete design is as large as if 
the design had been ?attened completely. In general, circuit 
designers prefer that the original hierarchical structure be 
preserved, because it reduces data volume and avoids dupli 
cation of equivalent sub-blocks. Consequently, circuit 
designers prefer that the practice of cell cloning be mini 
mized. 

[0006] For these reasons, a need exists for a method of 
optimizing hierarchical VLSI layout in an integrated circuit 
design process, in order to achieve a design objective, such as 
to optimize manufacturing yield, circuit performance, poWer 
requirements, noise immunity, or any other property. Conse 
quently, a need exists for a method of optimizing hierarchical 
VLSI layout that provides high design ?exibility While, at the 
same time, minimizing the instances of cloned cells and, 
thereby, minimizing the data volume and arti?cial cell dupli 
cation that is the result of cell cloning. 

SUMMARY OF THE DISCLOSURE 

[0007] One aspect of the disclosure is a method of optimiz 
ing a hierarchicalVLSI design. The method includes the steps 
of cloning a ?rst set of cells to create a corresponding set of 
duplicate cells, performing a design optimization using the 
duplicate cells and clustering ones of the set of duplicate cells 
having similar characteristics into one or more groups of 
clustered cells. 

[0008] Another aspect of the disclosure is a method of 
laying out structures in an integrated circuit. The method 
includes the steps of cloning a ?rst set of structures to create 
a corresponding set of duplicate structures, performing a 
design optimization using the duplicate structures and group 
ing together ones of the duplicate structures having an 
attribute that falls Within a ?rst parameter into one or more 
groups of clustered structures. 

[0009] Yet another aspect of the disclosure is a computer 
readable medium containing computer executable instruc 
tions implementing a method of optimizing a hierarchical 
VLSI design. The instructions comprise a ?rst set of instruc 
tions for cloning a ?rst set of cells to create a corresponding 
set of duplicate cells, a second set of instructions for perform 
ing a design optimization using the set of duplicate cells and 
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a third set of instructions for clustering ones of the set of 
duplicate cells having similar characteristics into one or more 
groups of clustered cells. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] For the purpose of illustrating the invention, the 
draWings shoW aspects of one or more embodiments of the 
invention. However, it should be understood that the present 
invention is not limited to the precise arrangements and 
instrumentalities shoWn in the draWings, Wherein: 
[0011] FIG. 1 illustrates a conventional cell layout in Which 
the hierarchical structure is maintained fully; 
[0012] FIG. 2 illustrates a fully cloned cell layout in Which 
cell cloning is utiliZed and, thus, the hierarchical structure is 
not maintained because all usages of each cell are duplicated; 
[0013] FIG. 3 illustrates a cluster-based cell layout that is 
the result of optimiZing a hierarchical VLSI layout by use of 
cluster-based cell cloning, in accordance With the disclosure; 
[0014] FIGS. 4A, 4B, and 4C illustrate a ?rst, second, and 
third cell cluster, respectively, of a ?rst cell type of the cluster 
based cell layout of FIG. 3; 
[0015] FIGS. 5A and 5B illustrate a ?rst and second cell 
cluster, respectively, of a second cell type of the cluster-based 
cell layout of FIG. 3; 
[0016] FIGS. 6A and 6B illustrate a ?rst and second cell 
cluster, respectively, of a third cell type of the cluster-based 
cell layout of FIG. 3; 
[0017] FIGS. 7A and 7B illustrate a ?rst and second cell 
cluster, respectively, of a fourth cell type of the cluster-based 
cell layout of FIG. 3; and 
[0018] FIG. 8 illustrates a method of optimiZing hierarchi 
cal VLSI layout by use of a cluster-based cell cloning opera 
tion, in accordance With the disclosure. 

DETAILED DESCRIPTION 

[0019] FIG. 1 illustrates a conventional cell layout 20 in 
Which the hierarchical structure is maintained fully. Conven 
tional cell layout 20 is representative of a portion of an inte 
grated circuit physical design layout. FIG. 1 shoWs an exem 
plary application-speci?c integrated circuit (ASIC) style 
library element placement. More speci?cally, conventional 
cell layout 20 includes multiple instances of a ?rst cell type 
that is represented by CELLs A; multiple instances of a sec 
ond cell type that is represented by CELLs B; multiple 
instances of a third cell type that is represented by CELLs C; 
and multiple instances of a fourth cell type that is represented 
by CELLs D. Example cell types include, but are not limited 
to, anAND gate, a NAND gate, an OR gate, a NOR gate, an 
exclusive OR (XOR), and an inverter (INV), as is Well knoWn. 
The generation and placement of CELLs A, B, C, and D of 
conventional cell layout 20 is the result of a standard design 
synthesis process in an integrated circuit physical design 
process in Which the hierarchical structure is maintained 
fully. Therefore, in the VLSI optimization process of conven 
tional cell layout 20, if a shape that is part of, for example, 
CELL A is modi?ed, one must ensure that the hierarchical 
structure is maintained, i.e., that modi?cations to the contents 
of CELL A are either not alloWed, or that such modi?cations 
are made identically to all instances of CELL A. 
[0020] In particular, When modifying a shape that is part of 
CELL A Within conventional cell layout 20, one must con 
sider the most constrained environment of conventional cell 
layout 20 in Which CELL A is used. More speci?cally, the 
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modi?ed CELL A must function properly in every instance 
thereof Within the larger layout of conventional cell layout 20. 
By Way of example and With continuing reference to FIG. 1, 
there are ten instances of CELL A in conventional cell layout 
20. Therefore, any change in a shape that is part of CELL A 
must be ground rule-correct and electrically correct in all ten 
instances, i.e., the modi?ed CELL A must function properly 
in all ten environments. Consequently, in the context of modi 
fying a layout hierarchically for VLSI optimiZation, although 
the data volume associated With the physical design and lay 
out of conventional cell layout 20 is minimiZed because there 
is one set only of data for each cell type, the potential opti 
miZation improvements of conventional cell layout 20 may 
not be realiZedbecause of constraints imposed by one or more 
environments in Which a cell, such as CELL A, B, C, or D, 
appears. 

[0021] FIG. 2 illustrates a fully cloned cell layout 30 in 
Which cell cloning is utiliZed and, thus, the hierarchical struc 
ture is not maintained because all usages of each cell are 
duplicated. More speci?cally and referring again to FIG. 1, 
each unique usage of CELL A, B, C, or D in the hierarchy of 
conventional cell layout 20 of FIG. 1 is duplicated, i.e., 
cloned. For example, CELL A of conventional cell layout 20 
of FIG. 1 is cloned for all instances thereof, Which results in 
a CELL A1 throughA10 in fully cloned cell layout 30 of FIG. 
2. Similarly, CELL B of conventional cell layout 20 of FIG. 1 
is cloned for all instances thereof, Which results in a CELL B1 
through B6 in fully cloned cell layout 30 of FIG. 2. Similarly, 
CELL C of conventional cell layout 20 of FIG. 1 is cloned for 
all instances thereof, Which results in a CELL C1 through C6 
in fully cloned cell layout 30 of FIG. 2. Similarly, CELL D of 
conventional cell layout 20 of FIG. 1 is cloned for all 
instances thereof, Which results in a CELL D1 through D6 in 
fully cloned cell layout 30 of FIG. 2. 
[0022] Fully cloned cell layout 30 provides maximal design 
?exibility for the purpose of hierarchical VLSI optimiZation, 
as each unique usage of every cell of every cell type in the 
hierarchy is duplicated but the cells themselves are not ?at 
tened. As a result, each cell of fully cloned cell layout 30 has 
a single environment only in Which it is used and in Which its 
constituent shapes may be modi?ed for the purpose of achiev 
ing a better result during optimiZation. While fully cloned cell 
layout 30 provides maximal ?exibility in modifying the lay 
out during the hierarchical VLSI optimiZation process, fully 
cloned cell layout 30 has a severe draWback in that the origi 
nal hierarchical structure of conventional cell layout 20 of 
FIG. 1 is essentially destroyed. In particular, the cell de?ni 
tions of reused CELLs A, B, C, and D are copied and modi?ed 
for each instance thereof and, thus, the data volume that is 
used to represent the complete design of fully cloned cell 
layout 30 is large as compared With that of conventional cell 
layout 20 of FIG. 1. Additional details of a cluster-based cell 
layout that provides a novel alternative to conventional cell 
layout 20 of FIG. 1 and fully cloned cell layout 30 of FIG. 2 
are described With reference to FIGS. 3 through 8. 

[0023] FIG. 3 illustrates a cluster-based cell layout 40 that 
is the result of optimiZing a hierarchical VLSI layout by use of 
cluster-based cell cloning, in accordance With the disclosure. 
For each cell type, cluster-based cell layout 40 includes one or 
more clusters of cells. Referring again to FIG. 2, fully cloned 
cell layout 30 includes, for example, CELLs A1 throughA10, 
Which may each be modi?ed uniquely (i.e., optimiZed) in 
their respective environments and, thus, fully cloned cell 
layout 30 alloWs maximal design optimiZation While still 
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preserving the cell structure of A. Alternatively, the results of 
the optimization of CELLs A1 through A10 of fully cloned 
cell layout 30 is analyzed in order to determine Whether 
certain of CELLs A1 throughA10 possess suf?ciently similar 
(often substantially identical) properties, e.g., physical and/or 
electrical characteristics, according to some prede?ned 
design criterion. Cluster-based cell layout 40 of FIG. 3 illus 
trates the result of CELLsA1 throughA10 of fully cloned cell 
layout 30 of FIG. 2 being further analyzed to identify cells of 
similar properties and the sub sequent formation of sub 
groups, or clusters, of substantially identical cells. For 
example, cluster-based cell layout 40 of FIG. 3 includes a 
cluster (CLUS) A', a CLUS A" and a CLUS A"', Which 
replaces CELL A1 through A10 of fully cloned cell layout 30 
of FIG. 2. More details of CLUS A', CLUS A" and CLUS A'" 
are described With reference to FIGS. 4A, 4B, and 4C. 

[0024] Similarly, cluster-based cell layout 40 of FIG. 3 
includes a CLUS B' and a CLUS B", Which replaces CELL B1 
through B6 of fully cloned cell layout 30 of FIG. 2. More 
details of CLUS B' and CLUS B" are described With reference 
to FIGS. 5A and 5B. Similarly, cluster-based cell layout 40 of 
FIG. 3 includes a CLUS C' and a CLUS C", Which replaces 
CELL C1 through C6 of fully cloned cell layout 30 of FIG. 2. 
More details of CLUS C' and CLUS C" are described With 
reference to FIGS. 6A and 6B. Similarly, cluster-based cell 
layout 40 of FIG. 3 includes a CLUS D' and a CLUS D", 
Which replaces CELL D1 through D6 of fully cloned cell 
layout 30 of FIG. 2. More details of CLUS D' and CLUS D" 
are described With reference to FIGS. 7A and 7B. Addition 
ally, a method of determining the various clusters, as shoWn in 
cluster-based cell layout 40 of FIG. 3, is described With ref 
erence to FIG. 8. 

[0025] FIGS. 4A, 4B, and 4C illustrate a ?rst, second, and 
third cell cluster, respectively, of a ?rst cell type of cluster 
based cell layout 40 of FIG. 3. More speci?cally, FIG. 4A 
highlights CLUS A' of cluster-based cell layout 40, Which is 
formed of a ?rst instance of reused CELL A of conventional 
cell layout 20 of FIG. 1 that is placed in four environments. 
Similarly, FIG. 4B highlights CLUS A" of cluster-based cell 
layout 40, Which is formed of a second instance of reused 
CELLA of conventional cell layout 20 of FIG. 1 that is placed 
in ?ve environments. Similarly, FIG. 4C highlights CLUS A'" 
of cluster-based cell layout 40, Which is formed of a third 
instance of reused CELL A of conventional cell layout 20 of 
FIG. 1 that is placed in one environment only. CLUS A', 
CLUS A" and CLUS A'" of cluster-based cell layout 40 are 
illustrated in separate ?gures, i.e., FIGS. 4A, 4B and 4C, 
respectively, merely for purposes of illustrating the different 
cell clusters. As implemented, CLUS A', CLUS A" and CLUS 
A'" are part of a single cluster-based cell layout 40, as illus 
trated in FIG. 3. 

[0026] In the example shoWn in FIGS. 4A, 4B, and 4C, the 
three clusters of reused CELL A, i.e., CLUS A', CLUS A", 
and CLUS A"', Within cluster-based cell layout 40 of FIG. 3 
represent three cell cloning operations, i.e., standard CELLA 
of conventional cell layout 20 of FIG. 1 is cloned three times. 
This manner of cell cloning is the result of performing an 
optimization of CELLs A1 through A10 of fully cloned cell 
layout 30 and, subsequently, analyzing the results and deter 
mining that the optimized versions of the optimized versions 
of CELL A1, A2, A4, and A6 possess suf?ciently similar 
(often substantially identical) properties and, thus, may be 
clustered to form CLUS A', that CELL A3, A5, A7, A8, and 
A9 possess suf?ciently similar (often substantially identical) 
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properties and, thus, may be clustered to form CLUS A", and 
that CELL A10 alone possesses unique properties and, thus, 
is clustered to form CLUS A'". The optimized results of a cell 
are determined both by the intrinsic properties of the cell itself 
and also by the interaction of the cell With its environment. As 
a result, the optimization of cluster-based cell layout 40 of 
FIG. 3 involves the modi?cation of a ?rst instance of reused 
CELL A, Which applies to each of the four environments of 
CLUS A'; the modi?cation of a second instance of reused 
CELL A, Which applies to each of the ?ve environments of 
CLUS A"; and the modi?cation of a third instance of reused 
CELL A, Which applies to the one environment only of CLUS 
A'". More details of forming clusters, such as CLUS A', 
CLUS A", and CLUS A"', are described With reference to 
FIG. 8. 

[0027] Whereas CLUS A', CLUS A", and CLUS A'" of 
cluster-based cell layout 40 of FIG. 3 are the result of three 
cell cloning operations, by contrast, all instances of reused 
CELLA of conventional cell layout 20 of FIG. 1 are the result 
of no cell cloning operations and CELL A1 through A10 of 
fully cloned cell layout 30 of FIG. 2 are the result of ten cell 
cloning operations, i.e., reused CELL A is cloned ten times. 
The creation of CLUS A', CLUS A", and CLUS A'" of cluster 
based cell layout 40 of FIG. 3 is representative of an opti 
mized design that balances the trade-offs betWeen hierarchi 
cal ?attening and available optimization resources (e.g., 
processing time, memory, and libraries). 
[0028] FIGS. 5A and 5B illustrate a ?rst and second cell 
cluster, respectively, of a second cell type of cluster-based cell 
layout 40 of FIG. 3. More speci?cally, FIG. 5A highlights 
CLUS B' of cluster-based cell layout 40, Which is formed of 
a ?rst instance of reused CELL B of conventional cell layout 
20 of FIG. 1 that is placed in four environments. Similarly, 
FIG. 5B highlights CLUS B" of cluster-based cell layout 40, 
Which is formed of a second instance of reused CELL B of 
conventional cell layout 20 of FIG. 1 that is placed in tWo 
environments. CLUS B' and CLUS B" are formed by group 
ing cells (i.e., grouping CELLs B 1 through B6 of fully cloned 
cell layout 30 of FIG. 2) that possess suf?ciently similar 
(often substantially identical) properties after optimization, 
as described With reference to FIGS. 4A, 4B, and 4C and 
further described With reference to FIG. 8. Again, as With 
FIGS. 4A, 4B and 4C, CLUS B' and CLUS B" are illustrated 
in separate FIGS. 5A and 5B, respectively, for ease of descrip 
tion. The CLUS B' and CLUS B" are, as implemented, part of 
a single cluster-based cell layout 40. 
[0029] FIGS. 6A and 6B illustrate a ?rst and second cell 
cluster, respectively, of a third cell type of cluster-based cell 
layout 40 of FIG. 3. More speci?cally, FIG. 6A highlights 
CLUS C' of cluster-based cell layout 40, Which is formed of 
a ?rst instance of reused CELL C of conventional cell layout 
20 of FIG. 1 that is placed in four environments. Similarly, 
FIG. 6B highlights CLUS C" of cluster-based cell layout 40, 
Which is formed of a second instance of reused CELL C of 
conventional cell layout 20 of FIG. 1 that is placed in tWo 
environments. CLUS C' and CLUS C" are formed by group 
ing cells (i.e., grouping CELLs C1 through C6 of fully cloned 
cell layout 30 of FIG. 2) that possess suf?ciently similar 
(often substantially identical) properties after optimization, 
as described With reference to FIGS. 4A, 4B, and 4C and 
further described With reference to FIG. 8. Here too, CLUS C' 
and CLUS C" are illustrated in separate ?gures, i.e., FIGS. 6A 
and 6B, for purposes of description. As implemented, they are 
included in cluster-based cell layout 40. 
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[0030] FIGS. 7A and 7B illustrate a ?rst and second cell 
cluster, respectively, of a fourth cell type of cluster-based cell 
layout 40 of FIG. 3. More speci?cally, FIG. 7A highlights 
CLUS D' of cluster-based cell layout 40, Which is formed of 
a ?rst instance of reused CELL D of conventional cell layout 
20 of FIG. 1 that is placed in ?ve environments. Similarly, 
FIG. 7B highlights CLUS D" of cluster-based cell layout 40, 
Which is formed of a second instance of reused CELL D of 
conventional cell layout 20 of FIG. 1 that is placed in one 
environment only. CLUS D' and CLUS D" are formed by 
grouping cells (i.e., grouping CELLs D1 through D6 of fully 
cloned cell layout 30 of FIG. 2) that possess suf?ciently 
similar (often substantially identical) properties after optimi 
zation, as described With reference to FIGS. 4A, 4B, and 4C 
and further described With reference to FIG. 8. Again, CLUS 
D' and CLUS D" are included in cluster-based cell layout 40, 
and are illustrated separately in FIGS. 7A and 7B for clarity of 
description. 
[0031] Although the example of FIGS. 1-7 shoWs cell 
instances in particular locations Within a design layout the 
incentive method may be applied to design optimization steps 
and processes for Which no layout exists. For example, a 
design might be represented as a netlist specifying the logical 
interconnection betWeen unplaced cells of a design (e.g., a 
circuit schematic), and the properties of the cells to be opti 
mized might include electrical or other characteristics of 
those cells. 
[0032] FIG. 8 illustrates a method 50 of optimizing hierar 
chical VLSI layout by use of a cluster-based cell cloning 
operation, in accordance With the disclosure. 
[0033] At step 52, the clustering parameters are set for a 
given integrated circuit design based, for example, on one or 
more optimization objectives for the VLSI layout. Example 
optimization objectives include, but are not limited to, (l) 
compensating for a manufacturing ground rule change, (2) 
achieving a certain manufacturing yield, (3) achieving a cer 
tain circuit performance, (4) achieving a certain poWer 
requirement, (5) achieving a certain noise immunity, or (6) 
achieving any other electrical behavior. Additionally, cluster 
ing parameters are set in order to target a certain physical 
region of the integrated circuit layout or to set the maximum 
area for optimization to a certain size, as there may be some 
advantage to concentrating the optimization operation to cer 
tain sized regions. Furthermore, a “sensitivity” parameter 
may be set, i.e., less sensitivity results in larger clusters, more 
sensitivity results in smaller clusters. Method 50 proceeds to 
step 54. 
[0034] At step 54, the initial synthesis operation on a given 
integrated circuit design is executed in order to assemble the 
design from a set of existing reused cells. The synthesis 
operation is performed by use of any standard EDA applica 
tion that is suitable for facilitating a design process. The result 
of an initial synthesis operation is, for example, conventional 
cell layout 20 of FIG. 1. Method 50 proceeds to step 56. 
[0035] At step 56, Within any standard EDA application a 
?rst cell type is selected for executing the optimization rou 
tine thereon. Referring again to conventional cell layout 20 of 
FIG. 1, CELL A, CELL B, CELL C, and CELL D are repre 
sentative of four different cell types. CELL A is, for example, 
an AND gate; CELL B is, for example, a NAND gate; CELL 
C is, for example, an OR gate; and CELL D is, for example, 
an INV. By Way of example, in this step, CELL A is selected 
for executing the optimization routine thereon. Step 56 is 
identi?ed With a dotted box in FIG. 8 to indicate that this step 
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is optional. In some applications it Will be desirable to omit 
this step, as discussed more beloW in connection With step 58. 
Method 50 proceeds to step 58. 

[0036] At step 58, a full cloning operation on the selected 
cell type is performed, assuming step 56 is included and so 
just one cell type is selected, in order to create a full set of 
duplicate cells, such as illustrated With reference to fully 
cloned cell layout 30 of FIG. 2. In a ?rst example, each unique 
usage of CELL A of conventional cell layout 20 of FIG. 1 is 
cloned, Which results in CELL A1 through A10 of fully 
cloned cell layout 30 of FIG. 2. In a second example, each 
unique usage of CELL B of conventional cell layout 20 of 
FIG. 1 is cloned, Which results in CELL B1 through B6 of 
fully cloned cell layout 30 of FIG. 2. In a third example, each 
unique usage of CELL C of conventional cell layout 20 of 
FIG. 1 is cloned, Which results in CELL C1 through C6 of 
fully cloned cell layout 30 of FIG. 2. In a fourth example, each 
unique usage of CELL D of conventional cell layout 20 of 
FIG. 1 is cloned, Which results in CELL D1 through D6 of 
fully cloned cell layout 30 of FIG. 2. This full cloning opera 
tion does not require that a complete separate copy of a reused 
cell be created for each instance of that cell. Instead, it might 
simply alloW the value of at least one parameter of each 
instance of the cell type (e.g., the location of an edge of a 
shape Within the cell) to vary independently from the corre 
sponding parameter values of all other instances of the cell 
type during the subsequent optimization process of step 60. If 
step 56 is excluded, then the full cloning operation of step 58 
is performed With regard to all logic cells presented at the 
cloning operation, regardless of logic cell type. Method 50 
proceeds to step 60. 
[0037] At step 60, Within any standard EDA application, an 
optimization method is executed on the design containing the 
full set of duplicated cells for the selected cell type. This 
design optimization may be performed using Well-known 
optimization programs. For example, an optimization pro 
gram may be executed on the design containing CELL A1 
throughA10, CELL B1 through B6, CELL C1 through C6, or 
CELL D1 through D6 of fully cloned cell layout 30 of FIG. 2. 
In doing so, the geometric shapes that form CELL A1 through 
A10, CELL B1 through B6, CELL C1 through C6, or CELL 
D1 through D6 of fully cloned cell layout 30 of FIG. 2 are 
modi?ed to meet the objective(s) of the optimization routine. 
As is knoWn, and as discussed above, optimization may be 
performed to achieve one or more objectives, including, for 
example, (1) compensating for a manufacturing ground rule 
change, (2) achieving a certain manufacturing yield, (3) 
achieving a certain circuit performance, (4) achieving a cer 
tain poWer requirement, (5) achieving a certain noise immu 
nity, or (6) achieving any other electrical behavior. Method 50 
proceeds to step 62. 
[0038] At step 62, for the selected cell types, analyses of all 
cell environments are performed, and the cloned instances of 
the selected cell type are clustered. In particular, a cell, such 
as CELL A1 through A10, CELL B1 through B6, CELL C1 
through C6, or CELL D1 through D6 of fully cloned cell 
layout 30 of FIG. 2, contains shapes that have edges and each 
of these edges is represented by a variable. Each original edge 
variable in A then corresponds, for example, to ten separate 
edge variables in A1, A2, . . . ,A10. Thus, an analysis of the 
shape and edge placement across all cloned cells of a given 
cell is performed. For example, an analysis is performed to 
determine Which cells have similar attributes or parameters, 
such as analyzing the x-y coordinates of edges and analyzing 
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the relative edge placement (e.g., spacing and/or size) With 
respect to other edges in that cell and in that cell’s environ 
ment. Other circuit parameters, e. g., transistor Width, may 
also be de?ned by variables, and the above-described analysis 
may be performed With respect to such other variables. 
[0039] More speci?cally, clustering is the process of divid 
ing a set of data points into groups, i.e., clusters, Within Which 
members of the same cluster are more “similar” to each other 
than to members of different clusters. A clone of a cell is 
represented by the values of the N variables that specify the 
properties of the clone. For example, the unique characteris 
tics of a clone of a particular cell type, e.g., CELL A, might be 
characterized by the X coordinate variables of four different 
edges, Q, R, S, and T relative to the origin of the cell, and a 
particular clone, e.g., CELL A1, might be described by a set 
ofvalues for those variables, e.g., (5, 6, 3, 2). Such a set ofN 
values may be considered a point in N-dimensional space, 
With each of the N variable values being a coordinate in that 
space. It is these points, each of Which represents an instance 
in the fully cloned layout, that Will be clustered. This cluster 
ing process Will include determination of distances betWeen 
various pairs of points in this N-dimensional space. Accord 
ing to one method, knoWn as an L-l norm, a distance betWeen 
a pair of points is simply the sum of the absolute values of the 
differences betWeen the respective coordinate values. For 
example, the L-l norm distance betWeen points (1 ,4,8,3) and 
(2,6,6,2) in 3-dimensional space Would be abs(l—2)+abs(4— 
6)+abs(8—6)+abs(3—2):6. Other distances measures, includ 
ing a Euclidian or L-2 norm are Well-knoWn and may be used 
to determine a centroid location. Different Weighting factors 
may applied to different coordinate dimensions to adjust the 
relative importance of the various parameters that character 
ize the cell instance or clone. If in the previous example the 
?rst coordinate had a Weight of 5 relative to the other coordi 
nates, the Weighted L-l norm distance Would then be 5*abs 
(l—2)+abs(4—6)+abs(8—6)+abs(3—2):l0. The centroid of a 
set of points in N-dimensional space is de?ned as the point 
With respect to Which the sum of the distances from the points 
of the set is the smallest. 
[0040] The set of parameters or variables that characterize 
an instance of a cell type may include, but are not limited to, 
any or all of: relative coordinates or positions of edges of 
shapes Within the cell instance, and Widths, lengths, threshold 
voltages, gate insulator thicknesses, or other parameters of 
transistors Within the cell instance. 
[0041] A partitioning is a set of clusters. For example, if 
there are N points that one Wishes to cluster into k groups, it 
is desired to assign points that are similar to the same cluster. 
Therefore, for one of the k clusters, it is desired that the sum 
of the distances betWeen each point and a reference or repre 
sentative point of the cluster to Which it is assigned be small. 
[0042] In cluster analysis, the error measure E is the sum of 

distances, 
[0043] Where 

k N; 

[:1 j:l 

and 
[0044] Where Xi]. is the jth point in the ith cluster, Z1. is the 
reference point of the ith cluster, 
[0045] and N,- is the number of points in that cluster. 
It is desired to minimize E, as the smaller the E, the better the 
clustering. Various alternative clustering methods may use 
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different error functions E. For example, rather than setting E 
equal to the sum of the distances betWeen the clustered points 
and the reference points of their clusters, it may be set equal 
to the variance of these distances (i.e., the sum of the squares 
of the distances). 
[0046] Many different methods are knoWn for clustering a 
set of N points into points k clusters. One such method is 
“k-means clustering”, Which is an iterative clustering algo 
rithm Which minimizes E and Within Which it is knoWn What 
value of k is desired. The steps of the iterative clustering 
algorithm include, but are not limited to, the folloWing: 

[0047] 
[0048] a. k reference points are picked from the set of 
N points; each reference point is a cluster; 

[0049] b. each of the remaining points is assigned to a 
cluster that contains the reference point to Which that 
point is closest; 

[0050] 2. the centroid of each cluster is computed and 
used as a neW reference point; 

[0051] 3. points are reassigned to clusters using the neW 
reference points; and 

[0052] 4. steps 2 and 3 are repeated until there are no 
changes in the clusters and, thus, E reaches a local mini 
mum. 

[0053] Minor variations on k-means clustering involve 
recomputing the centroids after every assignment or after 
every feW assignments. In doing so, the convergence speed is 
improved. The present disclosure encompasses clustering 
operations knoWn to those skilled in the art other than k-mean 
clustering. In this regard, k-means clustering should be con 
sidered merely one example of clustering operations that may 
be used. 

[0054] The k-means clustering method described above 
may be used When the desired value of k is knoWn. Altema 
tively, a maximum value of E may be speci?ed. In this case a 
small initial value of k may be chosen after Which k-means 
clustering performed and the value of E is computed. If the 
resulting value of E is larger than the alloWed maximum, k is 
increased and the clustering and E computation is repeated 
until the E limit is satis?ed. Yet another alternative determines 
a clustering Which provides a good balance betWeen a small 
cluster count k and a small error measure E. For example, 
compute E for kIl to N clusters, stopping When E does not 
signi?cantly improve from the i-l th to the ith clustering. 
Method 50 proceeds, optionally, to step 63. 
[0055] In some cases the clustering operation performed in 
step 62 may not be legal With regard to the constraints of the 
optimization problem, or in other Ways may not be ideally 
optimized. Step 63 may optionally be included for the pur 
pose of sending the modi?ed design hierarchy back to step 60 
for re-optimization. Step 63 is indicated With a dotted box in 
FIG. 8 to indicate that it is optional. Use of step 63 enforces 
rules of the design and ensures modi?cation, at step 60, of any 
design that is not legal relative to the predetermined design 
constraints of the problem. Use of step 63 may also result in 
adjustment of the design so as to produce the best overall 
values. For example, in the cluster-based cell layout of FIG. 3, 
the optimization could initially be restricted such that all cells 
A' are assigned the same parameters, and similarly all cells in 
each of the groups labeled A", A"', B', B", C', C", D', and D" 
could be assigned the same parameters. But the parameters 
for groups A', A", and A'" could be assigned differently via a 

1. An initial partitioning is set up: 
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second or other subsequent iteration through step 60, as could 
the parameters for groups B' and B", for groups C' and C", and 
for groups B‘ and D". In this Way the parameters of the 
elements of each cluster may be adjusted to the best values for 
the overall design. 
[0056] At decision step 64, it is determined Whether another 
cell type exists Within the design for Which optimization is 
required. This step 64 is identi?ed as a dotted decision box in 
FIG. 8 to indicate that the step is optional, and is typically 
used only When step 56 is included. If the decision at step 64 
is yes, a next cell type is selected and method 50 returns to 
step 58. If no, method 50 proceeds to step 66. Alternatively, 
the optimization and clustering steps may be performed after 
all cell types have been fully cloned, i.e., after step 64. This 
may be bene?cial When the optimization process simulta 
neously optimizes all cell types of the design, as may occur 
When the optimum parameter values for the cell instances of 
the different cell types cannot be determined independently. 
In this case the full cloning of all cell types is performed ?rst 
(steps 58 and 64 being omitted), then optimization step 60 is 
performed to set instance parameters for all instances of all 
cell types, and ?nally clustering step 62 is performed for each 
cell type. 
[0057] At step 66, the overall results of the cluster-based 
cell cloning operation for the purpose of optimizing a hierar 
chical VLSI layout, Which is performed in steps 52 through 
64, is analyzed. For example, the results are analyzed against 
one or more optimization objectives for the VLSI layout. 
Example optimization objectives include, but are not limited 
to, (l) compensating for a manufacturing ground rule change, 
(2) achieving a certain manufacturing yield, (3) achieving a 
certain circuit performance, (4) achieving a certain poWer 
requirement, (5) achieving a certain noise immunity, or (6) 
achieving any other electrical behavior. Method 50 proceeds 
to step 68. 
[0058] At decision step 68, based on the results of the 
analysis at step 66, is it determined Whether the overall results 
of the cluster-based cell cloning operation meet the optimi 
zation objectives. If yes, method 50 ends and the result is, for 
example, cluster-based cell layout 40 of FIG. 3. If no, method 
50 proceeds to step 70. 
[0059] At step 70, the clustering parameters are adjusted. 
For example, the sensitivity parameter is adjusted, e.g., less 
sensitivity results in larger clusters, more sensitivity results in 
smaller clusters. Method 50 returns to step 54. 
[0060] In summary, method 50 of the present invention 
produces, for example, cluster-based cell layout 40 of FIG. 3. 
The cells ofeach cluster, such as of CLUS A', A", A'", B', B", 
C', C", D', and D", are the same version ofa reused cell (i.e., 
one set of data), respectively, and their environments are 
substantially identical such that any modi?cation thereto is 
acceptable according to ground rules. In doing so, increased 
design ?exibility (e.g., customization) is achieved Without the 
need for cloning every cell and, thus, the amount of duplicate 
data is minimized. In particular, method 50 of the present 
invention performs hierarchial optimization on a reduced set 
of clones (i.e., clusters). The result is an optimized design that 
balances the trade-offs betWeen hierarchical ?attening and 
available optimization resources (e.g., processing time, 
memory, and libraries). 
[0061] An exemplary embodiment has been disclosed 
above and illustrated in the accompanying draWings. It Will be 
understood by those skilled in the art that various changes, 
omissions and additions may be made to that Which is spe 
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ci?cally disclosed herein Without departing from the spirit 
and scope of the present invention. 

What is claimed is: 
1. A method of optimizing a hierarchical VLSI design, 

comprising the steps of: 
cloning a ?rst set of cells to create a corresponding set of 

duplicate cells; 
performing a design optimization using said duplicate 

cells; and 
clustering ones of said set of duplicate cells having similar 

characteristics into one or more groups of clustered 
cells. 

2. A method according to claim 1, Wherein said clustering 
step is performed so that each clustered cell in said one or 
more groups of cells is represented With substantially identi 
cal data. 

3 . A method according to claim 1, folloWing said clustering 
step, determining Whether optimization objectives for the 
VLSI design have been met. 

4. A method according to claim 1, Wherein said clustering 
step involves clustering said ones of said set of duplicate cells 
in accordance With clustering parameters, the method further 
including the step, after said clustering step, of evaluating 
Whether optimization objectives for the VLSI design have 
been met. 

5. A method according to claim 4, further including the step 
of modifying said clustering parameters and repeating said 
performing step and said clustering step. 

6. A method according to claim 1, Wherein said clustering 
step is performed so that ones of said set of duplicate cells 
having substantially identical physical or electrical character 
istics are clustered into a group of clustered cells. 

7. A method according to claim 1, Wherein said clustering 
step is performed using k-means clustering. 

8. A method according to claim 1, Wherein folloWing said 
clustering step said performing a design optimization step is 
repeated. 

9. A method of laying out structures in an integrated circuit, 
comprising the steps of: 

cloning a ?rst set of structures to create a corresponding set 
of duplicate structures; 

performing a design optimization using said duplicate 
structures; and 

grouping together ones of said duplicate structures having 
an attribute that falls Within a ?rst parameter into one or 
more groups of clustered structures. 

10. A method according to claim 9, Wherein said perform 
ing step involves substituting said one or more groups of 
clustered structures for said ?rst set of structures. 

11. A method according to claim 9, Wherein said grouping 
step is performed using k-means clustering. 

12. A method according to claim 9, Wherein said grouping 
step is performed so that each clustered structure in said one 
or more groups of clustered structures is represented With 
substantially identical data. 

13 . Amethod according to claim 9, folloWing saidperform 
ing step, determining Whether optimization objectives for the 
VLSI design have been met. 

14.A method according to claim 9, further including modi 
fying said ?rst parameter and repeating said performing step 
and said grouping step. 

15. A method according to claim 9, Wherein said grouping 
step is performed so that ones of said set of duplicate struc 
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tures having substantially identical physical or electrical 
characteristics are clustered into a group of clustered struc 
tures. 

16. A method according to claim 9, Wherein said cloning 
step involves selecting said ?rst set of structures so they are all 
the same type of cell. 

17. A computer readable medium containing computer 
executable instructions implementing a method of optimiZing 
a hierarchical VLSI design, the instructions comprising: 

a ?rst set of instructions for cloning a ?rst set of cells to 
create a corresponding set of duplicate cells; 

a second set of instructions for performing a design opti 
miZation using said set of duplicate cells; and 

a third set of instructions for clustering ones of said set of 
duplicate cells having similar characteristics into one or 
more groups of clustered cells. 
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18. A computer readable medium according to claim 17, 
Wherein said third set of instructions perform said clustering 
so that each clustered cell in said one or more groups of cells 
may be represented With substantially identical data. 

19. A computer readable medium according to claim 17, 
Wherein said third set of instructions perform said clustering 
using clustering parameters, the method including a fourth set 
of instructions for determining Whether optimiZation obj ec 
tives for the VLSI design have been met, further Wherein said 
second set of instructions and said third set of instructions are 
executed again using modi?ed clustering parameters selected 
folloWing a determination that said optimiZation objectives 
have not been met. 

20. A computer readable medium according to claim 17, 
Wherein said third set of instructions involve performing said 
clustering using k-means clustering. 

* * * * * 


