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(57) ABSTRACT 

A method, system, computer system, and computer program 
product including an algorithm that performs the con 
straints-based global routing step in the physical design of 
integrated circuits. The algorithm is based on ?nding routes 
for the entire circuit based on constraints being satis?ed for 
the entire design. Initially, for each net, a set of possible 
routing solutions is determined based on applicable con 
straints. The possible solutions for the nets are combined to 
create a highly-connected “intersection graph,” With each 
intersection graph node representing a net. The intersection 
graph is partitioned based on constraints and performance 
criteria. An optimal solution is determined for each partition. 
The optimal solutions for the partitions are then combined to 
produce a global routing solution. The global routing solu 
tion is provided to a detailed router, Which completes the 
routing for the design. 
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CONSTRAINT-BASED GLOBAL ROUTER FOR 
ROUTING HIGH PERFORMANCE DESIGNS 

[0001] Portions of this patent application contain materials 
that are subject to copyright protection. The copyright oWner 
has no objection to the facsimile reproduction by anyone of 
the patent document, or the patent disclosure, as it appears 
in the Patent and Trademark Of?ce ?le or records, but 
otherWise reserves all copyright rights Whatsoever. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention relates to automated routing 
tools for integrated circuit designs. 

[0004] 2. Description of the Related Art 

[0005] With the advent of circuit feature siZes in the 
sub-micron range, integrated circuits involving millions of 
transistors on a single chip have become commonplace. Due 
to the sheer number of devices on a single chip, an entire 
industry has evolved speci?cally to supply the semiconduc 
tor industry With softWare and hardWare tools to automate 
much of the process of integrated circuit design. 

[0006] Design automation tools are computer-based tools 
that assist through automation of procedures that Would 
otherWise be performed manually. Simulation of proposed 
design functionality and synthesis of integrated circuit logic 
and layout are tWo examples. Design veri?cation tools are 
computer-based tools used to verify that circuit design or 
layout meets certain prescribed objectives. 

[0007] Both design automation and design veri?cation 
tools require computer-readable descriptions of the under 
lying circuit function and structure to operate. These com 
puter-based descriptions vary from simple geometrical 
speci?cation languages, such as Caltech Intermediate Form 
(CIF) to high-level functional description languages such as 
VHDL (a hardWare design language). Geometrical speci? 
cation languages for integrated circuits alloW computer 
readable de?nition of the geometries of the mask layers 
required to fabricate an integrated circuit. These speci?ca 
tion languages contain primitive structures such as Wires and 
boxes to specify geometrical shapes and layout levels. 
OrganiZational constructs are also provided to alloW place 
ment and repetition of the geometrical structures. 

[0008] Most design tools are hierarchical in nature and 
employ more than one type of routing algorithm for routing 
interconnections betWeen circuit components. Most routing 
tools used for cell-based designs begin With the placement of 
circuit elements, cells and/or cell blocks. Placement can be 
manual or automated, and typically decisions are made 
about Where connectors to the circuit elements, cells and/or 
cell blocks should be located. Placement also includes 
determining the placement and orientation of blocks relative 
to one another. Such decisions can be driven by consider 
ations of circuit compaction, Which affects circuit conges 
tion (similar to traf?c congestion), the number of intercon 
nect lines running betWeen the blocks, and so on. With gate 
array designs, there is no placement step because placement 
has been predetermined by the manufacturer. 

[0009] The next step in completing the circuit design is 
typically a global routing step, Which is an attempt to 
logically determine a path for each interconnection betWeen 
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cells in the entire design. Routing decisions are made based 
on the available avenues formed by the current placement of 
circuit elements and/or blocks, and are assigned in consid 
eration of various costs, also referred to herein as constraints 
(e.g., to incur the shortest total length of interconnect lines 
betWeen the connectors). Once the global router has 
assigned the general How of interconnect lines, a detailed 
router attempts to make the interconnect lines ?t the assign 
ments made by the global router. 

[0010] A set of tWo or more interconnected cells in a 
circuit design is referred to herein as a “net.” A “net list” is 
a set of statements in a geometrical speci?cation language 
that speci?es the elements of a circuit, such as transistors 
and gates, and their interconnections. Individual transistors 
are described, along With cells to Which they connect. The 
net list alloWs creation of a circuit diagram based on the 
actual geometrical speci?cation statements. The creation of 
the circuit diagram is referred to as “circuit extraction,” and 
the extracted circuit can be compared to the original circuit 
speci?ed by the designer to determine differences. A differ 
ence usually indicates an error that must be corrected. 

[0011] In addition to providing the details of circuit inter 
connection, circuit extraction is useful for calculating layout 
areas and perimeters for each integrated circuit layer at each 
node of the circuit. These layout areas and perimeters can be 
used to accurately calculate the parasitic capacitances and 
resistance that load the active devices. With accurate capaci 
tances and resistances from circuit extraction, a design can 
be accurately simulated to ensure correct operation. Thus, 
circuit extraction is an essential design veri?cation tool for 
accurate characteriZation of modem integrated circuits. 

[0012] A typical analysis in designing a circuit involves 
developing a routing solution for routing interconnections 
betWeen circuit components. The routing solution is then 
evaluated using a constraint engine to identify nets that do 
not meet speci?ed criteria, such as minimum spacing 
betWeen nets. Offending nets are manually re-routed, and the 
routing solution and constraint engine re-run. This process is 
referred to as “parasitic extraction.” 

[0013] As more complicated designs are developed to 
achieve higher performance and higher reliability, the 
demands placed on routing tools increase. Most current 
routing tools, provided by Electronic Design Automation 
(EDA) vendors, are insuf?cient to achieve the quality of 
route desired Without several iterations and design cycles. 
Furthermore, most routing tools are primarily concerned 
With minimal distance as a constraint on global routing and 
do not permit timing to be directly considered. 

[0014] What is needed is a neW global routing technique 
to achieve a high quality, highly reliable route in as feW 
iterations as possible. The global router should provide the 
capability to handle timing, noise avoidance, shielding and 
cell (repeater or latch) insertion constraints. The global 
router should produce output that can be used by a com 
mercially available detailed router to complete the routing. 

SUMMARY OF THE INVENTION 

[0015] The present invention includes an algorithm that 
performs the constraints-based global routing step in the 
physical design of integrated circuits. The algorithm is based 
on ?nding routes for the entire circuit based on constraints 
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being satis?ed for the entire design. Initially, for each net, a 
set of possible routing solutions is determined based on 
applicable constraints. The possible solutions for the nets are 
combined to create a highly-connected “intersection graph,” 
With each intersection graph node representing a net. Edges 
are added betWeen intersection graph nodes for nets Which 
“intersect,” indicating that the nets share a region on the 
circuit’s ?oorplan. Weights, based on constraints, are added 
to the edges of the intersection graph. Using these Weights, 
the intersection graph is “pruned” to eliminate edges, pro 
ducing a sparse graph. The intersection graph is partitioned 
based on constraints and performance criteria. An optimal 
solution is determined for each partition. The optimal solu 
tions for the partitions are then combined to produce a global 
routing solution. The global routing solution is provided to 
a detailed router, Which completes the routing for the design. 

[0016] In one feature, a method includes ?nding a solution 
set including at least one route solution for each net of 
multiple nets of an integrated circuit design. The method 
further includes creating an intersection graph using the 
solution sets for the nets and partitioning the intersection 
graph into multiple partitions. The method further includes 
identifying an optimal solution satisfying a constraint for 
each partition and using the optimal solution for each 
partition to complete a global routing for the design such that 
the global routing satis?es the constraint. 

[0017] In another feature, a method includes ?nding a 
route solution for each net of multiple nets of an integrated 
circuit design. The method further includes creating an 
intersection graph for the nets using each route solution for 
each of the nets. The method further includes partitioning 
the intersection graph into multiple partitions and identify 
ing an optimal solution satisfying a constraint for each 
partition. The method also includes using the optimal solu 
tion for each partition to complete a global routing for the 
design such that the global routing satis?es the constraint. 

[0018] In another feature, a system includes ?nding means 
for ?nding a solution set comprising at least one route 
solution for each net of multiple nets of an integrated circuit 
design. The system further includes creating means for 
creating an intersection graph for the nets using the solution 
sets for the nets. The system further includes partitioning 
means for partitioning the intersection graph into multiple 
partitions. The system further includes identifying means for 
identifying an optimal solution satisfying a constraint for 
each partition and using means for using the optimal solu 
tion for each partition to complete a global routing for the 
design such that the global routing satis?es the constraint. 

[0019] In yet another feature, a computer program product 
includes ?nding instructions to ?nd a solution set compris 
ing at least one route solution for each net of multiple nets 
of an integrated circuit design. The computer program 
product further includes creating instructions to create an 
intersection graph for the nets using the solution sets for the 
nets. The computer program product further includes parti 
tioning instructions to partition the intersection graph into 
multiple partitions. The computer program product further 
includes identifying instructions to identify an optimal solu 
tion satisfying a constraint for each partition of the partitions 
and using instructions to use the optimal solution for each 
partition to complete a global routing for the design such that 
the global routing satis?es the constraint. The computer 
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program product further includes a computer-readable 
medium to store the ?nding instructions, the creating 
instructions, the partitioning instructions, the identifying 
instructions, and the using instructions. 

[0020] In another feature, a computer system includes a 
processor for executing instructions and a memory to store 
the instructions. The instructions include ?nding instructions 
to ?nd a solution set comprising at least one route solution 
for each net of multiple nets of an integrated circuit design. 
The instructions further include creating instructions to 
create an intersection graph for the nets using the solution 
sets for the nets and partitioning instructions to partition the 
intersection graph into multiple partitions. The instructions 
further include identifying instructions to identify an optimal 
solution satisfying a constraint for each partition and using 
instructions to use the optimal solution for each partition to 
complete a global routing for the design such that the global 
routing satis?es the constraint. 

[0021] In still another feature, a system comprises a ?nd 
ing module to ?nd a solution set comprising at least one 
route solution for each net of multiple nets of an integrated 
circuit design and a creating module to create an intersection 
graph for the nets using the solution sets for the nets. The 
system further includes a partitioning module to partition the 
intersection graph into multiple partitions and an identifying 
module to identify an optimal solution satisfying a constraint 
for each partition. The system further includes a using 
module to use the optimal solution for each partition to 
complete a global routing for the design such that the global 
routing satis?es the constraint. 

[0022] The foregoing is a summary and thus contains, by 
necessity, simpli?cations, generaliZations and omissions of 
detail; consequently, those skilled in the art Will appreciate 
that the summary is illustrative only and is not intended to 
be in any Way limiting. Other aspects, inventive features, 
and advantages of the present invention, as de?ned solely by 
the claims, Will become apparent in the non-limiting detailed 
description set forth beloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0023] The present invention may be better understood, 
and its numerous objects, features and advantages made 
apparent to those skilled in the art by referencing the 
accompanying draWings. 

[0024] FIG. 1 is a How diagram of the automated inte 
grated circuit design process. 

[0025] FIG. 2 shoWs an algorithm to perform the con 
straints-based global routing step in the physical design of 
integrated circuits. 

[0026] FIG. 3a shoWs a minimum spacing betWeen nets to 
ensure that no noise is transferred generally or to one or 
more speci?c nets. 

[0027] FIG. 3b shoWs a circuit resulting from cell inser 
tion, Which must be taken into account When routing. 

[0028] FIG. 4a is a diagram of a single metal layer of an 
integrated circuit design divided into gtiles. 

[0029] FIG. 4b shoWs three layers of an integrated circuit 
design and relationships betWeen gtiles in the three layers. 
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[0030] FIG. 5 shows an example of tWo paths, With one 
path spanning multiple layers of a circuit design. 

[0031] FIG. 6 shoWs an example of an obstruction of an 
arbitrary rectilinear shape that can routed around in a global 
routing produced according to the present invention. 

[0032] FIG. 7a shoWs a solution for a route betWeen 
driver D1 and sink S1 of the gtile map shoWn in FIG. 5. 

[0033] FIG. 7b shoWs driver D2 of FIG. 5 With tWo sinks 
S2, and Szb. 

[0034] FIG. 8 shoWs alternative routing solutions betWeen 
the drivers and sinks of FIGS. 7a and 7b. 

[0035] FIG. 9 shoWs an example of an intersection graph 
in Which nets N1 and N2 of FIG. 8 are connected to each 
other and selectively to other nets N3, N4, N5 and N6. 

[0036] While the invention is susceptible to various modi 
?cations and alternative forms, speci?c embodiments are 
shoWn by Way of example in the DraWings and are described 
herein in detail. The DraWings and Detailed Description are 
not intended to limit the invention to the particular form 
disclosed. On the contrary, the intention is to cover all 
modi?cations, equivalents, and alternatives falling Within 
the scope of the present invention as de?ned by the 
appended Claims. 

DETAILED DESCRIPTION 

[0037] For a thorough understanding of the subject inven 
tion, refer to the folloWing Detailed Description, including 
the appended Claims, in connection With the above-de 
scribed DraWings. 

[0038] Although the present invention is described in 
connection With several embodiments, the invention is not 
intended to be limited to the speci?c forms set forth herein. 
On the contrary, it is intended to cover such alternatives, 
modi?cations, and equivalents as can be reasonably 
included Within the scope of the invention as de?ned by the 
appended Claims. 

[0039] In the folloWing description, for purposes of expla 
nation, numerous speci?c details are set forth in order to 
provide a thorough understanding of the invention. It Will be 
apparent, hoWever, to one skilled in the art that the invention 
can be practiced Without these speci?c details. 

[0040] References in the speci?cation to “one embodi 
ment” or “an embodiment” means that a particular feature, 
structure, or characteristic described in connection With the 
embodiment is included in at least one embodiment of the 
invention. The appearances of the phrase “in one embodi 
ment” in various places in the speci?cation are not neces 
sarily all referring to the same embodiment, nor are separate 
or alternative embodiments mutually exclusive of other 
embodiments. Moreover, various features are described 
Which may be exhibited by some embodiments and not by 
others. Similarly, various requirements are described Which 
may be requirements for some embodiments but not other 
embodiments. 

Introduction 

[0041] The present invention includes an algorithm that 
performs the constraints-based global routing step in the 
physical design of integrated circuits. The algorithm is based 
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on ?nding routes for the entire circuit based on constraints 
being satis?ed for the entire design. Initially, for each net, a 
set of possible routing solutions is determined based on 
applicable constraints. The possible solutions for the nets are 
combined to create a highly-connected “intersection graph,” 
shoWing nets Which “intersect,” indicating that the nets 
share a node. Weights, based on constraints, are added to the 
edges of the intersection graph. Using these Weights, the 
intersection graph is “pruned” to eliminate edges, producing 
a sparse graph. The intersection graph is partitioned based 
on constraints and performance criteria. An optimal solution 
is determined for each partition. The optimal solutions for 
the partitions are then combined to produce a global routing 
solution. The global routing solution is provided to a 
detailed router, Which completes the routing for the design. 

[0042] The present invention produces solutions Which 
meet timing constraints and have overall less congestion 
than other possible solutions. During routing, a static tWo 
dimensional parasitic extraction and timing analysis is per 
formed to minimiZe resistance and capacitance While meet 
ing timing constraints. In one embodiment, a 3D parasitic 
extraction module can be used in conjunction With the 
present invention to enable three-dimensional parasitic 
extraction betWeen layers of the circuit design. 

[0043] FIG. 1 is a How diagram of the automated inte 
grated circuit design process. Initially Place Circuit Com 
ponents step 110 indicates that most routing tools used for 
cell-based designs begin With the placement of circuit ele 
ments, cells and/or cell blocks. Placement can be manual or 
automated, and typically attempts to make intelligent deci 
sions about Where connectors to the circuit elements, cells 
and/or cell blocks should be located, as Well as hoW cells 
and/or blocks should be oriented and positioned relative to 
one another. Such decisions can be driven by considerations 
of circuit compaction, number of interconnect lines running 
betWeen the blocks, and so on. With gate array designs, there 
is no placement step because placement has been pre 
determined by the manufacturer. 

[0044] Global Routing step 120 shoWs that the next step in 
completing the circuit design is typically a global routing 
step, Which logically determines the paths for each inter 
connection. These decisions are made based on the available 
avenues formed by the current placement of circuit elements 
and/or blocks, and are assigned in consideration of various 
costs (e.g., the shortest total amount of interconnect lines 
betWeen the connectors). 

[0045] Once the global router has assigned the general 
How of interconnect lines, in Detailed Routing step 130, a 
detailed router takes over and attempts to make the inter 
connect lines ?t the assignments made by the global router. 
The detailed router uses the number of tracks provided for 
each metal layer to assign a track for eachnode through 
Which the net, provided as input by the Global Routing step 
120, must be routed. As shoWn in Output Representative of 
Routed Circuit Design step 140, the output of the detailed 
router represents the complete routed circuit design. 

[0046] FIG. 2 shoWs a ?oWchart of an algorithm to 
perform the constraints-based global routing step in the 
physical design of VLSI circuits. This ?oWchart shoWs an 
embodiment of Global Routing step 120 according to the 
present invention. In Provide Floorplan Design and Con 
straints step 205, constraints and the output from Initially 
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Place Circuit Components step 110 are provided to the 
global routing tool. The output from Initially Place Circuit 
Components step 110 includes a ?oorplan that initially 
places circuit components, obstructions and connectors or 
pins Within the design. Examples of obstructions include 
poWer grids, blocks, and charge pumps. The present inven 
tion alloWs for routing around obstructions of any rectilinear 
shape, including designs having 45° and/or diagonal lines. 

[0047] In 3D Graph Creation step 210, a three-dimen 
sional graph representing the circuit design is created. In 
Develop Feasible Solution Set for Each Net step 220, a 
feasible solution set for each net is developed. In Create 
Intersection Graph With Weights step 230, a graph is created 
including the intersections of the solution sets for each net. 
Weights are assigned to the edges in the intersection graph 
to represent the constraints. In one embodiment, the inter 
section graph can be “pruned” to convert the highly-con 
nected intersection graph into a more sparsely-connected 
graph. 

[0048] In Partition Intersection Graph step 240, the inter 
section graph is divided into partitions. In Develop Solution 
for Each Partition step 250, an optimal solution for each 
partition is determined using, for eXample, linear program 
ming techniques. When the partitions are solved one at a 
time, optimal solutions for each partition can be merged With 
previously-obtained optimal solutions for partitions. The 
output of Develop Solution for Each Partition step 250, With 
a solution for each partition, is used as input for the detailed 
router, as shoWn in Provide Output as Input for Detailed 
Router step 260. 

[0049] One of skill in the art Will recogniZe that each of the 
steps of the ?oWchart of FIG. 2 can be performed by a 
module of a global routing tool, also referred to as a global 
router, or by a stand-alone module Working in conjunction 
With the global routing tool. For eXample, Provide Floorplan 
Design and Constraints step 205 can be performed by a 
Floor Planning and Constraint Determination module. 3D 
Graph Creation step 210 can be performed by a 3D Graph 
Creation module, Develop Feasible Solution Set for Each 
Net step 220 can be performed by a Net Solution Set 
Generation module, and Create Intersection Graph With 
Weights step 230 can be performed by an Intersection Graph 
Creation module. Partition Intersection Graph step 240 can 
be performed by a Graph Partition module, and Develop 
Solution for Each Partition step 250 can be performed by an 
OptimiZation module, also referred to as an LP solver for 
embodiments using linear programming techniques. Provide 
Output as Input for Detailed Router step 260 can be per 
formed by an Output Provider module. The global routing 
tool may receive input from a user via a User Interface 
module, or the global routing tool may be completely 
automated. Each of these modules may reside on the same 
computer system, or the modules may be distributed across 
nodes of a distributed softWare system. 

[0050] It is Within the scope of the invention that at least 
some of these modules may be run in parallel. For eXample, 
the development of feasible solutions for each net performed 
by Develop Feasible Solution Set for Each Net step 220 can 
be performed in parallel. In an eXample environment having 
10 computer systems available for calculating solutions sets, 
a design having 1,000 nets may be divided into sets of 100 
nets for each computer system. The ten computer systems 
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can ?nd the solutions in parallel, and the resulting feasible 
solution sets can be passed to Create Intersection Graph With 
Weights step 230. If Develop Feasible Solution Set for Each 
Net step 220 is performed in parallel, the design can be 
divided such that nets that have noise betWeen them are 
placed in the same set to be solved by the same computer 
system. In this Way, noise avoidance is taken into account in 
developing the feasible solution sets. 

[0051] In one embodiment, the solutions for each partition 
are placed in order of priority and solved one at a time in 
Develop Solution for Each Partition step 250. The previous 
solutions for the partitions are then used to develop solutions 
for subsequent partitions. 

[0052] Alternatively, Develop Solution for Each Partition 
step 250 may be performed in parallel. Aparallel approach 
can identify partitions that do not interact With each other, 
also referred to as “Zero interaction cliques,” for separate 
simultaneous solution. 

Provide Floorplan Design and Constraints 

[0053] The constraints for the global routing tool of the 
present invention are determined by design requirements. 
EXamples of the types of constraints that can be used are 
listed beloW. 

[0054] Timing Constraints. In at least one embodiment, 
the maXimum path delay alloWed for the routed net can be 
speci?ed, for eXample, by a user of the global routing tool. 
In one embodiment, the maXimum path delay is speci?ed 
using the standard delay format. Standard Delay Format 
(SDF) is set forth in Standard Delay Format Speci?cation, 
Version 3.0 (May 1995, Open Verilog International), Which 
is incorporated by reference in its entirety. An SDF ?le is an 
ASCII teXt ?le containing a header section folloWed by one 
or more cell entries describing cells of the design. The 
header section contains information relevant to the entire 
?le, such as the design name, tool used to generate the SDF 
?le, parameters used to identify the design, and operating 
conditions. Each cell entry identi?es part of the design (a 
“region” or “scope”) and contains data for delays, timing 
checks, constraints, and the timing environment. For 
eXample, the launch time and edge rate at the driver pins of 
the nets and the required arrival time and edge rate at each 
sink pin of a net can be speci?ed as timing constraints. 

[0055] Noise Constraints. In at least one embodiment, the 
user can specify nets that should be avoided and the amount 
of spacing to be alloWed betWeen nets. The user can also 
specify Whether a speci?ed percentage of a particular net is 
to be routed along a poWer or ground signal. 

[0056] Shielding Constraints. In at least one embodiment, 
the user can specify the shielding requirements of a net While 
routing. The shielding Width, spacing and percentage of the 
net to be shielded can be speci?ed. For eXample, 50% of a 
particular net may need to be shielded, and tWo tracks can 
be allocated along 50% of the length of that net to provide 
the necessary shielding. 

[0057] Cell Insertion Constraints. In at least one embodi 
ment, cell insertion constraints can be speci?ed by the user 
along With the original timing constraints. Limits can be 
speci?ed for a maXimum transition time or maXimum delay 
alloWed such that a repeater or latch can be inserted to 
overcome the limit. For eXample, in a path from a driver D1 
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to a sink S1, a repeater R1 can be inserted between D1 and 
S1 such that there is a topological breakpoint in the path 
from D1 to S1. The path from D1 to S1 includes tWo 
sub-paths: a sub-path from D1 to R1 and a sub-path from R1 
to S1. In such a case, noise constraints must be considered 
independently for the sub-path from D1 to R1 and the 
sub-path from R1 to S1. 

[0058] FIGS. 3a and 3b shoW constraints that are taken 
into account by the global routing tool of the present 
invention. For example, to avoid noise betWeen nets, a 
minimum spacing betWeen nets can be established to ensure 
that no noise is transferred generally or to one or more 

speci?c nets, as shoWn in FIG. 3a. Furthermore, a given net, 
such as Net A 320, may need to be routed outside a given 
Width of an adjacent poWer or ground rail, referred to as 
“shielding,” for inductance prevention. 

[0059] FIG. 3b shoWs a circuit resulting from the insertion 
of repeater cell R1 into a path from driver D1 to sink S1. The 
original path from driver D1 to sink S1 is divided into tWo 
portions, A and A‘. For eXample, a cell may be inserted to 
speed up timing to achieve a certain rise time to drive 
capacitance. The added cell R1 must be routed around 
during the routing process. 

3D Graph Creation 

[0060] To create a three-dimensional graph of the design, 
the entire design area is divided into a grid, and each grid 
section is assigned a “gtile.” Gtiles are usually square and 
one node, also referred to herein as a gNode, of a gtile exists 
in a given area per layer. 

[0061] FIG. 4a is a diagram of a single metal layer of an 
integrated circuit design divided into gNodes. Five gNodes 
labeled g1-2, g-2, g-3, g-4 and g-5 are shoWn. A given 
gNode, such as gNode g1-2, is considered to be connected 
to each of its neighbors. GNode g1-2 is connected to each of 
neighbors g-2 through g-5. 
[0062] FIG. 4b shoWs three layers of an integrated circuit 
design and relationships betWeen gNodes in the three layers. 
The ?ve gNodes of FIG. 4a are shoWn as part of metal layer 
M2 in FIG. 4b. In addition, FIG. 4b shoWs gNode g1-1 in 
metal layer M1 and gNode g1-3 in metal layer M3. A 
collection of gNodes in a vertical relationship betWeen metal 
layers of the circuit is referred to herein as a “gtile,” and the 
shaded portions of FIG. 4b correspond to a gtile g-1. Each 
gtile has a gNode for each of its metal layers; for eXample, 
gtile g-1 includes gNode 1-1 in metal layer M1, gNode 1-2 
in metal layer M2, and gNode 1-3 in metal layer M3. All the 
gNodes of a gtile are connected to each other by a neighbor 
relationship. 
[0063] In the three-dimensional graph shoWn in FIG. 4b, 
vertical neighbors are gNodes of the same gtile, and hori 
Zontal neighbors are gNodes of the same metal layer but 
adjoining gtiles. The graph is referred to herein as a global 
routing graph or gGraph. A gNode has a maXimum of siX 
neighbors, four horiZontal neighbors and tWo vertical neigh 
bors. 

[0064] 3D Graph Creation step 210 also adds obstructions, 
Which may be of various rectilinear shapes, into the design 
that must be routed around in forming interconnections 
betWeen circuit components. These obstructions may repre 
sent poWer grids, blocks, and charge pumps. The three 
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dimensional graph enables modeling of congestion of the 
interconnect lines betWeen connectors, taking into account 
these obstructions. 

Develop Feasible Solution Set for Each Net 

[0065] For each gtile, the number of routing tracks avail 
able through the gtile is calculated. The calculation takes 
into account previously routed nets and design-Wide 
obstructions. If a neighbor is obstructed completely, no 
connection to that neighbor is made in the ?nal circuit 
design. Pins from the netlist, if located in a certain gNode, 
are attached to that particular gNode. If a net Will require 
more than one track to be routed on a particular metal layer, 
the number of tracks is taken into account When routing the 
net. 

[0066] The global route for a net is de?ned by mapping the 
net onto a set of gtiles. The present invention is used to 
produce a unique gtile map, together With Width and spac 
ing, for the nets such that all the global and individual net 
constraints are met. 

[0067] As earlier described With regard to FIG. 1, a ?oor 
planning module places circuit blocks of the design into 
sections. The ?oor planning module also identi?es Where the 
drivers and sinks are located by gNode. A global router 
identi?es through Which of the sections the gNodes and 
sinks Will be connected; in other Words, the global router 
develops a map at a coarse level. A detailed router uses 
information about the number of tracks for each metal layer 
to assign a track for each gNode through Which the net must 
be routed (as determined by the global router). In some 
embodiments, the ?oor planning module is a third-party 
module provided by a vendor independent of the global 
routing tool vendor, and in other embodiments, the ?oor 
planning module can be a component of the global routing 
tool provided by the same vendor. 

[0068] FIG. 5 shoWs an eXample of a ?oorplan that is 
output from the ?oor planning component This eXample 
?oorplan includes tWo paths having multiple nodes of tWo 
metal layers. A ?rst path includes a driver D1 and a sink S1 
as pins in metal layer 3. Asecond path includes driver D2 and 
a sink S2b as pins in metal layer 2, and sink S2, in metal layer 
3. Obstruction O1 appears in metal layer 2 and obstruction 
O2 appears in metal layer 3. 

[0069] An obstruction, such as obstruction O1 or 02, 
indicates that tracks in the gtile map are “removed,” or 
considered to be unavailable, such that a net should not be 
routed through the corresponding gNode of the gtile. As 
mentioned earlier, eXamples of obstructions include poWer 
grids, blocks, and charge pumps. The present invention 
alloWs for obstructions in the form of any rectilinear shape. 

[0070] FIG. 6 shoWs an eXample of a rectilinear obstruc 
tion 610 that can be routed around When using the global 
routing tool of the present invention. Unlike currently avail 
able global routing tools, the present invention enables 
obstructions of any rectilinear shape to be routed around, 
including obstructions having diagonal lines such as 
obstruction 610. 

[0071] FIG. 7a shoWs an eXample of a gNode map for a 
given metal layer. The gtile map is produced by the global 
routing tool of the present invention. Ultimately, the global 
routing tool produces a unique gtile map for each net that 
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meets all constraints and for Which routing is both feasible 
and minimal. The Width of the net is taken into account for 
global routing purposes. 

[0072] FIG. 7a shoWs a solution for a route betWeen 
driver D1 and sink S1 of the gtile map shoWn in FIG. 5. The 
route begins at driver D1 in roW 3 column 1 of the gtile map 
and proceeds to roW 3 column 2. The route then proceeds 
from roW 3 column 2 to roW 2 column 2. The route then 
proceeds through roW 2 column 3 to roW 2 column 4, Which 
includes sink S1. 

[0073] As mentioned above, an obstruction, such as 
obstruction 702, indicates that tracks in the gtile map are 
“removed,” or considered to be unavailable, such that a net 
should not be routed through the corresponding gNode of 
the gtile. Any route excluding roW 4, column 4, Which 
contains obstruction 702, can be taken betWeen driver D1 
and sink S1. 

[0074] In creating a feasible solution set for a net, each 
route placed into the solution set should be feasible and meet 
applicable constraints. If no solutions exist for routing the 
net, a design ?aW exists and the ?oorplan must be changed. 
If one solution exists, that solution corresponds to the 
solution set. If several solutions exist, a subset of the 
solutions can be selected to form the solution set; for 
example, a maximum of three solutions may be selected to 
form the solution set based on, for example, metrics for 
timing quality and length. 

[0075] In FIG. 7b, driver D2 of FIG. 5 is shoWn, With tWo 
sinks S2, and Szb. A solution for a route betWeen D2 and S2, 
is determined independently of the solution for a route 
betWeen D2 and Szb. Three solutions are illustrated for the 
path from D2 to S2,, respectively labeled S2a(1), S2a(2) and 
S2a(3). Similarly, three solutions are illustrated for the path 
from D2 to Szb, respectively labeled S2b(1), S2b(2) and 
S2b(3). These solutions are then combined to provide the 
folloWing 9 possible solutions for nets including D2, S2, and 

523(1), 5213(1) 523(1), 523(2) 523(1), 523(3) 
523(2), 5213(1) 523(2), 523(2) 523(2), 523(3) 
523(3), 5213(1) 523(3), 523(2) 523(3), 523(3) 

[0076] A set of global route solutions for each net is 
generated. In one embodiment, Mikami Line Search Algo 
rithm is used for ?nding these solutions. For more informa 
tion regarding Mikami Line Search algorithm, see K. 
Mikami & K. Tabuchi, A Computer Program for Optimal 
Routing of Printed Circuit Connectors, IFIPS Proceedings, 
H47:1475-1478, 1968, Which is incorporated herein by 
reference. 

[0077] The Mikami Line Search algorithm searches across 
obstacles and multiple metal layers to ?nd routing paths. For 
each net, each of its sink pins is paired With the driver pin 
to form (driver, sink) pairs for each path. Each path is routed 
using the Mikami Algorithm and multiple solutions are 
generated per path. After all solutions have been found for 
each (driver, sink) pair, the solutions are merged to give 
solutions for the entire net. For example, if a net had tWo 
paths, then tWo (driver, sink) pairs are formed. If the search 
algorithm generated three possible solutions for the ?rst pair 
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and tWo possible solutions for the second pair, then six 
global route solutions are possible for the net. The delay and 
actual length for each path solution is computed and stored 
for further analysis in the routing process. 

[0078] Mikami Tabuchi algorithm, a line probe algorithm, 
is designed to perform better than maZe routing algorithms, 
both in terms of route search time and quality. MaZe routing 
algorithms search grid nodes in a breadth-?rst fashion, 
Whereas a line probe algorithm searches line segments 
available Within the three-dimensional gmap. The time and 
space complexity of Mikami Tabuchi algorithm is O(L), 
Where L is the number of line segments produced to com 
plete the route search. Mikami Tabuchi algorithm ?nds a 
path betWeen driver and sink, if such a path exists, and 
assures that the path found is the shortest path available on 
the given ?oorplan. Initially, the line probes are draWn from 
both driver and sink in mutually perpendicular directions. 
These lines extend until reaching the ?oorplan boundary or 
an obstacle on that metal layer. If these lines do not intersect, 
then at each grid point on these lines, perpendicular lines are 
draWn until they reach the boundary of the ?oorplan or hit 
an obstacle. This process is continued recursively until an 
intersection point is found betWeen the list of lines belong 
ing to the driver and sink. 

[0079] To enable multi-layer routing, the lines draWn from 
points on a previous line can be on multiple layers, thereby 
reducing the overall search time. In practice, neW lines are 
not draWn from every grid point on the previous line. A 
spacing factor betWeen grid points is used to reduce the 
exponential groWth in number of lines generated during a 
complicated search. 

[0080] More sophisticated algorithms, such as Steiner 
Tree-based approaches, can be used to determine routes 
more suitable for multi-terminal nets. For more information 
about Steiner trees, see C. Chieng, M. SarrafZadeh & C. K. 
Wong,A Powerful Global Router Based on Steiner Min-Max 
Trees, Proceedings of IEEE International Conference on 
Computer-Aided Design, pp. 2-5, Nov. 7-10, 1989, Which is 
herein incorporated by reference. 

[0081] Steiner Tree-based approaches are based on ?rst 
?nding the minimum spanning tree for the given set of pins 
on a net. A minimum spanning tree is a minimum-Weight 
tree in a Weighted graph Which contains all of the graph’s 
vertices (here, all the pins). From the minimal spanning tree, 
a rectilinear Steiner Tree is produced. ASteiner Tree is a tree 
resulting When, given a set of vertices S in an undirected 
Weighted graph, a minimal Weight spanning tree of SUQ is 
produced for some added Steiner vertices Q in the graph. A 
Steiner tree differs from the minimum spanning tree in that 
the set of Steiner vertices must be identi?ed. That is, 
additional vertices may be used. A Steiner Tree is based on 
rectilinear projections of the edges of this minimum span 
ning tree. 

[0082] Once a set of solutions for each net is produced, the 
solutions for each net can be pruned according to delay and 
length constraints. In one embodiment, Elmore Delay is 
computed for each path of the net. For more information 
about Elmore Delay, see W. C. Elmore, The Transient 
Analysis ofDampea' LinearNetworks with ParticularRegara' 
to Wideband Ampli?ers, Journal of Applied Physics, vol. 
19(1), 1948; and J. Rubenstein, P. Pen?eld, Jr., & M. A. 
HoroWitZ, Signal Delay in RC Tree NetWorks, IEEE Trans 
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actions On Computer Aided Design, CAD-2:202-211, 1983, 
each of Which is incorporated herein by reference. 

[0083] The Elmore Delay model is the most commonly 
used delay model in Works on interconnect design When 
inductance and distributed resistance and capacitance (RC) 
effects don’t dominate. Under the Elmore delay model, the 
signal delay from the driver s0 to a given node i in an RC 
tree is calculated as folloWs: 

[(50, i)=Sum_over_all_no desik(R (ki) * C 

[0084] Where 

[0085] C(k) is the doWnstream capacitance from 
node i 

[0086] R(k1) is the resistance at node i 

[0087] All nodes and sinks in the RC tree have a different 
delay. In general, the Elmore delay of a sink in an RC tree 
is a (loose) upper bound on the actual 50% delay of the sink 
under step input. 

[0088] Elmore delay provides a simple closed-form 
expression With greatly improved accuracy for measuring 
delay, When compared to other RC models. Furthermore, the 
Elmore delay calculation can be done in linear time. The 
Elmore delay model is not the most accurate delay model 
available, but the Elmore delay model has a high degree of 
?delity: an optimal or near-optimal solution according to the 
estimator is also nearly optimal actual delay for routing 
constructions and Wire-siZing optimiZation. Other delay 
models Which are more accurate can be used, but run-time 
for these models is usually greater than that of the Elmore 
delay model. 

[0089] Using the arrival time constraints, the delay viola 
tion for each path solution is computed using the folloWing 
formula: 

Delay Violation=Actual Delay-Arrival Time Con 
stramt 

[0090] A value of 0 for the delay violation indicates that 
the arrival time constraint is met. A positive value indicates 
that the arrival time constraint is not met, and a negative 
value means that slack is available for optimiZation of other 
nets. The net solutions Where all the paths of the net meet the 
constraint (delay) are retained, and the rest of the solutions 
are omitted from further consideration for inclusion in the 
?nal global routing solution. This “pruning” of the solutions 
guarantees that the ultimate global routing solution meets 
the timing constraint. 

[0091] In one embodiment, feasible solutions sets are 
determined in order of priority. Consider a design having 
tWenty nets. When the solution for the ?rst net is developed, 
multiple solutions are available. After the ?rst ten nets’ 
solutions are developed, available tracks for routing the 
eleventh net are limited. Assume that the eleventh net 
interacts With eight other nets, four of Which have already 
been routed as part of the ?rst ten nets. Noise should be 
avoided betWeen the interacting nets, and the topology of the 
previously routed nets can be considered to be an obstruc 
tion for the route of the eleventh net. 

[0092] In the eXample, assume that the eleventh net needs 
to be a distance of four tracks from the previously routed 
tenth net. A temporary obstruction can be constructed deter 
mined by the topology of the tenth net. The eleventh net can 
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be routed to automatically avoid the temporary obstruction. 
When the routing for the eleventh net is complete, the 
temporary obstruction can be removed for routing of sub 
sequent nets. This approach of routing nets in order of 
priority and using temporary obstructions enables spacing 
constraints and noise to be taken into account. 

[0093] FIG. 8 shoWs an eXample of a design including 
three drivers and three sinks in a single metal layer. The 
method of the present invention Will be applied to the 
eXample design of FIG. 8 in the folloWing sections. 

[0094] FIG. 8 includes three nets: N1, beginning at driver 
D11 and ending at sink S11; N2, beginning at driver D21; and 
ending at sink S21; and N3 beginning at driver D31 and 
ending at sink S31. Three obstructions 810, 820 and 830 are 
also present. Note that tracks are free in roWs 6 and 8 and 
columns 7 and 8 such that paths can be routed through the 
gNodes of roWs 6 and 8 and columns 7 and 8 despite 
obstructions 810 and 830. Obstruction 820 completely 
obstructs column 6 roWs 2-7 and roW 7 columns 2-6, and no 
path can be routed in column 6 roWs 2-7 or roW 7 columns 
2-6. Taking these obstructions into account, feasible paths 
can be identi?ed using algorithms such as those described 
above. 

[0095] For net N1, three possible paths include path t11 
(also referred to as topologyll), t12 and t13. For net N2, tWo 
possible paths include t21 and t22. For net N3, tWo possible 
paths include paths t31 and t32. Note that paths tn, t12 and t13 
meet at sink S11. For the design to include all three paths, a 
separate track must be available for each path. 

[0096] The result of steps Create 3D Graph step 210 and 
Develop Feasible Solution for Each Net step 220 of FIG. 2 
is summariZed beloW. 

[0097] 3 nets: N1, N2 and N3 

[0098] Number of solutions for each net: N1 has 3, 
N2 has 2, N3 has 2. 

Create Intersection Graph With Weights 

[0099] In Create Intersection Graph With Weights step 230 
of FIG. 2, ?nding a best solution from one point to another 
can be performed using knoWn techniques. In most global 
routing tools, a single best solution is considered for each 
net. Using the best solution for each net, the netlist is 
updated and a neW net is identi?ed from the set of solutions 
including only one best solution for each net. 

[0100] In contrast, the present invention considers a set of 
solutions, rather than the single best solution, for each net. 
Each solution for a given net is determined independently of 
other nets that do not have noise interaction With the given 
net. As an initial condition, the set of feasible solutions is 
constrained by the total number of tracks available in vieW 
of obstructions, but not by other feasible solutions for other 
nets that may need to use those tracks. The best set of 
feasible solutions is determined to include only solutions 
that are feasible for the entire set of nets. 

[0101] Based on these sets of solutions for each net, an 
intersection graph for the entire netlist is created. Each net 
is represented as an intersection graph node. If the gNodes 
forming the solutions intersect With solutions of another net, 
an undirected edge is formed betWeen the tWo intersection 
graph nodes. These edges are Weighted based on the inter 
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actions between the intersection graph nodes. In order to 
distinguish the nodes of gmap from intersection graph 
nodes, the term “gNode” or “node” is used for gmap nodes, 
and the term “intersection graph node” is used for the nodes 
of the intersection graph. 

[0102] FIG. 9 shows an example of an intersection graph 
in which nets N1, N2 and N3 of FIG. 8 are included. An 
edge is placed between intersection graph nodes of the 
intersection graph N1 and N2 because nets N1 and N2 share 
the gNodes including driver D21 and sink S11, as well as the 
gNodes in row 6 columns 3 and 4 and colunm 5 rows 1 
through 6. An edge is placed between nodes of the inter 
section graph N1 and N3 because nets N1 and N3 share the 
gNodes including driver D11 and D31, as well as the gNodes 
including column 1 rows 1 through 6 and row 1 columns 1 
through 4. sink S11. An edge is placed between nodes of the 
intersection graph N2 and N3 because nets N2 and N3 share 
the gNodes including row 8 columns 1 through 7. 

[0103] In one embodiment, the edges are weighted by the 
percentage of solutions of two nets that intersect and the 
average probable congestion over intersecting gNodes. For 
example, the weight on the edge between two nodes (rep 
resenting 2 different nets in the design) can be a function of 
the number of intersecting solutions and congestion, as 
shown in the formula below: 

= y * (ANaNb) + (1 — y) *BNaNb 

[0104] where 
ANaNbQepresenting Intersecting Solutions)=(#solu— 
tions intersecting between Na&Nb)*(Avg. over all 
intersecting pairs of the % of gNodes intersecting) 

BNaNbQepresenting Congestion)=(#nodesSharedAnd— 
Congested/#nodesShared between all solutions for 
N38: Nb)*Average Congestion on nodesSharedAnd 
Congested 

[0105] 

# tracks used 1 
h t‘ = i W ere conges Ion [# tracks Available 

[0106] Assume that one or more obstructions in a particu 
lar gNode of the grnap of FIG. 8 consume all but one track 
running through each gNode including the obstructions. 
Therefore, a gNode of FIG. 8 including one or more 
obstructions has only one track available for routing. 

[0107] Typically, a path running through a gNode needs 
one track. However, a path may be wider, requiring two or 
more tracks, for eXample, to avoid noise. A gNode is 
considered to be congested when the value of congestion, as 
calculated above, is greater than one. Therefore, when a 
given gNode of FIG. 8 has one or more obstructions and 
more than one path is routed through the given gNode, the 
given gNode is considered to be congested. 

[0108] Using the percentage of solutions of two nets that 
intersect and the average probable congestion over inter 
secting gNodes, a single weight for each edge is determined. 
Calculations of weights for the intersection graph of FIG. 9, 
representing the design shown in FIG. 8, are shown below. 
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[0109] Referring to FIG. 8 and the paths for nets N1 and 
N2, all three paths for net N1 intersect with path t21 from net 
N2. For eXample, path tn, having a length of ten gNodes, 
intersects with path t21, having a length of 19 gNodes. The 
intersection shares the siX gNodes in column 5 rows 1 
through 6. The percentage of gNodes intersecting between 
path t11 and path t21 is calculated below: 

[0110] Similarly, path t12, having a length of ten gNodes, 
intersects with path t21, having a length of 19 gNodes, with 
the intersection including the three gNodes in column 5 rows 
4 through 6. The percentage of gNodes intersecting between 
path t12 and path t21 is calculated below: 

[0111] Path t13, having a length of ten gNodes, intersects 
with path t21, having a length of 19 gNodes, with the 
intersection including the ?ve gNodes in row 6 columns 1 
through 5. The percentage of gNodes intersecting between 
path t13 and path t21 is calculated below: 

[0112] Using these calculations, the average over the three 
intersecting pairs of the percentage of gNodes intersecting is 
calculated below: 

[0.46 + 0.23 + 0.38] = 0.36 

[0113] This average is used as part of the formula for 
ANaNb, representing intersecting solutions, to assign weights 
to the edges between the nodes of the graph of FIG. 9. The 
weight assigned to the edge between nets N1 and N2 is 
calculated as shown below: 

AN1N2=number of solution pairs intersecting*Avg. 
over all intersecting pairs of the percentage of gNodes 
intersecting 3*(O.36)=1.08 

[0114] In the formula for AN1N2, representing congestion, 
the number of congested gNodes is used as part of the 
calculation. Recall that when a gNode has one or more 
obstructions, the obstructions are considered to occupy all 
but one track running through the corresponding gNode. As 
a result, gNodes with two paths and one or more obstruc 
tions in FIG. 8 are congested, including the gNodes in 
column 5, rows 2 through 6; row 6, columns 2 through 5; and 
row 8, columns 2 through 6. 

BNaNbQepresenting Congestion)=(#nodesSharedAnd— 
Congested/#gnodesShared between all solutions for 
N38: Nb)*Average Congestion on nodesSharedAnd 
Congested 



US 2004/0044979 A1 

[0115] 

# tracks used 1 
h t‘ = i W ere conges Ion [# tracks Available 

[0116] Ten gNodes are shared between nets N1 and N2, 
including the siX gNodes in column 5, rows 1 through 6, and 
the four gNnodes in row 6, columns 1 through 4. (Note that 
the gNode of row 6, column 5, was already counted in the 
?ve gNodes for column 5.) Of the ten gNodes shared by nets 
N1 and N2, the ?ve gNodes of column 5, rows 2 through 6, 
are congested. Each of the ?ve congested gNodes has a 
value for congestion=2 tracks used/1 track available=2. The 
average congestion for gNodes shared and congestion is 
therefore (5*2)/5=2. 

[0117] Therefore, AmN2 is calculated as shown below: 

5 5 2 5 —l0 Em * >/ >- - 

[0118] Using this result, the weight for the intersection 
graph edge between N1 and N2 is calculated as shown 
below: 

[0119] As shown in FIG. 10, the weight of the edge 
between nets N1 and N2 has a value of 1.032. 

[0120] To calculate the weight for the edge between nets 
N1 and N3, the calculations below are used: 

W2(N11&rlarr)N3)=y*AN1N3+(1_y) *BN1N3 

[0121] Between nets N1 and N3, path t31 intersects with 
path t11 at the ?ve gNodes in row 1 columns 1 through 5. 
Path t31 has ?fteen gNodes, and path t11 has ten gNodes. 

[0122] Between nets N1 and N3, path t32 intersects with 
path t12 at the four nodes in column 1 rows 1-4. Path t32 has 
?fteen gNodes, and path t12 has ten gNodes. 

‘h l 4 4 033 ([32 WII [12) — + — . 

[0123] Between nets N1 and N3, path t32 intersects with 
path t13 at the siX gNodes in column 1 rows 1-6. Path t32 has 
?fteen gNodes, and path t13 has ten gNodes. 
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[0124] Using these calculations, the average over the three 
intersecting pairs of the percentage of gNodes intersecting is 
calculated below: 

[0.42 + 0.33 + 0.5] = 0.42 

[0125] These ?gures are used to assign weights to the 
edges between the nets N1 and N3 of the graph of FIG. 9, 
as shown below: 

AN1N3=number of solution pairs intersecting*Avg. 
over all intersecting pairs of the percentage of gNodes 
intersecting 3*(0.42)=1.26 

[0126] Of the gNodes shared between nets N1 and N3, no 
nodes are congested. 

BN1N3=(#nodesSharedAndCongested/ 
#nodesShared)*Average Congestion on nodesShare 
dAndCongested 

[0127] 

: 0.504 

[0128] As shown in FIG. 10, the weight for the edge 
between nets N1 and N3 has a value of 0.504. 

[0129] To calculate the weight for the edge between nets 
N2 and N3, the calculations below are used: 

W3(”2&rlarr;”3)=y *AN2N3+(1_y) *BN2N3 

[0130] Between nets N2 and N3, only two paths intersect. 
Path t31 intersects with path t21 at the three nodes in row 1, 
columns 5 through 7. Path t31 has ?fteen gNodes, and path 
t21 has nineteen gNodes. 

[0131] Between nets N2 and N3, path t32 intersects with 
path t22 at the nine nodes in column 1 rows 6 through 7 and 
row 8 columns 1 through 7. Path t32 has ?fteen gNodes, and 
path t12 has nine gNodes. 

[0132] Using these calculations, the average over the two 
intersecting pairs of the percentage of gNodes intersecting is 
calculated below: 
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1 
5 [0.18 + 0.8]: 0.49 

[0133] These ?gures are used to assign Weights to the 
edges between the nets N2 and N3 of the graph of FIG. 9. 

AN2N3=number of solution pairs intersecting*Avg. 
over all intersecting pairs of the percentage of gNodes 
intersecting2*(0.49)=0.98 

[0134] Twelve gNodes are shared betWeen nets N2 and 
N3, including the three gNodes in columns 1, roWs 6 through 
8; the siX gNodes in roW 8, columns 2 through 7; and the 
three gNodes in roW 1, columns 5 through 7. Of these tWelve 
shared gNodes, seven gNodes are congested, including the 
?ve gNodes in roW 8, columns 2 through 6 and the tWo 
gNodes in column 7, roWs 1 and 2. Recall that, even When 
a gNode has more than one obstruction, one track is con 
sidered to be available in this example. Therefore, the value 
of congestion for each of the seven gNodes is 2, because 
each of these seven gNodes has tWo paths used but only one 
track available. 

BN2N3=(#nodesSharedAndCongested/ttnodesShared)* 
Average Congestion on nodesSharedAndCongested 

[0135] 

7 (M2) 
12 = 1.167 

[0136] The Weight for the edge is then calculated as 
folloWs: 

= 0.392 + 0.7002 

= 1.0922 

[0137] As shoWn in FIG. 10, the Weight of the edge 
betWeen nets N2 and N3 has a value of 1.0922. 

[0138] Depending on Whether congestion or timing is the 
higher priority, this Weight can be adjusted by adjusting the 
value of the variable y. In addition, if noise is a constraint, 
then a Weighting factor for noise avoidance can be added to 
the intersection graph. 

[0139] After all solution sets are placed, the intersection 
graph becomes a highly-connected graph for an average 
congested design. As noted above, the highly-connected 
intersection graph can be pruned to produce a sparse graph 
before proceeding. 

Partition Intersection Graph 

[0140] In Partition Intersection Graph step 240 of FIG. 2, 
the intersection graph produced by Create Intersection 
Graph With Weights step 230 optionally can be partitioned 
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using knoWn graph partitioning techniques. The purpose of 
the partitioning is to minimiZe the time necessary to ?nd an 
optimal solution for each partition. Standard linear program 
ming techniques, for eXample, can be used to perform the 
optimiZation, although the number of variables that can be 
used is limited. To solve the optimiZation problem Within a 
reasonable computer processing time, the highly-connected 
intersection graph is divided into partitions. The graph is 
partitioned such that an optimiZation module, such as a 
standard linear programming solver, can be used to analyZe 
each partition in a minimal computer processing time. 

[0141] Partitioning takes as input the intersection graph of 
nets and gives as output a set of partitions. Partitions can be 
made such that nets Within a partition have a high degree of 
interaction betWeen them, and nets in different partitions 
have a loWer degree of interaction. 

[0142] In one embodiment, an initial partition is made and 
then re?ned using Fiduccia Mattheyses (FM) re?nement. 
For more information regarding FM re?nement, see C. M. 
Fiduccia & R. M. Mattheyes, A Linear Time Heuristic for 
Improving Network Partitions, Proceedings of the 19th 
Design Automation Conference, pp. 175-181, 1982. Initial 
partitioning uses a greedy heuristic algorithm to distribute 
nets betWeen the partitions keeping the constraint of loWer 
and upper bounds on the number of nets per partition. FM 
re?nement performs k-Way partitioning using the FM heu 
ristic. 

[0143] Acircuit netlist is usually modeled by a hypergraph 
G, Where V is the set of cells (also called nodes) in the 
circuit, and E is the set of nets (also called hyperedges). The 
number of nodes is designated by the variable n and the 
number of nets by the variable e. Each net connects tWo or 
more cells in the circuit. A net n1 is represented as a set of 
the cells are connected via the net. AtWo-Way partition of G 
is tWo disjoint subsets V1 and V2 such that each cell v that 
is an element of V belongs to either V1 or V2. A net is said 
to be out if it has at least one cell in each subset and uncut 
otherWise, and this concept is referred to as the cut state of 
the net. All the nets that are out form a set called the out set. 
The objective of a tWo-Way partitioning is to ?nd a partition 
that minimiZes the siZe of the out set (called the cutsiZe). 
Usually, a predetermined balance criterion exists for the siZe 
of the subsets V1 and V2; for eXample, 

[0144] The EM algorithm starts With a random initial 
partition. Each cell u is assigned a gain g(u) Which is the 
immediate reduction in cutsiZe if the cell is moved to the 
other subset of the partition: 

[0145] Where E(u) is the set of nets that Will be immedi 
ately moved out of the out set on moving cell u, and I(u) is 
the set of nets that Will be neWly introduced into the out set. 
Put in another Way, a net in E(u) has only u in u’s subset, and 
a net in I(u) has all its cells in u’s subset. c(n1) is the Weight 
(cost) of the net n1, Which is assumed to be unity unless 
otherWise speci?ed. 
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[0146] The goal of FM is to move a cell at a time from one 
subset to the other subset in an attempt to minimize the 
cutsiZe of the ?nal partition. The cell being selected for the 
current move is called the base cell. At the start of the 

process, the cell With maXimum gain value in both subsets 
is checked ?rst to see if its move Will violate the balance 

criterion. If not, it is chosen as the base cell. OtherWise, the 
cell With maXimum gain in the other subset is chosen as the 
base cell. The base cell, say ul, is then moved to the other 
subset and “locked”—the locking of a moved cell is neces 

sary to prevent thrashing (a cell being moved back and forth) 
and being trapped in a bad local minimum. The reduction in 
cutsiZe (in this case, the gain g(u1) ) is inserted in an ordered 
set S. The gains of all the affected neighbors are updated—a 
cell v is said to be a neighbor of another cell u, if v and u 

are connected by a common net. The neXt base cell is chosen 

in the same Way from the remaining “free” (unlocked) cells 
and the move proceeds until all the cells are moved and 
locked. Then all the partial sum 

[0147] Sj=Zjt=1g(uQ, 1<=j<=n, are computed, and p is 
chosen so that the partial sum Sp is the maXimum. This 
corresponds to the point of minimum cutsiZe in the entire 
moving sequence. All the cells moved after up are reversed 
to their previous subset so that the actually moved cells are 
{up . . . , up} This entire process is called a pass. Anumber 

of passes are made until the maXimum partial sum Sp is no 
longer positive. This is a local minimum With respect to the 
initial partition [V1, V2]. 

[0148] The objective function for the EM algorithm is the 
cut cost. The cut cost is the Weight of the edges going from 
one partition to another partition. The time complexity for 
FM in a 2-Way partition is O(ct), Where t is the number of 
pins and c is the constant number of FM passes (c=5, 7 
typically). One k-Way iteration is achieved by doing several 
tWo-Way iterations, i.e., by forming pairs of partitions and 
performing a tWo-Way EM algorithm in each partition. After 
one k-Way iteration, neW pairs are formed as needed. In one 

embodiment, about 5 to 7 k-Way iterations are performed. 

[0149] In another embodiment, partitions are made using 
a multi-level partitioning approach. A multi-level partition 
ing algorithm has linear space and time compleXity and 
delivers stable solutions of high quality. Unlike k-Way FM, 
the quality of the solution does not depend on a pseudo 
random initial partitioned state of the input graph. Quality, 
run-time and scalability of the partitioning stage can be 
improved by using multi-level partitioning algorithms, as 
compared to the k-Way EM algorithm. 

[0150] Multi-level partitioning is designed for k-Way par 
titioning of graphs and includes a coarsening phase, an 
initial partitioning phase, and an uncoarsening/re?nement 
phase. In the coarsening phase, the nodes of the input graph 
are clustered/coarsened in multiple steps to generate a 
hierarchy of graphs that are monotonically decreasing in 
siZe. Once a coarsest graph is reached, then that graph is 
partitioned into k partitions. The uncoarsening and re?ne 
ment occurs in lock-step at all graph levels generated. At 
each level, the partition assigned to the parent node is also 
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assigned to the children nodes and a local re?nement is done 
at that level to minimiZe the cut cost. 

[0151] The constraints used during the partitioning are the 
upper and loWer bounds on the number of nets per partition. 
The upper and loWer bounds help ensure a balanced number 
of nets per partition and reduce run time for the optimiZation 
module. 

[0152] In the eXample shoWn in FIGS. 9 and 10, the graph 
is partitioned into partition PI, including net N1, and parti 
tion P2, including nets N2 and N33. The highest Weight, 
W’=1.0922, represents the highest level of interaction 
betWeen intersection graph nodes. The tWo intersection 
graph nodes With the edge having the highest Weight are 
placed into the same partition. The resulting partitions are 
shoWn beloW: 

[0153] P1: N1 

[0154] P2: N2 and N3. 

Develop Solution for Each Partition 

[0155] An optimiZation module is used to ?nd a unique 
solution for each net in each partition, such that the global 
congestion is minimiZed. In one embodiment, the optimiZa 
tion problem is formulated as a 0-1 integer programming 
problem such that an increase in the siZe of the area to be 
routed does not cause a large increase in the number of 
variables that must be considered. Rather, the number of 
variables is proportional to the number of nets being routed 
and to the number of solutions per net. By using an objective 
function that is a linear function of the number of solutions 
for each net, the optimiZation problem is less complex and 
takes less time to compute than Would an objective function 
that is not a linear function. 

[0156] Each variable represents a net solution and can take 
a value of 0 or 1. A value of 0 means that the solution is 
rejected, While a value of 1 means that the solution is 
accepted after global congestion resolution. For a given net, 
only one solution variable can have a value of 1, While all 
the remaining solution variables should have a value of 0. 
These constraints for the optimiZation problem are illus 
trated beloW: 

x(N2, l) +x(N2, 2) + Constraints : 

[0157] Where X(Ni, j)e[0, 1] and integer. Each solution 
X(Ni, has a value of either Zero or one, and the sum of all 
solutions for a net equals one, indicating that only one 
solution is selected for each net. 

[0158] The objective function for the optimiZation module 
is to minimiZe the Weighted average of the net solutions for 
probable congestion and delay. Ideally, no gNode should be 
congested. Generally, the objective function to be minimiZed 
is shoWn beloW: 
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[y>1delay(N1, 1)] + [(1 — y) *congestion(N1, 1)] + [y>1delay(N1, 2)] + [(1 — y) *congestion(N1, 2)] + [y>1delay(N2, 1)] + [(1 — y) *congestion(N2, 1)] + 

[0159] Each partition is provided to the optimization mod 
ule for solution selection. The nets in a partition can be 
simultaneously solved, thus reducing overall routing time. 
Since there is no dependence betWeen nets for these solu 
tions, synchronization is not an issue. The original gGraph 
can be used by each net for ?nding its respective set of 
solutions. 

[0160] Each partition may be assigned a priority to be 
solved With respect to the other partitions, thereby assigning 
a sequence in Which the partitions are solved. Using a 
priority scheme, after one partition is solved, a gtile database 
can be updated With the current metal utiliZation in each 
gtile. Hence, the remaining metal resources available to the 
neXt partition are reduced and the neXt partition has loWer 
metal resources per gtile. Metrics that can be used to 
prioritiZe the partitions include the folloWing: 

[0161] 
[0162] total number of nets Where all solutions are 

violating delay constraints; and 

average delay violation; 

[0163] number of noise-sensitive nets. 

[0164] Partitions may be re-combined When interaction 
betWeen them is high. Adecision Whether to re-combine nets 
requires a trade-off betWeen increasing the run-time of the 
optimiZation module versus improving the quality and fea 
sibility of the solution. 

[0165] An alternative constraint can be an upper bound on 
the number of congested gNodes in a set of gNodes included 
in the global route. Such a constraint alloWs the optimiZation 
module to perform Within a reasonable run time and assumes 
the possibility that the detailed router can solve the conges 
tion problem. 

[0166] In the eXample of FIGS. 8, 9, and 10, net N1 has 
three possible solutions, labeled N1, 1; N1, 2; and N1, 3 
beloW. Net N2 has tWo possible solutions, labeled N2, 1 and 
N2, 2. Net N3 has tWo possible solutions, labeled N3 , 1 and 
N3, 2. The constraint equations for this eXample appear as 
shoWn beloW: 

[0167] 

Constraints 

[0168] Where X(N1, j)=0 or 1. 

[0169] The objective function is to minimiZe the delay 
violation for each solution and overall congestion on the 
?oorplan. The Weighted average of the % Delay Violation 
and % Additional Tracks Needed is taken, multiplied by the 
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value of X(Ni, (Which is 0 or 1), and multiplied by the 
probability that the particular solution represented by Ni, j 
Will be selected. 

% Congestion 
Relative % Delay (% Additional 
Weights Violation Tracks Needed) 

y‘1v = 0.4 DV (N1, 1) = O Auc0ng.(N1,1) = 100 

ywng = 0.6 = DV (N1, 2) = O Auc0ng.(N1,2) = 100 

(1 — ydv) DV (N1, 3) = O Auc0ng.(N1,3) = 0 
DV (N2, 1) = 10 Auc0ng.(N2,1) = 100 
DV (N2, 2) = 0 Auc0ng.(N2,2) = 100 
DV (N3, 1) = 20 Auc0ng.(N3,1) = 0 
DV (N3, 2) = 20 Auc0ng.(N3,2) = 100 

[0170] For eXample, the percentage congestion value of 
100 for (N1, 1) indicates that one track is available, and one 
more track is needed, so that a 100% increase in the number 
of tracks is needed. For the data presented above, the linear 
programming problem is set up as indicated beloW: 

[0171] Therefore, the objective function to minimiZe is 

20x(N1,1)+20x(N1,2)+32x(N2, 1)+30x(N2, 2)+4x(N3, 
1)+34x(N3, 2). 

[0172] Solving this equation, the resulting values of X(Ni, 
are given beloW: 

x(N1, 1) = 0, x(N1, 2) = 0, x(N1, 3) =1 

x(N2, 1) = 0, x(N2, 2) =1 

x(N3, 1) = 1, x(N3, 2) = 0 

[0173] These solutions correspond to path t13 for net N1, 
path t22 for net N2, and path t31 for net N3. 

Provide Out as Input for Detailed Router 

[0174] The optimiZed paths through each partition are 
provided as input to the detailed router ,as shoW in Detailed 
Routing step 130 of FIG. 1. The detailed router uses 
information about the number of tracks for each metal layer 
to assign a track for each node through Which the net must 
be routed. The output of the detailed router is representative 
of the routed circuit design, as indicated by Output Repre 
sentative of Routed Circuit Design step 140 of FIG. 1. 
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[0175] High performance designs require extensive 
resources for routing. The interconnection line length and 
congestion constraints provided in routing tools by current 
EDA vendors require multiple iterations to ?nalize a design 
and may not take into account constraints such as timing 
constraints. The present invention introduces a neW con 
straint-driven global routing algorithm Which takes design 
constraints into account While performing the global routing 
step. Initial testing results shoW that this global router helps 
achieve better results than are achieved by current commer 
cially available routers. The global router of the present 
invention can be used as a stand-alone tool before perform 
ing the detailed routing step, or the global router can be used 
to route constraint-driven nets together With other global 
routers that do not handle constraint-driven nets. 

Other Embodiments 

[0176] The present invention is Well adapted to attain the 
advantages mentioned as Well as others inherent therein. 
While the present invention has been depicted, described, 
and is de?ned by reference to particular embodiments of the 
invention, such references do not imply a limitation on the 
invention, and no such limitation is to be inferred. The 
invention is capable of considerable modi?cation, alteration, 
and equivalents in form and function, as Will occur to those 
ordinarily skilled in the pertinent arts. The depicted and 
described embodiments are examples only, and are not 
exhaustive of the scope of the invention. 

[0177] The foregoing described embodiments shoW dif 
ferent components contained Within other components (i.e., 
the ?oor planning component may be a component of the 
global routing tool or the ?oor planning component may be 
a stand-alone tool). It is to be understood that such described 
architectures are merely examples, and that in fact many 
other architectures can be implemented Which achieve the 
same functionality. In an abstract but still de?nite sense, any 
arrangement of components to achieve the same function 
ality is effectively “associated” such that the desired func 
tionality is achieved. Hence, any tWo components herein 
combined to achieve a particular functionality can be seen as 
“associated With” each other such that the desired function 
ality is achieved, irrespective of architectures or intermedi 
ate components. Likewise, any tWo components so associ 
ated can also be vieWed as being “operably connected,” or 
“operably coupled,” to each other to achieve the desired 
functionality. 

[0178] The foregoing detailed description has set forth 
various embodiments of the present invention via the use of 
block diagrams, ?oWcharts, and examples. It Will be under 
stood by those Within the art that each block diagram 
component, ?oWchart step, operation and/or component 
illustrated by the use of examples can be implemented, 
individually and/or collectively, by a Wide range of hard 
Ware, softWare, ?rmWare, or any combination thereof. 

[0179] The present invention has been described in the 
context of softWare running on fully functional computer 
systems; hoWever, those skilled in the art Will appreciate that 
the present invention is capable of being distributed as a 
program product in a variety of forms, and that the present 
invention applies equally regardless of the particular type of 
signal bearing media used to actually carry out the distri 
bution. Examples of signal bearing media include recordable 
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media such as ?oppy disks and CD-ROM, transmission type 
media such as digital and analog communications links, as 
Well as media storage and distribution systems developed in 
the future. 

[0180] The above-discussed embodiments may be imple 
mented by softWare modules that perform certain tasks. The 
softWare modules discussed herein may include script, 
batch, or other executable ?les. The softWare modules may 
be stored on a machine-readable or computer-readable stor 
age medium such as a disk drive. Storage devices used for 
storing softWare modules in accordance With an embodiment 
of the invention may be magnetic ?oppy disks, hard disks, 
or optical discs such as CD-ROMs or CD-Rs, for example. 
A storage device used for storing ?rmWare or hardWare 
modules in accordance With an embodiment of the invention 
may also include a semiconductor-based memory, Which 
may be permanently, removably or remotely coupled to a 
microprocessor/memory system. Thus, the modules may be 
stored Within a computer system memory to con?gure the 
computer system to perform the functions of the module. 
Other neW and various types of computer readable storage 
media may be used to store the modules discussed herein. 

[0181] In the example described herein, path delay is used 
for pruning the set of solutions for each net. Other con 
straints such as noise avoidance can be used to prune the 
solutions. Nets Whose solutions appear in the same gNode as 
a net to be avoided can be dropped. This criteria Will sloW 
the algorithm doWn, since pruning of solutions might be 
expensive. 

[0182] A cell insertion constraint can also be implemented 
for this algorithm. Solutions Which have the highest chance 
of connecting to the pre-placed cells to satisfy the delay or 
transition time requirements are the only ones considered for 
each net. 

[0183] Shielding requirements can be considered by the 
global router of the present invention While performing 
global routing. The solutions for a net that Would use the 
shielding tracks required by the net can be eliminated from 
the solution set. Shielding constraints may lead to pruning 
solutions that may have originally appeared to be viable 
routing solutions. 

[0184] The above description is intended to be illustrative 
of the invention and should not be taken to be limiting. Other 
embodiments Within the scope of the present invention are 
possible. Those skilled in the art Will readily implement the 
steps necessary to provide the structures and the methods 
disclosed herein, and Will understand that the process 
parameters and sequence of steps are given by Way of 
example only and can be varied to achieve the desired 
structure as Well as modi?cations that are Within the scope 
of the invention. Variations and modi?cations of the embodi 
ments disclosed herein can be made based on the description 
set forth herein, Without departing from the scope of the 
invention. 

[0185] Consequently, the invention is intended to be lim 
ited only by the scope of the appended claims, giving full 
cogniZance to equivalents in all respects. 

What is claimed is: 
1. A method for performing routing in the physical design 

of an integrated circuit, the method comprising: 












