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Abstract

This thesis addresses the problem of detailed routing of Very Large Scale
Integrated (VLSI) circuits using channel routing. Recently, a novel approach to

detailed VLSI routing has been proposed by Wong and Kwok [Wong88]. This

method, called the Single Row Transformation (SRT) approach, requires three
steps, namely, Forward ‘Transformation (FT), Single Row Routing (SRR) and fi-

nally Backward Transformation (BT). When this apparently simple approach was

looked at more closely, it was realised that this approach has many hidden prob-

lems, the most important being those posed by the crossovers in the SRR layout

while g out the BT step. Thus, although SRT based routing appeared to

be a potential approach, further rescarcli was required. The goal of this th

and anal;

to make a study

s of the SR approach as it applics to channel ronting,

and to use the results of the analysis to design a channel router,

Although different FT-BT pairs are possible, only straightforward pairs

are practical. and even for simple FT-BT pai

¢ the problems posed by crossovers in

the SRR solution neces

ate a minimum cro:

over routing, calling for the design of
new algorithims. becanse most of the existing SRR algorithms have heen designed

with the

soal of track optimisation, not crossover minimisation. To facilitate the

design of the:

algorithms. a taxonomy of SRR problems is nseful. A proposed

taxonomy classifics SRR problems into bipartite and non-bipartite problems. and

further into permulation and mized SRR problems. Based on this taonomy. var-

jous algorithms for the different classes of SRR problems have been developed.

Sinee some crossovers may be inevitable, effective crossover handling techniques

are ne

To this end different crossover handling techniques are discussed

and a generalised crossover handling technique is proposed. The application of

the analysis to the software design of a channel router and implementation of this

soltware is also addressed.
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Chapter 1

Introduction

1.1 VLSI design automation

"The highly complex electronic systems of today are usually built using a wumber
of Very Large Scale Integrated (VLSI) chips; the design of such VLSI chips is a
time-consuming and complex task. Tn fact, the development, time for an cloctronic
product containing VLSI components may be longer than the projected lifetinie of
the product and the investment in the design process may not be recovered hefore

the product becomes obsolete. Given this situation, cost effective VLSI designs

must be produced as quickly as possible, be functionally correct in the first

and meet specifications without lengthy tuning and design iterations. One way to

achicve these goals is to automate the VLSI design process.

Sophisticated Computer Aided Design (CAD) tools are necessary to cope

with this complex task of VLSI design automation. As improved cirenit fa
tion technologics make higher levels of integration possible, CAD tools Lo support

t, VLSI

the design and testing of these complex chips become mandatory. In

design automation has steadily accelerated to keep pace with the innovations in



architectures and advances in circuit fabrication technologies in the past decade.
“Today the scope of VLSI Design Tools is very broad and encompasses much of

the design process from design speci ion, logic design, partitioning, pl:

routing, simulation, and so on until the final mask is realised.

Because of the complexity involved, VLSI design is usually attempted in
a hicrarchical fashion and many of the modern CAD tools are based on and fully
exploit such hicrarchical schemes. Hierarchical decomposition reduces the com-

plexity by breaking the overall circuit into a number of smaller subcircuits such

that automatic design is tationally feasible. Top-down circuit partitioning

and bottom-up circuit layout is the traditional approach. The top-down decom-

position stops when a subcircuit can be effectively laid out by the designers using
interactive graphics editors or until the layout can be automatically generated by
programs (so-called module generators or ccll compilers). The bottom-up layout

process then takes the se of layouts for these bottom subeircuits and places and

inte

uiects them hierarchically, until the complete cireuit is laid out.

A large, often dominant part of the cost and time required to design a
complex chip is consumed in the physical design phase and in particular in the
lagoul step which is the task of placing a set of modules (placement) on a chip
and realising a set of interconnections between these modules (routing). Clearly,
placement and routing are closely related Lo each other and a poor placement could
make the subsequent routing difficult or impossible. The ideal way of solving the
layout problem as a whole is to develop an algorithm that simultancously and
globally considers the position of the modules and all the interactions between
the required interconncctions. However, because of the tremendous complexity

involved, the layout problem is usually solved using the two sequential steps of

placement and ronting. For the purposes of this thesis, the interest and the focus

is solely on the routing step.



1.2 A quick introduction to VLSI routing

Automated routing had its origins in the design of Printed Circuit Boards (PCBs)
which in the 70’ had typically hundreds of nets and limited rules for intercon-
nection. As electronic design methods improved, the early automated routing al-

gorithms were adapted and new algorithms were developed to handle

multilayer PCB, LSI and VLSI routing. Furthermore, the routing technisuecs were
influenced by the choice of technology (for example, the number of layers available
for routing) as well as by the particular design style — full custom or semi-custom
using gate-array, standard cell or general cell methodologies. The cell based design
approach is popular and the entire chip can be considered as a tree made up of

blocks of decreasing complesity from the root to the leaf nodes.

Routing or interconnection is one of the important steps in the physical
design of VLSI circuits. One can visualise an Integrated Circuit (IC) chip as made
up of a number of building blocks which may be macro cells, standard cells, gate
arrays, functional blocks, etc., depending upon the design style. These building
blocks communicate with each other via pins located on their boundaries. Thus,
the routing problem for an IC chip is mainly concerned with making the intercon-
nection between the modules. Apart from the modules and the signal nets which
interconnect these modules, a chip will have power and ground wiring which runs
in a bus structure and feeds each of the blocks. Further, there is a padframe which
surrounds the modules and provides pads for connections to the external pins on
the chip. In general, most of the chip area not occupied by the modules is available
for interconnecting the modules and is in general, referred to as the routing area

or routing domain.

In an integrated circuit chip, there may be many such blocks and each

block may have many pins on its boundaries. Thus there are many pins scattered



tface of the chip which belong to distinct scts, where cach set of pins

on the s
represents a nel. The purpose of routing then is to connect electrically the pins
which malke up cach net such that all nets are electrically isolated from each other.
Each net will be made up of a number of wiring segments which will run on one
of the layers available for routing, subject to some restrictions as dictated by the
routing modcls. When the adjacent segments of a net are routed in different layers,
wvias are used at the points where the layer changeover occurs so that the entire net

is clectrically connected.

Because routing is a complex process in itsell, it is usually attempted
as a 2-step process, namely global rouling and detailed rouling. Global routing is
a preliminary planning stage for the subsequent detailed routing. In the global
routing phase, the overall complex shaped routing arca (the wiring bay) is broken
up into many smaller arcas of simple and regular shape (say rectangles) and nets
which will use these arcas for routing are identified. In general. there may be
more than one way o split the total routing problem into a st of disjoint detailed

routing problems. Thus, at the end of global routing (also called loose routing) we

each of which is characterised by a set of pins, an interconnection

have

pattern and an arca for routing them using a chosen routing model. Note that the

vouting paths of the nets inside the routing arcas is not determined yet. In the

subsequent phase of detailed routing, the actual wiring of cach of these small arcas

is realised such that all the building blocks on the chip get interconnected.

Based on the shape of the routing region and the location and nature of
the terminals, the detailed routing problem has been studied using some popular
wiodels. 17 the routing atea is a rectangle (no obstacles inside) with pins located on
o parallel sides it is called the channel routing problem. The term channel usually

refers to a rectangular straight channel, although ‘I, X or L skaped channels are

also possible. 1T terminals are allowed on all four sides of the rectangular routing

region, then it is called the switchbox routing problem. Another model for detailed

4



routing which is popular in PCB design is the Single Row Routing Problem (SRRP)
where all the pins to be connected line up along a single row and the routing area
is on both sides of the line of nodes.

1.3 An outline of this thesis work

This thesis addresses the problem of detailed routing of VLSI chips. Channcl
routing is the most commonly used method for the detailed routing phase in many
of the automated VLSI design systems and various channel routing algorithms
exist for this purpose. Recently, a novel approach to detailed VLSI routing was
proposed by Wong and Kwok [Wong88] which is applicable for routing channels,
switchboxes or any polygon shaped routing region. This method, called the Single
Row Trensformation (SRT) approach, requires 3 steps. The first step, called the
Forward Transformation (FT), converts the input detailed routing problem (say
a channel) into an equivalent single row routing problem. In the second step,
the Single Row Routing solver, the SRRP is solved and an SRR wiring layout is
obtained. In the last step, called the Backward Transformation (BT), the SRR
layout in folded back into a channel layout to obtain a realisation for the original
channel problem. The main reason for using the 3-step approach instead of the
straightforward single step approach, as explained in [Wong88], is to exploit the
efficient routing algorithms available for SRRP. Wong et al. [Wong88] claim that
the quality of the solution is comparable to that produced by the direct approach.

When this apparently simple approach was looked at more closely by

working out different examples, it was realised that this approach has many hidden
bl the most i being the problems posed by in the SRR
layout while carrying out the BT step. The reason for these problems is the fact

that this approach attempts to make a bridge between the channel routing problem



and the Single Row Routing problem which so far has been studied as different

problems with different underlying routing models. To the best of the author’s
knowledge, [Wong88] is the only work reported on SRT based routers so far, Thus,
the goal of this thesis is to make a detailed study and analysis of the SRT approach
as it applics to channel routing, and to use the results of the analysis to design a

channel router based on the SRT approach.

e thesis is organised to first present. the background material on chan-
nel routing and single row routing, and then to discuss the SRT approach, its
problems and some solutions. Chapter 2 gives a brief review of the detailed ront-
ing techmiques, especially channel routing, highlighting varous routing models and
algorithms for solving the channel routing probleni. In Chapter 3 the single row
routing problem is introduced and a taxonomy of the various algorithms that have
been reported so far is presented. The inadequacy of the existing algorithms for
the application in SRT based routers is also brought out. With this background,
Chapter 4 introduces the SRT approach to VLS routing. The FT and BT steps are

discussed in more detail by considering different possible 'I-BT pairs. Then, the

hiclden problems (especially the problems posed by crossovers in the SRR solution)

"

1

i the apparently simple SRT approach are hi Crossover geme
using the steps of crossover reduction and crossover handling is proposed. The con-
copt of pseudo sirelches in SRR nets is introduced and its applications indicated.

Finally, a taxonomy of SRR Problems in the light of its application in SRT' based

routers is proposed. Chapter 5 considers the bipartite cases of

SRR, namcly, the
Permutation Bipartite SRR and the Mixed Bipartite SRR. A new O(n) algorithm,

called the bou procedure [Vengdo], for crossover free routing of a Pernutation Bip

tite SRR problem and hence the via free routing of the corresponding Permutation

Channel, is proposed. For routing a Mixed Bipattite SRR problem, a modified and

enhanced ve

on of Tarng’s algorithm [Tarn84], called TARNG-MOD is proposed.

‘The approach uses 2-colouring of the Interval Overlap Graph of the SRR. Chapter



6 considers the non-bipartite cases of the SRR problem, namely, the Permutation
Non-Bipartite SRR and the Mixed Non-Bipartite SRR problems. First a detailed
analysis of the Topological via minimisation of channels is presented and a new
heuristic approach to the minimum node deletion bipartite subgraph problem, is
proposed. Then various algorithms are presented and compared to ronte the Per-

mutation Non-Bipartite SRR problem with and without straight nets. In the ca

of the Permutation Non-Bipattite SRR the box procedure normally produces a min-
imum crossover solution. For routing the Mixed Non-Bipartite problem, a divide
and conquer approach using the concept of groups [DuLi8T] is proposed, where the

Mixed Non-Bipartite SRR problem is broken into Permutation Non-Bipartite SRIR

problems and routed. Chapter 7 discusses the 13ac d Transformation step, Here

different crossover handling techniques are discussed. A general crossover handling,

technique, called grid open, is described which is based on a psendo elongated chan-

el and local river routing. This technique is gnaranteed to produce a final chansel

for any type and number of crossovers. Channel width reduction techniques

nd

also discussed. Chapter 8 uses the analy ed out in the previous chapto

presents the framework for the software design of a channel router based on the
SRT approach. Implementation details and experimental results are also presented.

s directions for future work,

Chapter 9 provides the conclusions and sugge



Chapter 2

An Overview of Detailed Routing

This chapler gives a broad overview of detailed VLSI routing with emphasis on
channel routing. To start, the scope of detailed routing in the VLSI layout. pro-

coss is presented and historical detailed ronting technigues are mentioned. Then

terminology related to channel routing is presented and different channel routing

models are discussed. Next an overview of different algorithms for channel routing

discussed.

is presented. Finally, the problem of via minimisation in channels

The problem of VLSI circuit layout. is usually partitioned into two sub-
problems, namely. placing a set of modules and routing a set of interconnections

between the modules. Placement algorithms try to place the modules in a manner

that. will minimise the circuit area and facilitate the routing phase. After place:

ment., the routing phase consists of two parts. namely, global rouling and detailed

wuting. detailed routing step takes the input from the global routing step and

out the actual routing of nets within cach channel thereby resulting in the

wsical layout.



2.1 Detailed routing techniques

The problem of routing or interconnection Lakes typically 30% of the total dusign

time and 50% of the chip arca and thus needs special a

ention in the CAD of VLS
circuits. T'he general VLSI routing problem as well as many of its subproblems and
restricted versions are NP-complete [Szym8, Sari87] problems.! Vasious routing
models have evolved to formulate the constraints posed by the manufacturing tech-

nology and to ease the design of CAD tools. Thus, different ronting algorithms use

different under

ng routing models. The first approaches to routing started with

the maze and line search routers, but in the past d le

de channel routing h

established i

self as the standard method for detailed routing of VLSI chips.

2.1.1 Early routers

The carliest ronters are the so called area route rs. and Lee’

s algorithin [Lectl] was

the carliest and most general method for routing. It finds the shortest path be-

taween two pins by using a wave propagation and labelling scheme, if a path e

The main drawback is the e ements. The modi-

ive time and storage roqui

fied versions [AkerG7, Rubi7d] use different speedup techniques (better labelling

schemes, directed wavefront propagation clc.). Next came the line search routers

[Hight9] which are similar to Lee routers but do not consider the entire matris of

grid points on the routing grid but use horizontal and vertical line sweep techniques
instead, thereby reducing time and storage requirements. However, both area and
line routers route one net at a time and do not consider the netlist as a whole, Be-

cause of this lack of information concerning the interaction between different nets,

INP-completeness means that as the size of the problem (a good mes for the routing
problem would be the number of nets) increases, the tine required to solve the problem inereases
exponentialfy. No polynomial tinie algorithm for any member of the NP-complete Tunily has
been reported yet. I a polynomial time algorithm exists 10 solve one member of the family, then
¢ is a polyiomial time algorithn to solv 5 of the anily.




sometimes an already routed net blocks the path of a subsequent net. Morcover,
different, ordcring of nets as well the ordering of pins within the net may lead to
different solutions and these routers may fail even in very simple situations. These

drawbacks led to the development of channel routers.

2.1.2 A brief overview of Channel routing

annel routing is the workhorse of miany of the present day CAD systems that sup-
port automated layout. The channel routing problem was formuli.ted by Hashimoto
and Stevens [Ilash71] in 1971, who also gave the Left Edge Algorithm. Thercafter,

2, Burs83,

different channel algorithms have been reported [Deut76. Rives2, Yo
JoobS6]. Channel routers are parallel routers; they consider the input netlist as a

whole and thus the ordering of nets in the input is not relevant. Further. channel

routers are smarter in the sense that they capture the interaction between the dif-

ferent nets using the vertical constraint graph (VCG). before proceeding with the

detailed routing. Cycles in the VCG pose problems. however. which in some cases
could be managed using doglegging. Generally, 100% routing is not guaranteed.
Greedy channel routers making use of heuristic rules search for local optimality,
consequently creating situations where decisions made carlier cause the channel to

be unroutable or increase the width of the channel more than ne A recent

ar

trend is Lo use knowledge based expert systems [Joobg6] for VLS| routing.

A channel normally refers 1o a rectangular shaped routing area with
straight edges and terminals located on two of its sides and 1o obstacles inside the
routing domain. While other complex shapes are possible, the rectangular straight
channel is the fundamental shape. The word channel from now onwards will mean
a rectangular straight channel, an example of which is shown in Figure 2.1, The

switchhos is another important routing problem where pins are allowed on all four

sides of the rectangle. The objective of the channel router is to interconnect the

10



pins of the nets using the area inside the rectangle. The entire routing region
is assumed to be gridded, with terminals located at grid points, and the wiring
segments can be either horizontal or vertical. The terminals are generally assumed
to be fixed, although in some models they are assumed to be movable (slidable).
Apart from achieving 100% connection, there are a few factors which determine
the quality of routing. The most commonly used factors are minimisation of the
total number of horizontal tracks used (because this translates directly into chip
area), minimisation of the total wire length and minimisation of the number of
vias used. Via minimisation is important because vias may decrease the yield, and

their relatively high resistance may degrade the speed of operation of the circuit.

H?rizintal
Té 8
1 2 3 1 4
Topnels | 3 5 5 4 ’
\ 'f " 9 5
d :
Width 10 4
6 * 6
N 8 7
Bottom *—s
nets—> 5 3 4 1 2 layer 1 TR
.. layer2

A rectangular straight A switchbox problem
hannel

via

Figure 2.1: Example of a channel and a switchbox problem

Many of the routing algorithms capture the information about the nets

and their interaction using a suitable graph representation and process these graphs

to arrive at the final routing. Two of the most ly used graph rep!

for channels are the so called Horizontal constraint graph (HCG) and the Vertical
constraint graph (VCG). Figure 2.2 depicts these graphs for a channel. The HCG is
basically an interval graph (the intervals being the horizontal stretches of the nets),

where nodes of the graph represent the nets and the edges of the HCG represent the

11



in jon of the intervals. That is, if there is an edge in the TICG between nodes

sec

«aand b, it means that the horizontal stretches of the neis N, and N intersect.

Another important property of a channel is the local density. The local
density at any column of a channel is equal 1o the number of nets which cut
a vertical line drawn at that column. The overall density of a channel is the
maximum of its local densities. The density is the lower bound on the number
of lorizontal tracks needed (also called channel width) in any realisation of the
channel. The span of a net refers to the horizontal stretch of a net in the channel.
For a straight net. which connects nodes in the same column the span is zero. A left
net conneets a pin on the top side to a pin to its left on the bottom side. A right

side of the channel.

nelis defined similarly. Al pins of a focal nef lie on the same
A permutation net has only 2 pins which ate on the opposite sides of the channcl.
“Thus, a permutation channel can have only straight. left and right nets, whereas a

mixed channel has one or more local nets in addition to the permutation nets.

4 1 3 0 05 6 03 00

onstraint i ;
T 5 T 0 7 6 gaph (HCG)  Vertical constraint
channel problem graph (VCG)

Figure 2.2: llorizontal and vertical constraint graphs of a channel

The VCG captures the ordeting information between the nets. The nodes

al the VCG represent the nes

and the edges represent the precedence constraints.

“Thus any eyele in the VCG means there is an unresolvable conflict in the ordering

and all the constraints cannot. be satisfied without breaking the loop. An important

12



feature of the VCG is the length of the longest, path, which poses a limit on the
minimum number of horizontal tracks needed. In fact, for simple ronting models

the channel width > max{channel density, length of longest path of the VCG}.

2.1.3 Channel routing models

Routing models can be classificd based on the number of layers available for routing
the wire segments and the restriction on their course of run. The most common are
2layer schemes, while three or more layer schemes are becoming important, with
the advances in VLS technology . The classification here assumes a 2-layer model,
where 2 layers, called metal 1 and metal 2, ate available for routing. Another point

tonote is that in some technologics the pins are accessible from all the routing layers

whereas in others the pins are accessible from only one routing layer, requiring that
the first and the last routing segments for cach net lie i the sanwe layer. The rest

of the segments could run in other layers using vias wherever needed.

The IV model is a reserved layer model in which all the segments in one
layer must run in the horizontal dircction while all the segments in the other layer

must run in the vertical direction. The HV-model simplifies the routing job and

guarantees a solution if there are no loops in the VCG but introduces many vias.
The nest model is the 2-way model which allows both horizontal and vertical rans
nificantly. A further relaxation

in both layers. This reduces the number of vias

is the overlap model which allows parallel runs (run along the same horizontal or
verlical grid) of two or more nels in different layers. The advantage of overla

is that it could result in a decrease in channel width, (w > d/2), where d is the

channel density. The disadvantage is that long runs of overlap could result in
crosstalk due to capacitive coupling. Hambrusch ef al. [1amb85] deseribe in detail

the lower bounds for channel with overlap models for multilaye Another is

the knock kuee model, where two wiring segments (of different 1a re allowed



Routing models

No kuock knee knock knee knock knee No knock knee

Figure 2.3: Different routing models



to share a grid point. Algorithms and simplificd proofs for channel routing in

knock-knce mode have been reported [Mehl86]. In some models both overlap (grid

line sharing by two nets) and knock-knee (grid point sharing by two

) are
allowed. Rivest ef al. [RiveS1] present provably good algorithms for this model.
Figure 2.3 depicts realisations of a channel problem using these different models.
The solutions differ in termns of the channel width, number of vias and the total
wire length. One important thing to keep in mind when comparing the quality of
routing of the solutions produced by different routing algorithms is the fact that
the underlying routing model in each of these algorithms may be different and it is
not proper to compare dircctly the results of algorithms which use quite different

models, although such sweeping comparisons are made, for example in [Wong88].

2.1.4 An overview of existing Channel routing algorithms

From the carliest left edge algorithm of Hashimoto and Stevens [1lash71] varions

improved and cfficient algorithms [Deut76, Rives2, Yoshs2, |

83, Jooh6] have
been proposed for channel routing. Some of these algorithms have been extended

to complex shaped channcls, channels with movabk terminals, switchbox prob-

lems, multilayer routing, elc. The left edge channel router attempts to maximise
the placement of horizontal segments in cach track. The router uses a left edge
sorted order for the nets and hence its name. It uses the IV model and always
yields optimum channel width if there are no vertical constraints. Iowever, the
presence of vertical constraints often yields sub-optimal results. Loops in the VCG
result in non-routability of the channel and this necessitates splitting of nets called

doglegging.

In the restrictive channel routing problem. the entire horizontal segment
of a net has (o lic at the same level. The idea of the dogleg router was proposed by

Deutsch [Deut 76} which removes the heavy constraint placed by restrictive ronting.
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Here a net is split between different tracks, i.e., the net occupies more than one
horizontal track and the vertical picces of wire connecting the different horizontal
segments arc referred to as doglegs. Doglegs can be internal or external. An
external dogleg lies in a column outside the span of the net and is needed if a net
has delours. Introduction of doglegs usually results in a decrease in channel width,
especially when there is long path in the VCG of the channel. Further, doglegs
resolve the loops in the VCG and increase the routability of channels. However,
cach dogleg introduces two vias and this leads lo increased area, resistance and
reduced speed and reliability. Thus, it is desirable to limit the number of doglegs.
Deutsch proposed a very simple and efficient way to introduce doglegs only at the
columns where the net has a pin (except the left and right pin). Later, Deutsch

. i

by introducing a called range which

improved s
defines the minimum number of subnets that must be assigned on the current track.

As the range parameter increases, fewer doglegs are introduced.

In recent years heuristics have been utilised in channel and switchbox
routers. The greedy algorithm by Rivest [Rive82] was the first of these attempts
Lo use a few (less than 10) rules to implement a channel router. There are several
modified versions of the greedy algorithm. The greedy channel router scans the
channel in a left-to-right, column by column manner, completing the wiring within
a column before proceeding to the next. It may place a net on more than one track
and have a vertical line crossing more than one horizontal segment of the same net.

In cach colunmm, the router performs the following steps:
® Brings in the nets in the top and bottom of the channel, using the shortest
vertical line, Lo cither an empty row or a row that contains the net.

o Frees up as many tracks as possible by making vertical connecting jogs that

collapse et currently occupying more than one track.
o Reduces the distance between the tracks occupied by nets still occupying

16



more than onc track.

 Moves a net up if its nest pin is on the top of the chaunel or down if its nest

pin is on the bottom.

© Adds a new track if the channel is full and a pin conld not enter the channel.

The router usually completes the routing, even in the presence of cyclical vertical
constraints, often using no more than one extra track than the channel density
(minimum number of tracks). However, the greedy algorithm suffers from some
problems. Since it is greedy it searches for local optima, consequently ercating sit-
uations where decisions made carlier may make the channel unrontable or inerease

the width of the channel,

Two algorithms proposed by Yoshimura and Kuh [YoKu82]. attempt the

placement of the nets on tracks in a different way. The first algorithm attempts to

minimise the longest path in the VCG by combining those tracks that minimise the

path through the VCG. This merging operation modifics the V

¥ treating those
nets which do not constrain cach other as a single node. Each set of merged nodes
can be assigned on the same track. The second algorithm achieves longest path
minimisation through matching techniques on a bipartite graph. Both algorithms

report better results than the dogleg router.

ierarchical router [Burs83] is based ou a divide and conque r approach

and was the fiest router Lo automatically complete Deutseli’s diflicult channel ox-

ample in 19 tracks. The general approach in hicrarchical routing is o divide the
routing arca into subarcas cach of which is a 2 x 2 grid. All terminals are located
in the center of the basic cellj then either linear integer programming or dynamic

programming is used to decide an optimal interconnection patl between

minals of different cells. The linear cquations are reduced such that the integer

programming problems are fixed, independent of the number of nets to be wired.
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“Ihere are 12, 12 and 4 patierns for connecting signal nets with two terminals, three
terminals and four terminals respectively in 2 x 2 rectangular cells. The division
process proceeds until the single cell resolution is reached completing the routing.

Refinement is performed on the routing of all nets at every level of the hicrarchy.

A totally different approach was taken by Joobbani and Siewiorck [Joobs6]
in the development of a channel router called Weaver. Weaver combines algorith-
inic approaches like the vertical constraint graph with simple deductive and expert
knowledge. Since there are many metrics that need optimisation, Weaver provides

an expert on cach: constraint on, wire length. congestion, efe. These ex-

perts ol : the problem and make suggestions based on their own area of concern.

For example, the via expert suggests alternatives to the routing of a completed net,
and attempls to remove unnecessary vias by changing the layers of some wire seg-
ments. This expert, not only reduces the number of vias, but also frees up some
routing space on the reassigned segment’s original layer. A scheduler, whic is an
expert system as well, then decides on the best application of all the suggestions
received. In addition to its ten experts, weaver provides the user with the ability
to act as an additional resource. The user can override any system decision and
cither pre-route or delete wire segments. Weaver is able to route Burstein’s difficult
switchbox automatically using fewer vias and less wiring than a manually guided

solution obtained by the greedy router.

2.2 Via minimisation in channels

¢ are a number of reasons why the number of vias in a channel layout should

be kept to a mini Ini d circuit more vias usually lead

Lo a lower yield. TFurther, every via has an associated resistance which affects

the circuit performance. The size of a via is usually larger than the width of
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the wites and hence more vias mean more routing space. There is an inverse

correlation between the number of vias used by a router and the

ompletion rate of

the router. With these drawbacks in mind,

ion algorithms have been
studicd extensively under the models of Constrained Via Minimisation (CVM) and

Unconslrained Via Minimisation (UVM).

In constrained via minimisation, an initial layout. is assumed to be avail-

able and the goal is to reduce the number of vias in the input layout by rea

igning
some nets and net segments to the opposite layer. Thus, CVM does not alter the
layout of the input solution but attempts a sclective

ple of CVM in a

layer reassignment. An exan-

2layer channel is shown in Figure 2.La. Hashimoto and Stevens
[HashT1] first formulated the CVM problem for the Printed Cirenit Board design.
Subscquently many algorithms have been proposed [Kajigy, Ciess1] for CVM in
a 2dayer environment. The two layer CVM problem is not NP-complete and can
be solved in polynomial time. Chang and Du [ChDus8] formulated the three layer
CVM problem and showed that it is an NP-complete problem and presented an

heuristic algorithm as well.

"The result obtained by the CVM approach is minimal only with respect

to the given input layout and may not be the optimum solution for the problem.

For example, an initial layout with 10 vias shown in Figure 2.4 translates into a
5-via solution after via minimisation whereas, an initial layout with 12 vias shown

in Figure 2.4.b translates into a 3-via solution. Thus

to consider the problem
as a whole instead of acting on a discrete realisation the goal of topological via

minimisation was proposed.

The Topological Via Minimisation, also called Unconstrained Via Min-

imisation, considers routing and via minimisation a

an integrated step and was
proposed by Hsu [Ilsu83]. Iere the routing of a channel is split into two steps,

namely, topological routing and geomelric mapping. The topological ronting s
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attempts to find a minimum via solution for the channel. taking into account only
the topological constraints and not the geometrical constraints (imposed by the
Lechnology), which are taken care of by the geometrical mapping step. lsu cap-

tares the topological constraints between the nets in terms of the cirele graph €,

of the channel. Given a channel, its circle graph can be obtained as follows. First
obtain the cireular represcntation of the channel. by traversing the nodes of the

channel in a circular fashion. Using this representation. eve

2-pin net of the
rectangular channel would translate into a chord in the circular representation. 1f

two nels cross in the channel, then the corresponding chords will intersect. The

cirele graph is drawn such that its nodes represent the chords (nets) and the edges

capture the int

rsection of chords (crossing of channel nets), as illustrated in Figure

2.5, 1f the circle graph is bipartite then the channel can be routed without vias.

Otherwise, only its maximum bipartite subgraph can be routed without vias and

the remaining nets need vias. Absolute fon of vias may necessitate many

detours in the channel. Topological via minimisation of 2-layer, 2-pin nets has been
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shown to be NP-complete [I1su83, Sadw8d]. For the special case of permutation

channels, polynomial algorithms have been proposed [Sarr89, Rims9]. Topological

via minimisation will be discussed in more detail in Chapter 6.
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Chapter 3

An introduction to Single Row

Routing

In this chapter the Single Row Routing Problem (SRRP) is introduced. Althongh
many algorithms for the SRRI have been proposed. no work has been reported yet

on a comparative study and a comprehensive taxonomy of these different SRR algo-

rithms. The focus of this chapter is a taxonomy of SRR algorithms that have been
reported to date, togother with a briel description of these algorithms. Further,

the inadequacy of the exi

ing SRR algorithims to achieve the minimum crossover

rouling demanded by the SRT environment is indicated and this calls for the design

ol new or modilication of existing SRR algorithins. Particular attention is paid to

and a detailed analysis is presented for Tarng’s algorithm [Tarng4).
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3.1 An Introduction to the Single Row Routing
Problem (SRRP)

The Single Row Routing Problem (SRRP) is a very much restricted subset of the
general routing problem. It contains a set V = {1, 2,3 -+ n } of evenly spaced
nodes which lie along a single row. The set L = { Ny, Ny, -+~ N} is called the
netlist and each net N; (1 < i < m) in L contains a set of two or more of the n
nodes, which are to be connected together to make them electrically common. Each
node belongs to exactly one net; i.e., ;A N; = & if i # j. For example, an SRRP
with m = 4 and n = 8 (m = total number of nets and n = total number of nodes)
can have the netlist (or interconnections) Ny = (1,4), N2 = (2,7), N3 = (3,6) and
Ny =(5,8). A realisation of the netlist L is to be made on a single layer by using
non-overlapping wires that are composed of only vertical and horizontal segments.

One possible realisation of the netlist given above is shown in Figure 3.1.

The row on which the nodes lie is called the node azis and the area above
the node axis is called the upper street and the area below the node axis is called
the lower street. The maximum number of horizontal tracks allowed in the upper
(lower) street is called the upper (lower) street capacity while the actual number
of tracks used in the upper (lower) street in any particular realisation is called
the upper (lower) sirect congestion. The symbols Cy, and Cj, stand for the upper
and the lower street congestion respectively. For example, the realisation shown in

Figure 3.1 has C,, = 1 and Cj, = 2.

In addition to using only non-overlapping rectilinear segments, a realisa-
tion usually must also not have any left-right zigzagging of the nets. This means
that a vertical cut made at any node can intersect at most one horizontal segment
from each net. [Ragh83] refers to the left-right zigzagging as backward moves or

back Only those realisations without back are d as legal in
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this discussion. Some examples of legal and illegal realisations are shown in Fig-

ure 3.2, Towever, up and down zigzagging of the nets is allowed, i.c., the nets can

change over from one street to another in the inter-node space. Such transitions are

called crossovers. Each net may have zero or more crossovers and zero or more nets

can crossover at the same int de space. The i number of ¢

in any of the inter-node space is called the crossover bound usually denoted a

Some realisations illustrating various types of crossovers

are shown in Figure i

Giiven a netlist I, containing m nets, there are m! possible realisations.

h realieation may have a different strect congestion and a different mumber of

Crossov

‘The SRRP has been studied mainly with the objeetive of minimising the

track:

s used. An optimum realisation is one which minimises the street congestion

in both streets. Thus optimality with respect to tracks nsed (street. congestion)

aims al minimising the value of Q where Q = max{Cu..C}. Another possible

optimality criterion could be the minimisation of the crossovers. Little work has

been reported in this direction yet and we will return to this aspect in Chapter 4

and Chapter 6.

(V.

My = (14)
Ny = (27)

Figure 3.1: Au example of an SRR problem

A given routing problem (c.g. a channel or a

witchibos problem) can
always be converted into an equivalent SRR For example. a channel could be
casily converted (o an SRRP by unfolding the channel and placing the two longer
sides, side by side. In a similar way, a switchbox can be unfolded into a single row

of nodes. One of the advantages of the SRRI when compared to other routing
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Figure 3.2: Examples of some legal and illegal realisations of an SRRP.

problems is the Lopological fluidily possessed by the SRRP (Topological fuidity

is the ability to defer detailed routing until the overall routability is considered).

“The SRRP has also been studied under some additional constraints. Some of the

cted forms of the SRRP are :

SRRP with prescribed street capacity: Here there is a it (say two) on the

s. This SRRP does find

number of allowed tracks in upper and lower stre

applications in Printed Circuit Board routing. but it is not practical for VLSI

routing problems.

SRRP without crossovers: Here the aini is to produce a crossover frce re-
alisation for the SRR problem, even though it may not have optimal track

congestion. A crossover free solution is not possible for all problems.

SRRP with crossover hound K: This limits the maximum number of wires
that can change over from onc streel to another in any of the inter-node
spaces. The number of crossovers on each net is unrestricted as long as none

of the inter-node spaces has more than K crossovers,
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Figure 3.3: Examples of crossovers of different types.

3.1.1 Origins and developments of the SRRP

The SRRP was one of the carliest routing problems and it was introduced by So
[So74], as a subproblem that arises " solving a gencral multilayer routing problem

by a systematic decomposition into a number of independent single row single layer

problems. This approach involves five steps, namely via assignment. lincar place-

ment of via columns, layering (also called via minimisation), single row routing

and finally via climination. Subsequently, algorithms with i iy and sufficient

conditions to minimise the number of tracks were proposed by Ting ef al, [FingT6].

Kuh el al, [Kuh79) proposed the Interval Graph (1G) representation of the SRRP.
They also developed necessary and sufficient conditions for an optimum reafisation,
although they did not. present an algorithm for SRRP based on these conditions.
Raghavan e al. [Ragh82) proposed an algorithm based on nel order cnumeration

technique which however, was not practical for large strect capacitics. Raghavan

el al. [Ragh83] considered SRRP with backmoves. analysed SRRP with prescribed

o
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street capacity and also discussed an algorithm to gencrate a crossover free so-
lution, if one exists. Tarng el al. [Tarn8d] utilised the conditions for uptimum
routing developed by [Kuh79] and proposed au cfficient algorithm based on a sim-
ple heuristic, which produces an optimal solution fur many problems. Raghavan
et al. [Ragh84] reported detailed results on the computational complexity of the
SRRP. Han & Sahni [Han84), modified the basic enumeration technique given in
[Ragh82] for special cases of street capacity and later extended their work to deal
with arbitrary street capacity [Han85]. None of the algorithms cited above paid any
detailed attention to crossover minimisation. However, Du ef al. [Du87] modified
the net order enumeration technique of [Ragh82], taking into account. the crossover
bound as wel. Du and Liu [DuLi87) extended the basic heuristic algorithm of

Tamng el al. [Tarn84] by taking into account the grouping «ffeel. Bhattacha

va ol
al.[Bliat88] present a graph thcoretic approach to solving the SRR Problem. Quite
recently, Sherwani et al. [Sher9] have modified the algorithm in [DuLis] taking

into account the clique intersection.

Before describing Uhe existing algorithms for solving the SRRP some
more terminology is required. The interval graph representation [Kuh79) (also

referred to as interval representation) of an SRRP is

set of m horizontal inter

representing the m nets together with an order, where m! such orders are possible.,
Figure 3.4.a illustrates one of the m! possible Interval representations for  given

SRRP. The interval representation is a conceptual realisation for which there ex

a corresponding unique physical realisation which can be obtained by a simple

procedure. First a reference line is drawn which conneets the nodes in succ

from left to right. If the reference line is

aightened out. then the m ho
interval lines are mapped Lopologically into vertical and horizontal paths. Nets and

portions of nets which lie above (below) the reference line are mapped into paths in

theupper (lower) street. Figure 3.4.1 depicts the physical realisation corresponding

to Figure 3.1.a. Using the interval representation of an SRRP, it is casy to identify
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Figure 3.4: An interval representation and physical realisation of an SRRP.

the in the ling realisation. A crossover results whenever the

reference line cuts a net in the interval representation. Also il there are a maximum

of 1 nets, then the maxinum crossover bound Ky, is obviously (m — 2) [DusT].

Another important concept often used in an SRRP is the cul number.
I2ach node and net has a cut number associated with it, which can be found from
the interval representation. Consider any interval representation of an SRRP and
draw an imaginary vertical line, perpendicular to the node axis, at every node.
Then the number of nets, excluding the net to which the node belongs, which

are cut by the vertical line at node i, is called the cut mumber ¢4, for the node

Ci and Cy are the: cut numbers for the node i in the upper and lower streets

respectively. Cleatly, e total cut number for the node i given by Ci + Ca
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is an invariant property for a given SRR problem. C%, and (' obviously depend

on the order of nets in the IG rep i With these definiti the upper

(lower) street congestion Clus (Ci) can be found as Ci(Cia) = max { Ciu(Ci))

where1 <

<n. The overall congestion @ is max {Cyy, Ciy}.

The cut number of a net N, denoted as g;, is the maximum of the cut
numbers of all the nodes which belong to the net N. Let the netlist L be partitioned
into two sublists Ly and Ly such that Ly 0 Ly = @ and Ly U Ly = L. Then the
internal cut number ig; [Tarn8d] of the net Nj in L with respect to Ly is defined
as the cut number of Nj in L. Thus, the internal cut number of a net is similar
to the total cut number of the net, except that only a subset of the entire netlist
is considered. The residual cut number rg; of the net N, in L with respeet to £,

is defined as the cut number of Nj in LU {N,}.
J £

3.2 A taxonomy of algorithms for the SRRP

Because of the crucial role played by the SRR problem, attempts have been made
to develop optimum! algorithms Lo solve the SRRP. Although the SRRI> is a simple
and well defined subproblem of the general routing problem. it is alo NP-complete
[Raghsi]. This has led to the searchy for efficient heuristic algorithis to solve the
SRRP. What differentiates one interval representation from another is the ordering

of nets. Thus, any algorithin tosolve the SRRP should ontput an optimal ordering

of nets which can then be translated into an optimally congested real

‘The algorithins that have been reported so far for solviug the SRRP can
be grouped under two main families. The first family consists of the heuristic

algorithm proposed by Tarng el al. [Tam84]. and its modificad versions deseribed

TUnless otherwise mentioned optimality means mininuin track congestion in hoth streets.



by Du el al. [DuLi87] and Sherwani ct al. [Sher89]. The sccond family is based
on the net order enumeration algorithm proposed by Raghavan ef al. [Ragh82]
and its modificd versions reported by Han and Sahni [llan34, Han85] and Du et al.

[Dug7).

3.2.1 Heuristic algorithms for the SRRP
Tarng’s algorithm [Tarn8d]

Since the SRRP is NP-complete [Raghsa], it is justifiable to look for cfficient algo-
rithms based on simple heuristics to solve the SRRP. Tarng et al. [Tarn8d] proposed
ane such algorithm which is easy to code and ofteu leads to optimal solutions. Ba-
sically, the algorithm assigns nets with large cut numbers closc to the axis and the
nets with small cul numbers further away from the asis. Thus. as oue proceeds
away Trom the node axis, in cither direction, the nets will have non-increasing cut
nambers. In order to achieve such an assignment, the nets are first. grouped into

tes. Nets within each zone are then ordered to get an overall ordering of nets

which is then used to place the nets on tracks, Tarng's algorithm is now discussed

in more detail.

ven an instance of an SRRP described by a uetlist L. the node cut
numbers and the net cut numbers are first determined; then the nets are partitioned
inlo zones based on their internal cut numbers. Let gy, be the maximum net cut

numl; Then all nets with ¢ = guaz are assigned to zone Zo, all nets with

1= G — | arc assigned Lo zone Z; and so on until all the nets are exhausted.

This step is referred to as zone allotling. Such zone allotment helps us to treat nets
of the same cut. nimber as a unit, For example, the SRRP illustrated in Figure

5.9}, 7y = {2.3,8} and

has g = 3 and so there are 3 zones, Zy = {1.4.5.

{7}, where the numbers within braces identify nets. In order to achieve the
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goal of keeping the nets with large cut numbers close to the axis, it is clear that

nets of Zo should be closer to Lhe node axis than nets of Z; and so on.

The next step, called net ordering, is to find the ordering of nets within
cach zone. Tirst the intcrnal and residual cut number of cach net in a zone 7,
with respect to Ly = {ZgU Z; -+ - U Z;} is found. Nets in a zone are then ordered
in decreasing order of internal cut number. If two nets have the same internal

cut number then they are ordered based on a decreasing residual cut mumber, It

may happen that some nets have both the internal and r

sidual cut munber the

same and in that case the relative ordering of such nets is arbitrary. For example,
the order of nets shown in Pigure 3.5, at this step would be 7 = {5.(1,4,6,9)}.
» = {(2,3),8) and Zy = {7}, where the nets within ( ) can have an arbitrary

order. Let the order be {5,1,4,6,9}, {3,2,8} and {7}.

"Phe last step is track-assignment in which the ordered nets from the zone

Zoy Zy -+ are taken and assigned Lo tracks Lo get a concoptual realisation. irst

nets from Zy are taken and put in fictitious track 7y or any other track ieh

that [|j], the absolute value of j, is minimised. Ty is tried first. then 74y or 7oy

is used and so on. Of course, only non-overlapping nets can be assigned to the

same track. After finishing the assignment of all nets from Zy. a similar procedure
is followed for the nets of other zones but with the restriction that the nets of a
new zone must occupy only those tracks which are not inner to the tracks used

so far. This means that the nets of the new zone can share the outermost. tr

alicady used, bul may not use any interior tracks. For example. the Zy nets in the
example of Figure 3.5 are allotted to tracks Ty, Ty and T4y, Net Ny can ocenpy
the track 7_;. The above process results in a set of tracks with net assigned to i,
and this conceptual realisation can be converted to a unique layout (realisation),

by drawing the reference line and by topological mapping,



rom the description of Tarng’s algorithm some properties can be de-

duced; their implications will b discussed in Chapler 5.
o Property 1+ Wheneser there is a choice between using track Ty; or T for
anet, the choice is irrelevant. The goal of Tarng’s algorithm is to minimise
the distance of the new fictitious track from track Ty and it is immaterial

whether the new track is in the upwards or downwards direction.

Property 2 : Within each zone, if some nets have the same internal as well as

tesidual cut numbers, then the order of assigning them to tracks is arbitrary.

Du’s algorithm [DuLis?]

Du’s algorithm is basically an improved version of Tarng’s algorithm. Tarng’s
algorithm being a heuristic algorithm it is not expected to produce an optimal
solution for all cases. Du el al. analysed the cases for which Tarng's algorithm fails
to produce an optimal solution and introduced the concept of groups. The netlist
is divided into subscts, such that nets in cach subsct satisfy the grouping property.
Maximal set of nets which cut across one or more common node form a group, i.e,
there is at. least one vertical line which cuts all the nets of a group. The concept
of grouping is illustrated in Figure 3.6. Here the total netlist L = {Ny -+ N5} can

 Now Vg Nr 3,

be partitioned into two groups, g = {Ny, Ny Ny, Ny} and g = {Ny

with et iV being common Lo both groups.

Du el al. have proved that Tarng's heuristic principle always produces
an optimally congested solution as long as the input nets form a single group. In
the case of mulli-group nets an optimal solution camot be guaranteed. Du ef al.
proposed that a multi-group SRR problem be broken in to a number of single group
SRR problems. That is, groups should be identified and then cach group routed

independently using Tarng’s approach, resulting in an ordering of the nets within
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Figure 3.5: Routing a SRR problem with Tarng’s algorithm.
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Group 1 : Ny, Ny, N3, Ny Group 2 : N3, N, N, Ny

Figure 3.6: Concept of groups

each group. Then the groups should be merged 5o as to arrive at an overall net
order while preserving the relative order of nets within each group. Such an overall
ordering is not always po:sible, especially when there are many nets which belong
to more than one group; i.e., when there is a lot of interaction between the groups.
Du et al. have shown that if such an ordering were found, then it would be optimal.
Clearly, an optimal solution is produced for those cases in which no more than two
nets are common for adjacent groups. Consider the two group SRR problem shown
in Figure 3.6. A possible realisation using Tarng’s algorithm is shown in Figure 3.7
with a congestion of 3. On the other hand, if Du’s concept of grouping is applied,
and the solution of the individual groups are merged then the final SRR realisation

has an overall optimal congestion of two as shown in Figure 3.8.

A few remarks on property 1 and property 2 introduced above are in
order. Property 1 and property 2 of Tarng’s algorithm give some choice in the track

assign phase and result in different ordering of the nets. When the nets form a single

group such orderi translate into 1 d reali However, in

the case of multi-group nets, not all the orders which satisfy property 1 and property
2 lead to street optimality. For both single and multi-group SRR problems, different

orderings which satisfy property 1 and property 2 lead to different crossover counts.
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Thus, to get a solution with fewer crossovers, the choices made possible by property
1 and property 2 have to be restricted by additional constraints. This topic will be

addressed again in Chapter 5.

Bt N Ns
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Nodes 1 2 3 4 5 6 7 8 9 1011 12 13 14
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Na Ns
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Fignre 3.7 A 2group SRR problem routed with Tarng’s algorithm

Sherwani’s algorithm [Sher89]

Sherwani ct al. [Sher89] have reported yet another algorithm which is basically a

hybrid of Tarng’s algerithm and Du’s algorithm. Since Targ’s algorithm produces

an optimal solution for single group nets and for multi-group nets. if the intera

between adjacent groups is quite high, then the problen is similar 1o a sing|

casc and Tarng's algorithm is still likely to succeed. Du’s algorithm considers the

net orders in

ch group based on the local cut mumbers and it is inercasingly
difficult to find an overall order without affecting the relative order within cach
group, when the interaction between groups is quite high. Thus. Tarng’s algorithm

works well with single group nets and highly interacting multi-group nets while
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Figure .8: A 2-group SRR problem routed with Du's algorithm
Du's algorithin works well with loosely coupled nulti-group nets.

Sherwani el al. have exploited this observation and have described a

hybrid scheme.  First the groups are identified and if there is high interaction

between two adjacent groups, then it is neither usefu! nor nccessary to keep them
as two groups and hence they are merged into a pscudo group. For each such pseudo
group, Tarng’s algorithm is applicd to find a local order within the pseudo groups

and th

an overall order is attempted. Thus, Sherwani's approach performs like

Tarng’s

lgorithm when the interaction is high between all adjacent groups and
performs like Du's algorithm when all the adjacent groups are loosely coupled.

However, in realistic routing problems Sherwanis algorithm s likely to succeed

better than cither Targ’s or Du's algorithm. What is high or low iuteraction and

when the groups should be merged into pseudo groups is left, Lo the decision of the
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user to be determined empirically.

Sherwani et al. have also brought out some interesting graph theoretical
interpretations of groups and their interactions. Given an SRRP, construct an

Interval Graph which is an intersection graph of the

ervals representing the nets.
The nodes of the interval graph represent nets of the SRRP and there is an edge
from node i to node j of the graph if net N; and net N intersect in the interval
representation. There are two possible types of intersections, namely, orerlap and
containment. Two nets are said to have a containment Lype intersection if one net
is contained totally within the other, while on the other hand. if one net is not

contained in the other, but if they have a common horizontal streteh, then the two

nets are said to overlap, as illustrated in Figur

Since any two nets of an SRRP must be non-intersecting or overlapping

or ining, three types of i ion graphs are possible for an SRR Problen.
The intersection graph which captures only the containment relations between nets
is called containment graph G.. Similarly, the interscetion graph which captures
only the overlap relations between nets is called overlap graph Ci,. The intersee-
tion graph which captures both overlap and containment relations is called oremll
interval graph Gp. The maximal cliques of the overall interval graph €7y, can be
identified as the groups of Du and Liu [DuLi87). The number of common nets
between adjacent groups will correspond to the mumber of common nets between

the cliques and this is called clique intersection.

3.2.2 Enumeration algorithms for the SRRP

The first member of this family of algorithns was proposed by Raghavan of al.
[Ragh82]). This approach is basically different from the Tarug’s family of algorithis

in that Ragl el al. use an exl ive or semi-exhausti jon of all
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the possible orders in which nets can arrive at a node. This family of algorithms
finds such feasible orders by imposing restrictions on the street capacity, crossover

bound, ele.

Before proceeding further more terminology must be introduced. Any
node can be classified as a Begin (B) node or a Middle (M) node or an End (E)
node. A node is of type B if a nel starts from that node. That. is, the node is the

leftmost node of a net. Similarly, a node is of type £ if a net ends there, .c., that

node is the rightmost node of that net. Nodes of a net which are neither B nor I
arc called M nodes, representing those nodes which lie between B and [ and are

touch points for that net.

Raghavan’s net order enumeration algorithm [Raghs2]

Raghavan’s [Ragh82] algorithm progresses from lefl to vight and considers, in a

systemalic way, all the possible orders by which the nets can arrive at the nodes.
Basically, given the orders of nets arriving at node # and the restriction on the street

capacily, the feasible orderings that can arrive at node (i + 1) are generated. the

criterion for feasibility being non-overflow of the prescribed street capacity. Fach

of the feasible incoming orders at node (i4+1) can then be used to generate feasible
orders at node (i +2) and so on. If there arc no feasible incoming orders at any of
the nodes, the method fails and no realisatior of that netlist within the preseribed

street capacity is possible. On the other hand. if the last node is reached, then the

algorithm succceds and there are one or more possible realisations. h ol the

a feasible

back track paths from the last node to the first node gives a net order [

realisation. Each such realisation will satisfy the prescriled street capacity.

Let Ny, Ny, Ny-+- N, be one of the many feasible orders of nets
yVay Ny b 1y

ribed

at node i as shown in Figure 3.10.a. Assume, for simplicity, that the pr




apper and lower streot, capacities ate the same, say k. The goal is to find all the
feasible orders that can arrive at node (i + 1). Each such feasible order should not
make cither the upper or lower street overflow in the interval < i,i+1 >. Further,
the node (i + 1) could be a B or M or E type. Assuming a B type node, the valid
and Torhidden levels where the net whose B node is i + 1 can he placed are also

shown in Figure 3.10.b.

The main drawback of the exhaustive cnumeration technique deseribed
above is that its time complexity is {O(k! -n -k -logk)} and as k becomes larger

the method becomes impractical. Even for small values of &, orders which would

eventually lead Lo non-feasible orders are 1 and propagated up to the failure

node. This led to attempts to develop better techniques to reduce the number of

feasible orders by imposing stronger or additional constraints. Han cf al. [Ilansd,

1an$5] imposed stringent restrictions on street capacity and prescribed them to be

low values (say 2 or 3), to climinate a lot of orders as not feasible while Du ¢f al.

[DusT) use the crmssover bound (I) as an additional constraint. These approacl

austive search for the feasible orders and are thus better than the

make a semi-

ex

wstive approach of Raghavan ef al. [Ragh82).

Han & Sahni’s improved enumeration algorithms

Han cf al. [lan81] developed O(n) algorithms for the cases when kysky < 3 as
well as for the case when &y = 1 and k, is arbitrary. The case for ku, ki < 3 was

actually solved by developing algorithms for the subcases ky, by = 2, kyy ki = 3 and

= 8,/ = 2. These algorithms together with that for k = 1 and k, arbitrary,

cover all the possibilities for ky, k < 3. The case of & = 0 and k, arbitrary is

trivial and can be solved in linear time. The stringent limits on the street capacities

ally cut down the explosion of feasible orders resulting in a faster algorithm.

Further the algorithm considers only symmetrie permutations {c.g. order abed is
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symmetric to order deba, because the corresponding realisations are simply mirror
images of each other about the node axis}. Han ef al. [Han85] developed a fast

algorithm for the case of arbitrary k, and k. Ilere, the explosion of feasible orders is

which eliminate

1 by some more efficient permutation
orders (which would eventually become not feasible) at the carly stages of the

exceution of the algorithm.

Du’s algorithm with Crossover bound

Du el al. [Du8T] considered the SRR Problem with preseribed street capacities and
crossover bound, where the crossover bound is exploited as an additional constraint
Lo control the explosion of feasible orders. With a suiall crossover bound (say 2 or
3), many permutations are ruled at the early stages of the algorithm exceution and

need not be generated at all. Du el al. have also described a systematic procedure

to construct a netlist such that any of the realisations will need at least as much as

ap ibed crossover bound. In the absence of the crossover bound, the maximum

number of nets that can crossover is limited only by the street capacity. However,

stipulating a much lower value for the crossover bound A drastically reduces the

feasible order

3.2.3 Concluding remarks

It is worthwhile to make a comparison of the two families of algorithms that were

discussed, namely, enumeration algorithms and hes algorithms. The enumenr-

ation algorithms, whether exl ive or semi-exhaustive, suffer from time complex-

ity and are not practical for large problems. In general, enumeration algorithms do
not outperform heuristic algorithms and do not provide a better or faster solution

for some class

e of problems. They have limited applicability, but are quite useful
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in cases of low street capacities. It is quite evident that the heuristic family of

algorithms is a better choice in terms of their computational complexity. They

produce reasonable solutions, if not optimal, for many cases, and there is always
scope to find a simpler or better heuristic for the same problem as well as to evolve

a new heuristic for a related problem. For example, none of the reported heuristic

have crossover minimisation as the

criterion.

The problem of minimum crossover routing is important in the development of a

channel router based on the SRT h, so developing a heuris
for minimum crossover routing is an interesting option. which will be addressed in

Chapter 6.



Chapter 4

The Single Row Transformation

(SRT) Approach

In this chapter the Single Row Transformation (SRT) approach to VLSI routing
proposed by Wong et al. [Wong88] is introduced. The SRT approach requires
three steps: the Forward Transformation (FT), SRR solving, and the Backward
Transformation (BT). An analysis of the work reported in [Wong88] reveals that
although SRT is an apparently simple approach, it has hidden problems which

are letel ddressed in the rficial d in (Wong88]. In

particular, the crossovers in the SRR solution pose problems in the BT step, making
an algorithmic procedure for BT difficult. These problems are illustrated using

suitable examples and a two step h to crossover involving

crossover reduction and crossover handling is proposed. The difficulty in managing
crossovers leads to the conclusion that crossover minimisation is essential for the
SRT based channel router. The concept of pseudo streiches in SRR is proposed
and its applications are indicated. Since crossovers play a crucial role in SRT based
routing, a new taxonomy of SRR problems which is suitable to their application in

SRT environment is proposed and discussed.
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The SRT approach to VLSI routing attempts Lo solve a given routing
problem by solving an SRR problem. The Forward Transformation step converts
the given routing problem (say, a channel or switchhox) into an cquivalent SRR

problem, by

acranging the pins on the boundary of the input problem onto a single
row. The SRR solver then produces a realisation of this SRIE prablem. Finally
the Backward Transformation folds the SRR solution back into a channel solution.
The steps of FT and BT are collectively referred 1o as single rom hansformations
(SRT). Figure 4.1 illustrates SRT based routivg of a simple chamnel, 1t is to he

noted that the SRT approach is applicable not only to channel or switehbox routing

but also to any closed polygonal routing domain. The success of the SRT' approach

As

is determined by the efficiency of its three steps 1in [Wong8s). the

SRT approach to chianuel routing usually leads to solutions whose qua

comparable 1o those produced by other channel routers.

abed
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Figure .1:

Shannel routing by the SRT apps
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4.1 Different FT-BT pairs

The FT and the corresponding BT are, in a sense, the inverse of cach other. What-
ever way the terminal order of the channel is altered in the 1" step, it must be

ored in the BT s

p. Thus, the folding back operation in BT, which maps the

g

SRR layout and ensures terminal order restoration, becomes complex for those
FP's which do not preserve the adjacency of channel terminals. The folding back
operation is also complicated by the presence of crossovers in the SRR layout, as

explained in a subsequent scction. Thus, although different FT-BT pairs are pos-

sible, the practical choices are restricted by the complexity of the BT step. In fact,

the B'I" is the crux of the whole SRT approach and the I and the SRR solver
should facilitate the BT, Given a channel with n pins on cither side, a total of

2n! FI-BT pairs

are possible. In the following section. different 1“I-BT pairs are

fied and presented.

Edge preserving transformations

These transformations preserve the order of terminals in both the top and the

bottom sides of the channel during the FT operation. That is. the top and bottom
edges of the channel are treated as a single unit and placed in different ways on
a single row. Consider a channel abed, whose top edge is ab and hottom edge is
ed, as shown in Figure 4.2, Then there are eight possible transformations which

preserve the order in each edge of the channel while forming the SRR problem as

fisted in Fignre 4.2, Out of these cight transformations. only four are basic and the

other four are mirror versions. Let the basic set be abed. abde, deab and edab. Out
of these four, only abed and edab are obtained by a straightforward opening out

of the

annel by swinging one edge in line with the other. This leads to a trivial

terminal order restoration during the fold back process of the BT. Further, if the



SRR layout is crossover frec then the wires can be deformed casily into a channel
without vias, by assigning all the nets in the upper street to one layer and all the
nets in the lower street to the opposite layer. The channel solution is guaranteed
and can be obtained within a maximum of twice the SRR congestion. Such a bound
cannot be stated when there are crossovers. The crossovers in the SRR solution

would translate into vias in the channel solution. Apart from its simplicity and

practicality the abed FT results in a number of comparable properties between the

channel and the SRR problem. For example, the circle graph C, of the channel
is identical to the overlap graph G, of the SRR problem and the via minimisation
of channels is quite similar to the crossover minimisation of SRR problems. The

detailed operation involved in the abed type FT-BT pair is illustrated in Figure

13
I
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d
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Figure 4.2: Different FT-BT pairs for the SRT based routing
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Circular cut transformations

Auother approach is to imagine the 2n terminals of the channel to be located on
the circumference of a circle. Then the circle can be cut open at any one of the
2n points to form a single row of nodes, as illustrated in Figure 4.2 Again at
each cut the terminals can be visited in either a clockwise or a counterclockwise
fashion, leading to mirror versions of the SRR problem. Seane of the edge preserving
transformations (e.g., abed) can be visualised as a circular cut transformation as
well. All the 2n circular cut transformations have the same overlap graph, identical
to the circle graph of the channel, because two nets which cross in the channel would

overlap, no matter at what point the circle is cut open to form the SRR problem,

T'wo nets

which do not cross in the channel (i.c.. containing or non-interseeting

nets) could translate into containing nets or cling nets dey; g upon

the cut point, but a containment relation in chanuel

10t hecome an overlapping
relation in the SRR probleri. Thus, each cross in the cliannel is reflected as a

overlap in the SRR problem.

Shuffle transformations

Here the terminals in the top and bottom edges are mised when the SRR problem
is formed. A number of shuflle transformations (pernmtations) are possible, cach

tent. While folding back

destroying the channel terminal adiacency to a difforent

SRR layouts obtained by shuflle transformations two wites that do not cross in the
SRR layout. may cross, leading to difficulties which must be resolved by the BT,

Thu

1 general, such transformations call for additional work during the T step.

Based on these considerations it is clear that the abed is a good choice
in terms of its simplicity and practicality. Of course, different FT-BT pairs work

differently for a given chanuel problem, leading to different SRR problems. The
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SRR solver conld then produce solutions which vary in the number of crossovers
resulting in simpler or more difficult SRR lavouts. Again the apparent simplicity of
the SRR solution (i.c., fewer crossovers) is unrealistic because the task of terminal
order restoration would lead to conflicts when the SRR layout is folded back, mak-

ing the B success highly input problem dependent. It is not known yet, whether

a single - pair is optimal for a family of input problems. Thus, the question
of finding an optimal FT-BT pair which is likely to succeed on many cascs is an

open problom.

4.2 Some remarks on Wong’s paper

The paper due to Woug ef al. [Wong88] was the first paper! that discussed the SRT

based approach to VLS channel routing. Although Wong’s paper proposed this
novel idea, the treatment presented therein was very superficial. The discussions

were based on a few examples. Although some problems with BT were indicated,

no algorithmic | lure was l. Further, their observation that the SRT

approach leads Lo fewer vias compared to the other approaches is not correct. In

the examples shown in their paper, the fact that fewer vias resulted in the case

ol SRT based routing has nothing to do with the SRT routing itsell, but is duc

to their implicit assumption that all terminals arc accessible in both layers. This
is not assumed in the compared routers, namely, Weaver and Yoshimura & Kub’s
algorithms. If the terminals are accessible in only one layer then the SRT approach
would have also resulted in nearly the same number of vias as the other two meth-
ods. Another major drawback in their presentation is that the problems posed by

e isformation are

ssovers (in the SRR solution) with respect to the Backward T

completely unaddressed. In fact, the presence ol overs in the SRR solution

n fact, the only paper so far, to the best of the author’s knowledge.




is the main recason for the complexity of the Backward Transformation. In the
absence of the BT is a ightforward operation and a final channel

Th

solution is guarantecd, which is not the case in the presence of crossovers

s which has been

calls for work on the minimum crossover routing of SRR problen

discussed very little in previous literature. None of the existing algorithms is di-
rectly suitable as SRR solvers in the SRT based environment. becanse they were
designed for optimising the track count and not the number of crossovers. Con-
sequently, the suggestion by Wong el al. that Tarng's algorithm [Tarnsi] can be

used as the SRR solver is nol the best choice as it would not lead to minimum

crossovers needed for the SRT environment?. Thus, it is necessary to design new

algorithmns or modify existing algorithms for crossover minimisation. Even with

optimal algorithms still thete could be crossovers. because not all SRR problems

have a crossover frec solution. This calls for ways to handle these unavoidable

od by

crossovers to make a practical BT. Such handling procedures are complic

the number as well as the nature of the crossoy

ers. as will be explained in the et

section. Thus, although SR based roting has potential applications. its practi-

cality remained to be proven and more work was needed to explore the unsolved

issues. Thi

is the main motivation behind choosing SR basced VLS| ronting as

the topic for this thesis.

4.3 Problems posed by crossovers

Under the abed FT-BT, the cases which have no cr in the SRR solution

ovel

are casy Lo [old back and the terminal order restoration is trivial. This is because

ctly opposite

the SRR layout can be converted back to the chamnel in a way

to the way in which the channel was folded open to form the SRR problem. Al

2As explained in chapter 3, ‘Tarng’s algorithm does not necessarily produce a crossover free

solution even if one exis!




the upper strect nets of SRR layout can be translated into uets of layer 1 and
all the lower struet nets can be translated into nets of layer 2 of the channel as
shown in Figure 4.1, Such a simple folding back is not possible, however, in the
presence of crossovers, because of a basic difference between the channel model and
the SRR model. While crossovers are allowed in the internode space in the SRR
model, vias are to be located only at grid points in grid based channel routing.
However, in a direct mapping of SRR layout onto the chanuel, the crossovers of
SRR would translate into vias located at mid grid points and this calls for grid
alignment of vias. Therelore, the presence of crossovers results in an additional

and potentially complex process. Here the BT becomes complex hecanse the grid

alignment of vias may need re-routing of nets without vias. Instead of aligning the

vias, an allernative is Lo break the crossover in the SRR solution such that the
split scgments of the crossing net would contact through a grid aligned via after
the fold back. However, such an alignment may not be guaranteed for all problems
and types of crossovers. Some crossover alignment methods will be illustrated now

through some examples.

Figure 4.4 illustrates a channel problem along with a realisation with
one crossover for the SRR problem obtained by the abed 1. To grid align the
crossover the logical choice is to use the nearest grids. that is the columns at node
2or 3. lowever, this is not possible because other nets have already used this
grid. An alternative is to translate the crossover on Ny as a split of net Ny as
shown. This layout after fold back results in a layout with a grid aligned via as
shown. llowever, a carelul observation reveals that the via is not needed at all. In
ssover alignment process could have heen avoided altogether if one

this case the cr

had started with a crossover [rce realisation. It is to be noted that the alignment,

process also results in an additional track Ty, which is not there in the original

SRR layout. "Thus, it is clear that whenever a crossover free solution is possible, it

is desirable that the SRR. solver produce it. This is the focus of Chapters 5 and 6.
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A more complicated example is shown in Figure 4.5. The SRR problem
obtained by abed transformation of the channel has no crossover free solution be-
cause its overlap graph is not bipartite and needs at least onc crossover for any of

its realisations. Consider the SRR solution with one crossover realisation as shown

Figure 4.5, Two methiods of aligning the crossover of net. Ny is presented, both of
which break the net Ng, but in different ways. However, npon folding back, one of
them translates into a legal channel layout whereas the other has the problem of
et overlap leading to an illegal channel. OF coutse, such a net overlap could have
heen avoided by having a detour on net Ny, as shown. Thus, legal SRR layouts
can translate into illegal channel layouts if care is not. taken, The crossover man-
agement, process is highly case dependent and could turn out to be a difficult and

somietimes an impossible task, without adding an extra column. A naive Backward

Translormation usually results in redundant vias as well extra tracks (for example.

il the redundant detours in channel are not removed). Further. the BT should be

non-geometic. That is, the BT should not attempt to transform the SRR layout to

the corresponding channel layout on a segment by segment basis. When crossovers

are present cither due to the pror performance of the SRR algorithm or to the in-

lierent nature of the input channel problem, general crossover handling techniques

s will be addr

Lo manage any ver are needed and these issu

Chapter T on Backward Transformation.

4.4 Crossover management techniques

“This

scetion describes Lechniques to manage the crossovers in the SRR solution. A
two step approach Lo crossover management is proposed. e stops being crossover

reduction and erossover handling. The erossover veduction step is the process which
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to minimis¢® the number of crossovers in the SRR solution. and to obtain a

solution, if any. The task of minimum crossover routing is clearly

sover {r

analogous to the Unconstrained (Topological) via minimisation of channels. The
crossover handling step which manages whatever crossovers that remain after the

reduction process would be the front end of the BT and will be discussed later in

Clhapter 7.

Since the exi

ing SRR algorithms do not produce a minimum crossover
routing, algorithms with integrated crossover reduction are needed for the SRT

uitable modifications to existing

based router, Such algorithms can be obtained by

have been

SR algorithms or by devising totally new algorithms. Both approact

and the results are presented separately for crossover free

pussied in this thesis

routing (Chapter 5 on bipartite SRR) and for minimum crossover routing (Chapter

G on non-bipartite SRR). An SRR algorithm with integrated reduction inereases
the quality of the SRR solution and results in fewer crossovers that need bhe handled

by the BT,

4.5 Pseudo stretches in SRR

Consider a channel with 2-pin nets. Each such net is a permutation net or a local
nel. A permutation net has one pin on the top side of the channel and the other
on the bottom side of the channel whereas, the local net has both pins on the same

side of the chamnel. A permutation net can be a lft (L). a right (R). or a straight

(5) net where the classification depends on the direction of flow of the net from
top side to bottom side. The span of the net corresponds to the horizontal stretch

of the net in the channel. The span of straight nets is zero while those of others are

Note that crossover minimisation in SRT framework dovs not necessarily mean absolute
minimisation of crossovers, as will be discussed in chapter 6,
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Figure 4.6: Translation of channel nets 1o SRR nets

non-zero, Examples of channel nets and their spans is illustrated in Figure 1.6.a.

When a net in the channel is transformed into a net in the SRR model
using the abed T, the length of the net in the SRR domain is the same as its
span only for the local nets and the SRR length of left, vight and straight nets
is greater than their spans in the channel, as illustrated in Figure 1.6.b. Thus.
any permutation net (L/R/S) bas a pscudo streleh in the SRR whose length is
equal to the difference between the SRR length of the net and its channel span.
Pseudo stretehes in the SRR will translate into detours in the channel when the

SRR solution is folded back. Detouring a net in the channel inereases its width
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and complicates the BT as well and hence is not desirable. Thus, assuming no
detours are allowed in the channel, the pseudo stretches in the SRR model should
not show up in the final channel. The stretch which is not pseudo will be referred
to as real. The pseudo stretch of the nets in Figure 4.6.b is shown in dotted lines
while the real strelch is shown in solid lines. Since a pscudo stretch of an SRR

nol is symmetrical about the central axis Y'Y, the length of the pseudo stretch is

always an odd number. The entire lenglh of a straight net in the SRR is pscudo

whereas lefl, right nets have a pseudo as well as a real stretch.

Apart [rom reducing the channel width, pseudo stretch removal has an-
other important application, namely, in crossc ver management.. Any crossover thal
occurs within the pscudo stretch of an SRR net will be called a pscudo crossover
whereas crossovers which are nol pseudo are real. Since pseudo stretches of SRR
cventually do not show up in the channel the course of the pseudo stretch of an
SRR net docs not have any cflect on its shape in the channel. For example, all the
crossovers on a straight nel can be collapsed into a single via and there is not a
one-to-one translation of crossovers into vias. Thus, il turns out that any number
of pseudo crossovers can be translated into a single via and this phenomenon is
called crossover collapsing. 'This greatly aids the crossover handling process and

will be discussed in Chapler 6 on non-bipartite SRR.

4.6 A Taxonomy of SRR problems

Historically the SRRI was formulated as a special subproblem by I1P.So [So74] in

the systematic d position of Mullilayer PCB routing problem into a number
of independent single row single layer routing problems and in his application the
conventional streel congeslion was Lhe criterion for oplimisation. lowever, for the

application in SRT bascd routers crossover minimisation proves Lo be a belter and



hence primary criterion for optimisation. Thus, in the light of Lhis new appl: _ation,

a taxonomy of SRR problems is now proposed.

An SRR problem has a crossover [ree solution if its overlap graph G, is
bipartite, and needs at least one crossover in any of ils solutions, if G, is not bipar-
tite. Thus, SRR problems can be classified into Bipartile SRR (BSRR) problems
(which have a crossover free solution) and Non-bipartite SR (NSRR) problems
(which do not have any crossover free solution). The BSRR and the NSRR prob-
lems can be further subdivided based on the type of the original channel problem,
namely, Permutation Channel or Mixed channel. In a Permutation Channel rout-
ing problem (PCRP) all the nets arc 2-pin nets and cach net has one pin on the
top side and another on the bottom side of the channel. ‘I'hal is, only straight, left
and right nets are allowed. Whereas, a Mixed Channel routing problem (MCRP),
can have mullipin nets as well as local nets in addition to the permutation (left,
right and straight) nets. The SRR problem obtained from a PCRP by abed FT is
a PSRR problem. Similarly, the SRR problem obtained from an MCRP by abed
FT is an MSRR problem. The BSRR problein could belong Lo the Permutation or
Mixed type, resulling in Permutation Bipartite SRR (PBSRR) or Mixed Bipartite
SRR (MBSRR) problems respectively. In a similar way, an NSRR problem could be
divided into Permutation Non-bipartite SRR (PNSRR) and Mixed Non-biparlite
SRR (MNSRR) problems. This taxonomy is shown in Figure 4.7 and some ex-
amples have been also illustraled. This taxonomy is Lhe basis of the subsequent

seclions of this thesis.
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Chapter 5

Bipartite Single Row Routing

In this Chapter the PBSRR and the MBSRR problens. which are the crosover
free, or bipartile, cascs of the PSRR (Permutation SRR) and the MSRR (Mixed
SRR) problems respectively, are discussed. The goal is to find a crossover free
solution, if the input SRR problem belongs to the PBSRI/MBSRR category. This

Chapter begins with a brief overview of previous work in ubtaining a crossover frew

solution of an SRR problem hi the differen of the cmssorer

Jree routability problem. Then a new Ofn) algorithm is proposed which finds a

via free solution. if any, of a Permutation Channel Routing problem in terms of a
crossover free solution of the corresponding PBSRR problem using the bo.r prcedure

[Veng90]. Possible extensions of this algorithm are also discussed. Next. modifi-

cations to Tarngs algorithm [Tarn84] are proposed so that the modified algorithim
TARNG-MOD would produce a crossover free solution. if any. for an SRRP. This
approach is general and applicable Lo both PBSRI and MBSRR problems. hiis
algorithm has been coded in the € language and details of the implementation will

be presented in Chapter 8.



Crossover [re

: vouting is a restricted form of single row routing. Given a
netlist, the objective is to defermine a wire layout. that minimises the congestion
Q =Max{C,,Ci}, subject to the additional constraint that no wire may switch
from one street to another. It should be noted that the minimum street congestion
acliievable under the crossover free model, in general, is higher than the optimal
congestion given by Qo =Max{qmin: [gmas/2]}. Due to the problems posed by
over minimi-

crossovers, as explained in Chapter 4, priority should be given to cr

sation rather than track minimisation while routing the SRRP for the application in

SR based routers. Thus, a more congested SRR solution with no crossovers would

normally he preferred to a less congested SRR solution with crossovers. Again, for

a given SRRP there may be more than one crossover free solution. and the least

«d of these is preferred. Note that, based on the definition of congestion Q.
3}, {Cu =3, G =2} and {C.,

and all are equally aceeptable,

conge

the solutions {C, = 3} would all

have the

Ting ¢l al. [Fing76] gave algorithms and necossary and sufficient. condi-
tions for obtaining a legal realisation of an instance of an SRRP. ln their paper,

they showed that if the number of tracks available in each street is unlimited, then

any set of mets s realisable, with the implicit assumption that there are no re-

hout crossov

Kuly ¢ al. [Kuh79) went one step further and have

own that in the absence of any restriction (on streel capacity or crossovers) an

optimally congested (i.c.. @ = Q) solution is possible for any SRRP, However,

with the restriction that crossovers between nodes are not allowed, these results

no longer hold true; that is, not all net lists ha

e a logal realisation. An example
of an SRRP impossible 1o wire without a crossover is illustrated in Figure 5.1.a,
Furthier, even if a netlist has one or more crossover free solutions, none of these

wmay have the optimal congestion Q.

Thus, in connection with the crossover free routing of an SRRP, one is

interested in ans

ring two questions, that of feasibility (wl a yes or a no
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Decomposition of a multipin net
into 2-pin nets
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Figure 5.1: Some examples of SRRP nets.

answer) and of realisation, which describes which nets oceupy which tra

in the

layout. 1t is sufficient to know just the track number of cach net in order to fully

characterise an SRR layout without crossovers. Further. the restriction that w
cannot crossover allows one to decompose a multipin net. as a sequence of 2 pin
nets with the intermediate pins temporarily duplicated and later collapsed. the
collapsing being possible because no crossover lies in etween the pins 1o confliet

with the collapsing. This is illustrated in Figure 5.1, Thus. in the following

disc

ssion all the nets are assumed to be 2-pin nets.

5.1 An overview of crossover free routing

“The crossover lree routing problem was of much interest in the early PCB technolo-
gies when the design rules did not permit any eteh path hetween the adjacent pins

of the dual-in-line IC packages. The earliest work which considered the problem

was [Fost 9], but, o satisfactory solution for crossover frec routing was proposed

therein. Tsuki

ma el al. [T'suk80] have shown that findis lisation that min-

imises the total number of crossovers is NP-complete, Tsui of al. [Tsui81] present

neet and sufficient conditions for routability of a st of two-pin nets to be wired

in a single row without using v They also deseribe an algorithim to achieve a

crossover free solution which has a time complexity of O - 29). where s the
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total number of nodes and @ is the overall congestion (max{C',Ci}) of the SRR

realisation. ‘This algorithm would be impractical for large Q valucs. Subsequently,

for

Raghavan el al. [Ragh83) 1 0(n?) al y as well as real-

isation. Later [Ragh8i] gave an O(n) algorithm for feasibility. Bhattacharya ol al.

[Bhat8s] take a graph theoretical approach and declare crossover frec routability if

the Interval Overlap Graph G, is bipartite. Saxena el al. [Saxe89] have proposed an
O(n) algorithm {O(n log n) on unsorted inputs} for feasibility as well as realisation
by constructing a special form of overlap graph Gz, which captures only the first
overlap relation. These algorithms will be discussed briefly now in terms of the

formulations cach used Lo represent the crossover free routability problem.

5.1.1 Formulations of the crossover free routing problem

o The decision problem KBENDWIRE: [Ragh8]
"The decision problem to be considered is as follows: Civen an instance of the
SRRP, is there a realisation with at most & bends (cach bend is a right angled
turn) in the layout of each wire? For single row geometry. k > 2 because oach
net has to bend at least at the start and end points and ‘T shaped connections

for multipin are comnted as two bends. Further. the number of bends

on the layout of any wire depends on the number of crossovers on the net
because cach crossover results in two additional bends on the wire. Thus
k =2+ (C, + 1) where C, is the number of crossovers on the net for 2-pin

So, k i

nel ways an cven number. The special case of KBENDWIRE

isation. because when k =

with & = 2 corresponds to the crossover free re:

cach net cannot have any crossover. It is not known whether KBENDWIRE

is NP-complete for an arbitrary k [Ragh8a]. However, for the special case of

k=2 polynomial algorithms are possible as described below.



. ition of netlist into I

locked sels : [Ragh83]

Two nels are said Lo inlerlock if assignment of one net 1o one street forces the
assignment of the other net to the other street in order to achieve a crossover
free solution. That is, two interlocking nets cannot run in the same street
without causing a rossover. On the other hand, if the assignment of two nets

can be made indepeadent of each other then they do not interlock and can

run in the same or opposite street without causing crossovers. Examples of

. Aninter

interlocking and non-interlocking nets are shown in Figure

locked sel is a maximal subset of the given netlist such that the assignment

of any one net of the sct to one strect antomatically

xes the street assign-
ment of all other nets in the set. Valid interlocking sets arve also illastrated in
Figure 5.2.b. It is obvious that two nets interlock il they overlap. and they

do not interlock if one is completely contained within the other. Thus,

very

maximally connected component in G, is an interlocked set.

Pair of nets. )

wple of an

Non interlocked pair of nets iuterlocked set

Figure 5.2: Some examples of Interlocki

An O(n?) algorithm is presented by Raghavan o al. [Raght3] for the fea-

ty problem. The algoritl

m attempts 1o partition the netlist into its

constituent interlocked sets. Clearly, the netlist has a feasible cr free

solution il and only if such a partition exi Recently Lloyd [Lloys9] re-

ported an algorithm of complexity O(n logn) to find the interlocking sets
based on the obscrvation that one need not construet the entire inlerlock

graph in order to locate its connected components (henee, the interlocking
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sots). Rather, it is sufficient Lo construct a spanning forest of the interlock

graph. Once the feasibility is established, [Ragh83] gives an O(n?) algorithm

for the realisation. First the containment relation between the interlocked

s used to construct a partial order tree. Then the node merging oper-
ation by which two sels are merged into a single subassembly is performed

using a dynamic programming approach.

Planarity testing of blocked version of SRRP : [Ragh8)

Raghavan el al. [Ragh84] gave an elegant algorithm to determine the feasi-
bility of crossover free routing. Consider an SRRP which has n nodes where
the nodes are numbered {1,2,+-n} from left to right angmented with n new
nets {(1,2),(2,3),-++,(n — 1,n)} connecting adjacent nodes in the original
SRRP. Consider now the graph G(V,E) of the augmented version, where V
is the set of n nodes and I contains all the original nets and the n new nets,
€ i then tested for planarity which can be doue in lincar time (Hope7d). 1f

over free solution. Thus.

the graph G is planar, the original SRRP has a cr

[easibility of crossover [ree routing can be established in lincar time.

Bipartition of the Interval Overlap Graph G, : [Bhat8s]
Bhattacharya el al. [Bhat88) take a graph theoretic approach to single row
routing Problems. Civen any SRRP, using the interval model the Overlap

Graph G, is constructed first. A straight forward procedure to construct G,

needs O(m?) time where m is the number of intervals (nets of the SRRP)

to find the nature of

and each interval is compared with every other inter

interaction (overlap/containment/no interaction). A better method is to use
a scan line approach. 1§ G, is bipartite then the SRIXP has a crossover free
solution. "This is because any erossover in SRRP is duc to the conflict between

o overlapping nets and containment nets do not contribute 1o crossovers.

Construction of fivst, overlap graph Gy [Saxest]

Saxena cf al. [Saxcs9] take a slightly different approach from that of [Bhatsg].
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Instead of constructing the entire Overlap Graph G, they construct a spe-
cial form of the overlap graph Gy, which captures only the first overlap
relations. The nets are first ordered based on the left edge. Then using these
ordered intervals, the first overlapping interval for cach interval is found out
and this information is represented as an edge in the G, between the nodes
representing the intervals. The process is then repeated with the intervals

ordered based on the right edge. If an edge i required now which does not

already exist, then it is added to Guy. After the construction of Goy is com-
pleted, the connected components of Gy are found and the spanning forest

T

is constrncted. 1f 7' is 2-colourable then the original SRRP is bipartite.

The realisation can be done then based on the depth of the containments of
cach containment group. The overall complexity of their algorithm is O(n)
i the input netlist is available in both left edge and right edge sorted order:

otherwise, the algorithm requires O(n log n) time.
5.2 A New approach to the via free routing of
Permutation Channels

In this section a simple O(n) algotithm {O(nlog n) on unsorted inputs} is presented

for finding a via free routing, if any, of a Permutation Channel Routing Problem
(PCRP) containing n nets. This problem has been solved in O(n?) time by Even ef
al. [lven72] and in O(n log ) Lime by Supowit [Supos5]. The proposed algorithm
finds a via free routing of a PCRP by solving the equivalent. problem of finding a
crossover free solution of the Permutation Single Row Routing (PSRR) problem

where the PSRR is obtained from PCRP using the Single Row Transformation

(SRT) approach cmploying the abed type FT.
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5.2.1 Permutation Channel / Permutation SRR problems

The Permutation Channel Routing Problem (PCRP) is a special case in which all

the nets are 2-pin nets, and for cach net one pin is located on the top side of the
channel and the other on the bottom side of the channel: i.c., there are no local nets.
A PCRP can be described as the matching diagram of a Permutation Funetion

7. An example of a PCRP corresponding to the permmtation =

1.1.3] is

illustrated in Figure 5

The PCRP can also be modeled as a Permutation Graph
where the nodes represent the nets of the channel and the interseetion of the nets
defines the edges. In fact the Permutation Graph is a special case of the more

general cirele graph [H1suS6] model of a channel.

Neig. L 2 8 4

Nets 2 11 3
A permutation

i =[254.1,3 L

channel [ | Hmu“:(?;u raph

Figure 5.3: A Permutation Channel Routing Problem (PCRP)

In Chapter 4 it was explained that while many 1°1-B1 pairs ave possible,

only simple o practical and the abed FT was chosen as the candidate for the

development of a channel ronter based on the SRT approach. Tn addition 1o the
simplicity. the abed T vesuls in a number of comparable properties hetween the
chasnel and its corresponding SRR. For example. the circle graph of the channel

is identical Lo the Internal Overlap graph G, [Bhatss] of the SRR and cros

overs
in SRR result in vias in the channel solution. However, the number of vias in the
final channel need not be the same as the numiber of crossovers in the SRR solution

due Lo crossover collapsing that may take place.
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The SRR problem which is obtained from a Permutation channel using

abed FT s called PSRR. Note that the PCRP will have a via free solution only if

the PSRR has a crossover free solution. A bipartite PSRR is called PBSRR. An

example of a PCRP which translates into a PBSRR under abed FT is illustrated

Now same interes s of a PSRR are identified. First

in Pigur

of all, the PSRR is a

g properit]

ingle group (Dus6] SRR because all the nets cut across a

common vertical line YY (Figure 5.4), which means that any two nets of a PSRR

should inter

cet (oocrlap or contain). No two nets arc isolated and thus the overall

a cligne. The node cul numbers uniformly increase and then

interval graph Gy i

decrease. as the nodes are scanned from left to right. Finally. the total length of

all nets in a PSRR of m nets is m?.

5.2.2 Previous work on via free routing of a PCRP

Sinee vias ina channdd solution have many disadvantages. minimising the via count

is important. For via free routing of a channel. cach net in the channel must be

routed totally in one layer. Assnming a 2-layer model, this anounts to the task

of partitioning the set of nets into 2 groups such that no two members of a gronp

r. Thus. channel via-

intersect. so that each group can be laid out on a single lay

free routing can be formulated as the graph theoretic problens of bipartitioning the

circlo graph € of the chamel. Consequently, any cyele of add length in €y would

make it non-bipartite and then the chamel has no via free solution.

The graph theoretic term minimum node colouring of a graph G = (V, ).
refers (o the minimum nmber of colours that is needed (o colour the nodes of G

so referred

suel that. no adjacent nodes have the same colour. Tliis problem is
1o as the minimal chromatic decomposition. 1 a graph is bipartite, then it is 2-
colourable and the set of nodes of G can be decomposed into two independent

sets. The problem of minimum colouring of circle graphs has been shown to be
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NP-complete [Gare79]. However, in the case of a Permutation Channel the circle
graph reduces to the Pernutation Graph which can be coloured in polynomial time.
Even el al. [Even72) have given a O(n?) algorithm to find a minimal chromatic

the nets one by

decomposition of a permutation graph. The algorithm consid

one and i 1y builds up the inde dent sels. 10 only two sets result at the

end of the process, then the PCRP is bipartite. Even ef al. have also indicated that

if one reads the 7 vector from left to right and identifies the increasing subsequences

(which need not nee contain adjacent. elements of 7). cach such sequence

corresponds to an independent set. For example, the problem in Figure 5.3 has a

(4] and [1.3] aud the example

s an O(nlog n) algorithm for minimum colouring

Supowit [Suposs] i

ol a PCRP by solving an equivalent problem, namely. partitioning a set of points in

a plane into a minimum number of ascending chains. An example of this approach

coordinate.

od on their

liown in Figure 5.5. The points are first sorted ba

Then the chains are built nsing the following rules: The next new point is added
to that chain whose highest y-coordinate is less than the g-coordinate of the new

point. When there is more than one choice, that chain whose highest y-coordinate

is closer (o the y-coordinate of the new poiut is chosen. When there is no choice,

s fivst menber, This scheme results

a new chain s sta

¢ with the new point as i

in the decomposition of the given points into an optimal number of chains.

1t is worth noting that the greedy approach of finding a 2-independent set
as two sequential 1-independent set. problems may not always lead to an optimal

solution. Figure 5.5, finding the Maximum Independent Set (MIS) as the longest

and 4 which inter-

belind net

quience [Golu80] in 7 namely {1,2,5,6}, leaves

seet and should form two more separate sets. Thus, the chromatic decomposition
is {1,2,5,6), {3) and {4} which is clearly a non-bipartite solution. lowever, the

problem has a bipartite solution where the sets are {1.2.3} and {4,5,6}.
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Figure 5.5: Miniwum number of ascending chains approach

5.2.3 Some new results on via free routing of a PCRP

In this seetion. the problem of via free routing of a PCRP is solved by finding the

crassover free solution of the corresponding PSRR. Consider a PCRE specified by
the netlist N = {Ny, Na,-+, N}, Every net in ¥ is a 2-pin net and conneets
one pin of the TOP row of the channel to one pin of the BOTTOM row of the

channel. Ench of these permutation nels can be classilicd as a Il net. a right net

or a straight net. Consider a net N;' which connects the i terminal of the top side

(from left end) to the j™* teeminal of the bottom side. Then N, isa loft el il j < i.
That is. the net is divected towards left. If j > i then the net is a vight nel, and it

N,

J then the net is a straight net. In Figure 5.4 Ny Ny and Ny are right nets.

i

Ny and Ny are left nets and there are no straight nets. Some results regarding the
left, right and straight nets of a PCRI" follow. In the discussions lollowing. note

that there are no unconnected terminals in the channel.

m, i the

"In the PCRP miodel, the TOP side of the channel las the net numbers 1,2,3, -
increasing order and the BOT'TOM side net mumbers are given by the
examples illustrated so far. If however, in a general case, if the TOP
in increasing order, then sorting them and changing the BOTTOM x
that we have a PCRP conformiing to our model, can be de o
“Thus, a net which start at the k% TOP node from the left. will be |

or 7. s seen in the
¢ net numbers are not
or correspondingly,
ditional (s log ) tiine.
elled et N




Lemma 1. 15

left net of the PCRP is cut by at least one right net. Similarly

ut by at least one left net.

ry right net of the PCRP

Proof : Cousider a right net N; connecting the i** node of top side of the channel

and (i + k)" node of the bottom side of the chamnel,

s shown in Figure 5.
where 1<k < (m — 1) where m s the total number of nets. This net divides the
top side into tvo parts A and 13 and the bottom side into two parts C and D. There
are i — | nodes in A, m =i nodes in B, i nets in Cand m =i — | nets in D. In a

PCRP. every node on the top side must be connected to some node in the bottom

side. So cousidering the parts A and C, a maximum of i — 1 nets conld be totally

to the left of the net N; which means that there will be a terminal wnconnected in
C whicl must connect with a terminal in B. constituting a left net that will cut
across the right net N Similarly, every left net will be cut by at least one right

uet.

Corollary 1: I two left (right) nets cross in a PCRP (overlap in the corr

ponding

PSRR), then the conflict cannot be resolved without vias (crossovers).

Since every lelt net cuts at least one right et and vice versa. right and left nets

should be a

igned to different layers for a via free solution of a PCRP. In the same

v

i the PSRI to get a crossover free solution, all the left nets should be routed

in one (say upper) street and all right nets should be routed in the other (lower)

street, Thus

i two left nets cross in the channel (overlap in 1he PSRR). the other

layer cannot. he us

| for resolving the conflict becanse it is alre

wly preassigned for

right nets

Lemma 2. Fvery s

aight net of the PCRP is either eut by no other net or cut
by at least one left net and at least one right net. In fact every straight net of a

PCRE is cut. by an even number (possibly zero) of left, and right nets.
Proof : Consider a straight net Ny which conneets the &% nodes in the top and

4
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Figure 5.6: Propertics of the nets of o PCRP

bottom, as shown in Figre 5.6.b. where 1 <k < m. The net Ny, divides the top

into two parts A and B3 and the bottom side into two parts € and 1. There

k=1 nodes in A and C cach and m = k nodes in B and 1 each. Considering the

parts A and C. all the & — 1 nets could be totally 1o the left of Ny and

usidering
Band D. all the k=1 nets conld be totally to the right of Ni which means Ny is
not cut by any net. Now assume that there is a right net which conneets a node
from A to a node in D, then this will cut across Ni. This leaves k — 2 nodes in

A and k — 1 nodes in C unconnected and a maximum of k — 2 nets can then be

totally to the left of Ny which means there will be at least one uncomnected node in

C whicl

ist be connected to a node in B, which will constitute a left net cat

across the straight net Ni. Similarly, if a straight net is cut by a left net it will

be cut by a right net as well. The straight nets which are not eut by any net are
called straight non-cul nets and those which are cut by at least one left and one

vight net are called struight cut ucls.

Corollary 2 : A straight non-cut net partitions the problem into two independent

subproblems while a straight cut net leads to non-hipartition.

Theorem 1. A PCRP can have a via free solution il and only if no two left nets

interscct, no two right ncis intersect and there are no straight ent nets. Proof

)




follows from Corollary 2.

Lemma 4 : A PSRR is crossover free (i.c., it is a PBSRR), il and only if every

two left (right) nets have containment relation. That all the left (right) nets

should form a containment group.

Proof : Fvery two nets of a PSRR should inferscet. where the intersection could
be cither oncrlap or containment. Now cousidering only the left nets, no two of
them can overlap in a crossover free solution. Thus, every two left nets should
contain which means all left (right) nets form a containment group. An example

of a containment, group is shown in Figure 5.1.

have the

Corollary 3 : A PSRR is non-bipartite if any three ne ame length.

5.2.4 Description of the new algorithm

Input : A PCRP specified using the permutation function 7,

Output: A via-free solution, if any, for the PCRP.

Step 1: Convert the PCRP into a PSRR problem
The number of elements in 7 gives the number of nets m. Read the = vector from
left to right. 1f 7(7) = k, (1 < i < m), then the length of net Ny in the PSRR

model is (2%m) + 1 —i—k. This is illustrated in Figure 5.4. This step takes O(m)

time and now the length of all nets of the PSRR is known.

Step 2: Identify the Left, Right and Straight nels in the PSRR model

Let L; be the length of net N;, where N; starts at the i" node (1 < i < m) of the
PSRR. This would be true if the net numbering is done based on their starting
node order. However, if the nets are not numbered using such an order, it can

be done in O(im logm) time by a sorting and renaming process. so that the net
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starting at node 7 can be called net N;. Then the following holds true.

1P Li > 2% (m =)+ 1 then N; is a Loft Net.

I Li < 2% (m—i)+1 then N;

s a Right Net.
10 Li=2% (m=i)+1 then N; is a Straight Net,

In the case of straight net its type should be identified as well, i.c.. cut or non-cut.
To do this, as the nets {Ny, Na,--+, Ny} of the PSRR are scaned from loft to

right, keep track of the length of the shortest net using a vatiable, say Ly 16 Ny

ight net and if Ly < Lo, then Ny is a straight non-ent net, else it is a

straight. cut net and bipartition fails. The overall time complexity of this step s

O(m).

Step 3: Find if the left (right) nets make a containment group

In a containment group, the shortest net will run closest to the node axis of the

PSRR and nets of inc:

asing length will run on the t

successively arther from
the node axis. Let N; and Nj, (j > i), be two adjacent left (right) nets, as the nets

Ny, Ny, o -+ N, of the PSRR are scanned. Then. il the relation (j =) < (L=

) is

true then L; contains Lj. Now Lest this relation for every pair of adjacent loft (right)

nets. A maximum of m — 1 comparisons would be needed and thus the comple
of this step is O(m). Failure of this test means that two left(right ) nets cros

w0 bipartition is possible. If feasibility is ensured, continue for realisation.
Step 4: SHIt realisution

At this point all the left (right) nets make a contaiment group. Al the left nets
can be routed in one street (say upper) and all the straight nets can be routed in

the other (lower) street without conflicts. However, there may be some straight

non-cut nets as well and the question arises as how to route them. It is cas

v seen
that a straight non-cut net divides the PCRP into two independent subproblems

and hence cvery straight non-cut net can be routed in the upper or lower street




without cutting other nets. However, allotting the straight non-cut nets to the less

A

congested street will help in achieving nearly equal congestion of cither stro

random left or right grouping would still produce a crossover free solution, which

may ol be the least congested among the many possible crossover free solutions.
Thus, at the end of this step, every net in the PCRP has been labelled as a Left

or a Right net. This colouring will be referred to as LR-colouring in future.

From the structure of the containment group it is obvious that the net of shortest

length in the group (which will also have the highest left node) should be closest

to the node axis, i.c., that net shonld occupy the track 7. Since no two nets of

a PSRR can o

or contain). the other nets of the group should be placed in tracks away

node axis. This ordering of nets which is based on the decreasing order of their

left. (starting) node will be referred to as box ordering in future. Box ordering
results in e order of decreasing length of nets within a containment group. Any
PBSRR can be casily routed using the box procedure which refers to routing an

SRR problem using LR-colouring and Box ordering.
Step 5: Convert the PBSRR layout to PCRP layoul

The last step in Uhe process is to fold the SRR layout into the channel layout. Al
the upper(lower) strect nets of the PSRR are mapped to layer 1(2) of the channel,

as illustrated in the example shown in Figure 5.4.

Theorem 3: A PCRP can be declared bipartite or not in Q1) time {O(m log )
time il the netlist is unsorted }, where m is the total number of nets. It the problem

is bipartite, then it can be routed as well in O(m) time. Proof of the theorem

follows i liately from the above



5.2.5 Extensi to the proposed algorithm

The simplicity of the box procedure approach to route the PBSRR problem provided
the encouragement to explore its possible extensions to some other problems of
interest within the frame work of SRT based channel ronting. Three extensions

that were examined are outlined below.

o The MBSRR (Mixed bipartite SRR) problem.

This was motivated by the fact that polynomial time algorithms had heen

proposed [Raghsd, §

89] for the er e routing of any SRR prob-
lem. Raghavan ¢l al, [Ragh8] gave a lincar time algorithm (hased on pla-
narity checking) for determining the feasibility of crossover free routing and
an O(N?) algorithm based on dynamic programming for the subsequent real-

isation. Saxena el al. [Saxc89] described O(n log 1) algorithms for feas

ility

and realisation, using a different formulation. Thus. it is clear that the com-

plesity of crossorer fice routing for any SRR ix only Ofulog 1) anel it may

be possible to find an O(n log n) algorithm for the MBSRR routing based on

another

(able fornulation. Since the time complexity of the bos proce-
dure is O(m logm) on unsorted input netlist containing m nets. it seemed
1o be a good candidate for MBSRR rowiug as well. but the extension is
not straightforward. The main reason is that the MSRR problen is a more
general problem than the PSRR problem and henee the special properties of

the PSRR problem (that were used in the box procedure) cannot be carried

over casily Lo the MSRR problem. The problems faced in estending the hox
procedire to MBSRR ate discussed in more detail under the nest secti

MBSRR routing.

The PNSRR (Permutation non bipastite SRR) problen.

The next. extension that was attempted was to apply the hox procedure 1o

route a PNSRR with minimum crossovers. It is clear that minimising the

9



crossovers in the SRR solution would decrease the number of crossovers to be
aligned during the BT step, which would make the BT step casier. Further,

fewe sovers in the SRR solution usually lead to a reduction of vias in the

e

final channel. Although there is no onc-to-one translation of crossovers into
vias in the general case (for example, due to crossover collapsing), the number
of crossovers act as an upper bound on the number of vias. when there arc no
difficult, crossovers. Thus, it is worth attempting to minimise the number of
crossovers in the SRR solution. As will be explained in a subsequent section,

s 1o left

L-L, R-R and I-R-S overlaps in the interval model (where L refc

nets. [ refers to right nets and S refers to straight nets). translate into an

essential via in the final channel, if no detouring is allowed. Experimentation

with different examples has shown that the bo procedure usually results in a
minimun® mumber of crossovers for a PNSRR, Both the problens of PNSRR
with 1o straight nets and PNSRR with straight nets were considered and the

details will be discussed in the next chapter on non-bipartite routing.

Topological Via minimisation (TVM) of Permutation Channel.

Topological via minimisation (TVM) was proposed by Hsu [lsu83). where
the via minimisation is an integral part of routing. TVM has been shown
[Sadwdd, Sart89] to be NP-hard even for the 2 layer channel routing case
with two terminal nets. Thus, heuristic algorithms are justified and some

ricted case of

have been reported [1sus3, Chans7). However. for the res
the permutation channel (also called split channel) routing problem (PCRP).
Sarrafzadelr el al. have proposed a O(n?logn) algorithm [Sarf89] for TVM.
Recently, Rim el al. have shown [Rim89] that TVM of k (k > 2) layer per-
mutation channels with 2-pins is solvable in O(k *n?) time, Thus, TVM of 2

layer permutation channels is solvable in polynomial time.

It is to be recalled that the term minimum crossover of the SRR solution within the framework
of SR based routing, does not necessarily mean the absolute minimum count of the crossovers.

80



The O(n?logn) algorithm proposed by Sarrafzadels ¢f al. for the TVM of
2-layer permutation channels, consists of two steps, namely, solid nel iden-
tification which finds a maximum bipattite subset of the original netlist in
O(n?logn) time and then the residual nel routing using the Uheorem [Sadwsi]
that every residual net can be routed with at most one via by proper pushing

around of other nets. This approach assumes detouring (whicl

s meandering
beyond the end points of the nets and requires external doglegs to conneet
the segments of the same net at different levels) is allowed. Of course, in the

SRT based router environment, this is a concern to he addressed during the

BT step. Thus, in addition to the box procedure based routing, a suitable

mechanisin to allow detours in the final channel is essential i the BT step,
making the BT more complicated. Further, a suitable crossoncr collapsing
technique is needed in the BT step to map the crossovers onto essential vias,
With these enhancements TVM of 2layer PCRP is pussible using the hos

procedure.

5.3 MBSRR routing

In this section the problem of routing a MBSRR is addressed. The MSRR problem
shonld be declared as bipartite (MBSRR) or not; if bipartite. a crossover free
realisation should be found. The MSRR is a mized SRR problent in the sense that
in addition to permulation nets {Left(L), Right(R) and Straight(S)}. there can

be onc or more local nets. A net is local if all its terminals lic on the same side

oi the channel. Without loss of generality, only 2-pin nets are assumed beciuse
2-pin nets and then

SRR

cach multipin net can always be decomposed into a number of

tnliapsod. Thus, the main difference between PBSRR and MBSRR is tha

allows local nets.



5.3.1 MBSRR routing using box procedure extension

Recall that the box procedure for routing a PBSRR involves two steps, namely,

LR-colouring and b dering. In the LR-colouring process, every Left net is
labelled L, every Right net is labelled R and the straight nets are labelled as L
or R. While this is possible in the MBSRR case also, the problem arises as how
to colour the local nets. Also two important properties® of the PSRR problem are
no longer true for the MSRR, due to the presence of the local nets. Consider the
example shown in Figure 5.7.a, where L, R and S nets have to be routed on the
same layer to achieve a crossover free solution. Thus. the philosophy of keeping L
and R nets on opposile streets is not valid for MBSRR routing, Some interesting

properties of the MSRR problem follow.

o Tor cvery local et on the top side of the chanel the

1 local net on the
bottom side of the channel. Thus, the total number of local nets is always

cven.

A straight net is cither uncut or cut by an even number of nets.

An SRR problem in which three nets overlap with cach other re

Iting in a

3-cycle in the overlap graph, cannot have a crossover free solution. Thus, all
nets which overlap a local net should not overlap with cach other to get a
crossover free realisation. This helps to assign a local net to one street and
all the nets which overlap with it to the opposite street. However, such an

assignment is not possible when there is diret or indireet coupling hetween

local nets, as shown in Figure 5.7.b. Thus, local nets cannot be colonred in

isolation but should be colouted in conneeted groups. This principle is uscd

in a later section on MBSRR using intcrlocked sets.

3. Every left uct is cut by at least one right net and vice versa.
2. Every straight net is cut by no net or cut by both a left and a right net.
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109 8 7 6 14 13 12 11 10 3
Direct coupling between Indirect coupling between
local nets N, and N, local nets Ny and N,

(b)
Figure 5.7: Example of MBSRR routing

Another important difference between PBSRR and MBSRR becomes
clear by analysing the legal structure of nets in the same street of a crossover
frce solution. First of all, for a Bipartite SRR problem. any two nets on the same
street should cither be non-intersecting or containing. i.c., no two nets in the same
strect can overlap. Nets on the same street can formn simple or nested containments.

In a simple containment, which will also be referred to as a containment group, any

two nets have a containment relation. However, in nested containments, any two
nels can contain or remain non-intersect. It is known that the PSRR problem is a
Single Group SRR problem (i.e., all nets cut across a common axis, which means
1o net can start after another net has ended) and thus any two nets of PSRR should
intersect i.e., should overlap or contain. Thus, for the PBSRR case, all the nets
which can be routed on the samne street should contain and form a single conlain-
ment group as shown in Figure 5.8.a. This single containment group is no longer

true for MBSRR which can have nested containment groups or multiple isolated
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containment groups, as illustrated in Figure 5.8.b and Figure 5.8.c. Thus, neither
LR-colouring nor Box ordering holds true for MBSRR and hence it is no surprise
that the box procedure fails to route MBSRR. This led Lo solving the MBSRR

using other formulations as described below.

[ 1!
1234067809110 12356 7|89 10[1L1213[1

(a) Single containment group (b) ]\:“"'IILL"E’JI“‘Ix““‘_:::"!‘;'::‘l;-’;:""lg

1234 67 8 90111213714

(c) Nested containment groups

Figure 5.8: Legal structure of nets in the sanic street of a bipartite SRR

5.3.2 MBSRR routing using interlocked set approach

I that as-

An interlocked set of nets was previously defined to he a set of

signment of any one of the nets Lo one layer automatically forces the rest of the

sation, One

nets in that set to the upper/lower street to get a crossover free rea
approach to route a MBSRR is to decompose the netlist into its constituent. inter-
locked sets using a previously described algorithm [Lloy89]. with a time complexity
of O(nlogn). If the attempt is successful, then there is a feasible crossover free
solution. If the Overlap Graph G is connected then the MBSRR will contain only

one interlocked set which includes all the nets. If G, is unconnected then there will
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be one interlocked set for each of the connected components of Gy, Once the feasi-
bility is determined, then cach of the interlocked sets can be routed independently
of others. That is, 2-colour cach of the interlocked sets (which can be done in lincar
time, by say a depth first search) and assign them to tracks one after another, OF
course, if one interlocked set is totally contained within the gap of another, then

the smaller interlocked set will have to be routed before the bigger. Examples with

single as well as multi-interlocked sets are illustrated in Figure 5.9.

(a) A single interlocked set Gy is connected

() Multiple interlocked sets °
Gy is unconnected

Figure 5.9: Examples of single and multi-interlocked MBSRR

Based on the discussion of the structure and properties of MBSRR so
far, it is clear that to find a crossover free realisation of an MBSRR two picces

of information are needed about cach net. They are the streel information which
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tells whether the net runs in the upper (+) street or the lower () street (this %
information will also be referred to as colouring or 2-colouring information) and
Level or track number of each net within its street. It can be seen that i the absence
of crossovers the entire stretch of each net lies in only one level, Thus, with the
street and level information for each net, a crossover free realisation can e uniquely
specified. The street for each net can be decided by constructing the overlap graph

G, of the SRR problem and then 2-colouring it. If G, is 1, many 2

coloured solutions are possible, each corresponding to a crossover free solution,
with one of them being chosen. The colouring information alone is 1ot enongh
to realise the MBSRR layout, because in each containment group (either single
or nested), the inner nets should be routed before the outer nets which calls for
an ordering. This additional ordering should essentially capture the containment
relationship between nets. It is now proposed that Tarug’s ordering can be wsed
for the purpose of specilying the order in which the nets should be routed, once
the strect assignment of each net is over. A new algorithm called TARNG-AOD,
which is a modified version of the original algorithm of Tarng «f al. [Tarusd] is

described below.

5.4 Modified Tarng’s algorithm

This section describes modifications to Tarug’s algorithm [Tarus4), to obtain a

crossover [ree solution for a given SRRP. Recall that Tarng’s

algorithm does not

neces:

ly produce a crossover free solution of a SRR even though one ex:
because Tarng's algorithin was designed with the goal of track optimisation and

nol crossover minimisation. An example where Farng”

algorithm to produce

a crossover [ree solution although one exists is shown in Figure 5.10. The solu-
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tion in (a) is a possible! solution by Tarng’s algorithm and the solution in (b) is a
crossover [ree solution, which is not produced by Tarng's algorithm. In this par-
ticular example, both the crossover free and crossovering solutions have the same
streel congestion @ = 2, which need not be true in general. In fact, in many

cases e goals of crossover minimisation and track optimisation are lictory,

in the sense that a solution with fewer crossovers usually needs more tracks and
in such cases priority is to be given to a crossover [ree solution. Thus, for SRT
based routers solution (b) is preferred to solution (a). This leads to the question
as to whether there is a way by which Tarng’s algorithm can be modified so that it
produces a crossover [ree solution, if one exists, although it may be more congested

than the theoretical minimum congestion of Q.

5.4.1 Tarng’s algorithm revisited

Before outlining such a modification, it is useful to recapitulate the salient points

of Tarng’s algorithm detailed in Chapter 3.

“Phe goal of Tamg’s algorithm is track optimisation. The algorithm evolved
from the heuristic that nets of high cut numbers should be kept close to the
axis. That is, as one proceeds away from the axis on cither side, nets should

appear with decreasing cut numbers. To achieve this the 3-step algorithm

was dovised, the steps being Zone allotment, Nel ord

ng and Track assign.

In Zone Allotment nets are grouped into zones based on their internal cul

numbers. In the second step, nets within each are further ordered based

on their residual cut numbers. At the end of this step, all the nets are ordered

and this order is referred to as Tarng’s ondering. Within a zone it is possible

41t should e recalled for a given SRRP, multiple solutions are possible using Tarng's algorithmn
depending upon the choice made for the property 1 and 2 discussed in Chapter 3.
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Figure 5.10: Tarng's algorithm's failure in crossover free routing.
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that two or more nets have the same residual cut number; then their ordering
is arbitrary. This will be called property 1. For example, in Figure 5.11 the
nets Ny, Ny and Ny of the first zone have the same residual cut nunber
and hence their ordering is arbitrary. Such a group of nets is enclosed in
round brackets. In the last step of track-assign, nets are taken as per Tarng’s
ordering and assigned to pseudo tracks to form a conceptual realisation, using

two principles. First, choose the track for placing a net such that the absolute

value of the track index is minimised. This means the choice of 7y, or 7;

docs not matter. This will be referred to as property 2. Ouly the outermost

started. This is needed

tracks used so far can be shared when a new zow

to satisfy the requirement of having decreasing cut numbers as one proceeds

away from the ax

xperimentation with different examples has shown some interesting re-

sults about the effect of property 1 and property 2 of Tarng’s algorithm. For a
single group SRR, property 1 and propetty 2 do not matter for strecl oplimality

but they do matter for crossover optimality. For a multigroup SRR, these proper-

ffect both the street optimality and the crossorcr oplimalily. Since these two
properties matter for the crossover optimality of both single and multigroup SRR,
it scems that something needs to be changed about these two properties to obtain

optimal crossovers.

More experimentation led to the understanding that the phil ly of

minimising the absolute value of track inder while assigning nets to pseudo tracks
is the erux of the problem. This philosophy was based on the requirement to keep

the upper and lower street congestions nearly equal which may contradict crossover

optimality. This is evident from the example shown in Fig. 5.10 where the track

inder minimisation strategy forces Ny to track 7, but it must be put at Ty, to

get the crossover free solution, which needs containment of ¥y and Na to be in
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the upper strect. Thus, it is clear that the track index minimisation has to be
dispensed with in favour of another philosophy which is geared tovards allowing

such containments.

5.4.2 Details of the new algorithm TARNG-MOD

In this section, it is proposed that the 2-colouring order obtained by bipartition

of the overlap graph G, can be used in place of Targ's track index mininisation

philosophy. Experimentation has shown that routing the nets based on Tarng's

ordering with the 2-colouring information deciding the strew

signment. leads to a

crossover free solution, il one

5. Tarng's orderitg step is still retnined e

se,
a seen carlier. although the conceptual realisation depends on Tarng's ordoring, as
well on the track assign philosophy. it is the latter step which is the main reason for

getting the crossovers. Another important advantage of this approach is that for the

bipartite les, the steps of I realisation and

pological mapping (by
drawing the reference line) can be bypassed altogether and the physical realisation

can be directly obtained. Th

is because for the bipartite case the entire net

occupics a single track in both the conceptual and ph; I realisation and this

obviates the systematic mapping procedure from conceptual 1o physical realisation.

The nets can be directly assigned to the real tracks Tp. Ty - on the npper street

and to the real tracks

- on the lower street. The overall algorithn

described below and is also illustrated through the MBSRR example i

e Step 1: Given an SRRP, draw its overlap graph. (i, Attempt bipartition
of this graph. If not successful. the problem has no crossover free solution,
(In the next chapter such cases will be considered). If €, is bipartite then

Ny

colour cach net as + or — to denote the upper and lower street assign

respectively.
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o Step 2: The steps of Zone allotment and Net ondering of Tarng’s algorithm
arc used to obtain Turng’s ordering.

Step 3: Now take the nets one by one based on Tarng's ordering, As-
sign Uhem Lo streets based on the + or — coiouring information. Iere the
assignment is done directly onto the first available real track of the physi-
cal realisation which has tracks Ty, Ty in the upper street and tracks

T-1,T_2+++ in the lower strect.

The proposed TARNG-MOD algorithm superimposes the Tarng’s order-

ing on the 2-colouring information to obtain a crossover free solution. But there

are allernative ways by which a crossover free realisation could have been obtained

once the 2-colouring information is available. That is. the containment ordering

information could have been obtained in other ways instead of using Tarng’s order-

ing. One way, for example, is to construct the containment graph G, graph which

captures only the containment. and not the overlap relation between the intervals,

of the nets in the same strect. This graph would be a tree or a collection of tre

where cach tree corresponds Lo a single or nested containment. Now the track
number of cach net in a containment group can be interpreted as the depth of the

corresponding node in the tree. Thus, the nets represented by each tree can be

routed from leal to root with the colouring information deciding the street of all

nets in the tree.

While concluding this chapter a few remarks are in order. Although the

simple it works only for the PBSRR problem. For the MBSRR

bos procedur

problem a new algorithm called TARNG-MOD was proposed and other approaches

were also outlined. Since the SRR solver in a SRT based router should be capable
of handling both MBSRR and PBSRR problems, the bor procedure is not suitable

and TARNG-MOD is chosen to route any bipartite SRR problem.
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Chapter 6

Non-Bipartite Single Row
Routing

In this chapter. routing of the non-bipartite single row ronting problems. namely,

the PNSRR (Permutation non-bipartite SRR) and the MNSRR (Mixed non-bipartite

SRR) problems, are considered. Given a PNSRR/MNSRR problem. the goal is to

find a realisation with minimum c This chapter starts by proposing some

new terminology applicable Lo te minimum crossover routing of non-bipartite SRR
problems. A two level approach is pursued to explore this new problem of mini-
mum erossover routing. In the first level, minimum crossover routing is understood
hetter by considering in detail the closely related problen of Topolagical via min-
imisation (TVM) of channcls and drawing useful comparisons between the TVM
and minimum crossover routing problems. In this context. an officient heuristic
algorithm for the minimum node deletion problem is proposed. In the second level,
wmiinimum crossover routing is analysed as a problem i its own right, and new al-
gorithms as well as modifications to existing algorithms are proposed for minimum
crossover routing of the PNSRR and the MNSRR problems. Finally, to route the

MNSRR problem, which is the most general and hence the most difficult to route
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non-bipartite SRR problem, it is proposed that the concept of grouping [Dulig]

be used.

6.1 Minimum crossover routing

The term minimum crossover in an SRT environment. does not necessarily mean

the absolute crossover count minimisation pursued in an isolated SRR cnviron-

ment because the absolute crossover count does not reflect difficulties posed by
the crossovers while carrying out, the Backward Transformation. ‘That is, two SRR
solutions may contain different numbers of crossovers and yet could he translated,
by proper crossover handling techniques in the Backward Trausformation step, into
channels of an cqual number of vias and hence should be considered oqual in terms
of crossover count. Tigure 6.1 shows two SRR realisations of a given non-hipartite
SRR problem, which are quite different in their absolute crossover count, but both
of which could result in the same number of vias in the chatmel, In the realisation

with s

ven crossovers, net, Ny has three pseudo erossovers all of which can be col-
lapsed into one via in the channel. Similat collapsing is possible for the two pseudo
crossovers on net Ny, Further, two real crossovers oceuring in adjacent intervals

can also be collapsed into one via. For example, the adjacent real crossov

ers on

net N; of Figure 6.1 can be collapsed as a via on net N This phenomenon of

crossover collapsing has a strong impact on the definition of minimum cro:

overs

in an SRT environment.

Crossover minimisation in an absolute sense does not differentiate be-

Hansibl Hansible

tween pseudo and real crossovers as well as the and the non-c

tion that minimises the

Tsuikiyama cf al. [T'suk80} have shown that finding a re
total number of crossovers is NP-complete. Thus absolute crossover minimisation

is intractable. Bhattacharya cf al. [Bhat88] have used a graph theoretic approach
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and have shown that given an SRR problem, any of its physical realisation needs
at least C, crossovers, where C, is the difference between the lotal number of nets
and the number of nets in 2 maximum bipartile subgraph of the overlap graph G,.
Only for special cases of G, they have reported the exact value of C,. For example,
if G, is a simple path or even cycle C, is zero and if G, is an odd cycle then C, is
one. The general problem of finding a maximum bipartite subgraph of a graph is

NP-complete [Gare79] and thus specifying a value for C, is not feasible.

For the SRT based environment, although it is desirable to have the
minimum number of crossovers C,, for a given SRR problem, it is not essential.
This follows from the fact thal the number of pscudo crossovers in the SRR solution
docs not really matter since they collapse into only one via in the channel, with
suitable crossover handling techniques in the Backward Transformation. Since the
entire strelch of a straight nel is pseudo any number of crossovers does not. maller,
whereas the entire stretch of local nets is real and hence crossovers do malter.
Left and right nets have both pseudo and real stretches. Since each real crossover
needs handling (except when two adjacent crossovers can be collapsed into one via)

preference should be given to placing the crossovers on pseudo stretchies.

All the SRR algorithms proposed so far use track congestion minimisalion
as their primary goal. Du el al. [Du87] have considered the somewhat related
problem of SRR routing with crossover bound, which only restricls the maximum
number of crossovers belween any two nodes and exploits this criterion to prune
unacceplable solutions much earlier using the enumeration algorithm of Raghavan
el al. [Ragh8l] as the base. Such limits on the crossover bound place a restriction

on the

number of but do nol produce a minimum
crossover solution. In fact the lack of any formal work on minimum crossover
routing calls for the introduction of the following terminology quite similar to that

used for channel via minimisation.
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The problem of crossover minimisation in single row routing could be for-
mulated as the Conslrained crossover minimisation problem or the Unconstrained
crossover minimisation problem. In a constrained crossover minimisation problem,
an SRR layout is assumed to be available to start with and the goal is to reduce
the number of crossovers by manipulating the nets and existing crossovers. On the
other hand, UCM does not impose any restrictions on the topology and considers
the SRR routing and crossover minimisation as an integrated step. Quite clearly,

rossover is to the ined via

for channels and UCM is analogous to the UVM for channels. Again these defi-
nitions should consider the environment of the SRR problem as well. When the

SRR is considered as an isolated problem, the constrained crossover minimisation

and ined crassover minimisation problems would be called CCMSRR and
UCMSRR respectively. However, the different role of SRR in the SRT environment
calls for the additional classifications of CCMSRT and UCMSRT. Thus, to sum-
marise, the new problems concerning minimum crossover routing of SRR problems

arc as follows:

o CCMSRR Constrained Crossover Minimisation in isolated SRR case.

o UCMSRR U rained Crossover Minimisation in isolated SRR casc.

o CCMSRT C ined Crossover Minimisation in SRT

o UCMSRT Unconstrained Crossover Minimisation in SRT' environment.

Although the above four problems are newly defined, it is clear that they
are closely related to the channel via minimisation problems. Thus, it becomes
imperative that one should draw from the extensive rescarch done on channel via
minimisation [Hsu83, Sadwsd, Sarf89 ctc.] This is possible due to the comparable
propertics between a channel and its corresponding SRR using the abed type For-
ward Transformation; for example, the circle graph C, of the chanuel is identical to
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the overlap graph G, of the SRR. Via minimisation in channels was also discussed
in Chapter 2, under the constrained and unconstrained models. Since the empha-

sis in this chapter is on the crossover mininiisation using i |

reduction i the anal problem of Topological Via Minimisation of

channels is briefly revisited.

6.2 Topological via minimisation of channels

TVM of channels was proposed by Hsu [Hsu83] for a 2-layer. 2-pin net case. Before

this work, all work on via minimisation was on constrained via minimisation, where
an initial channel layout was assumed to be available and was improved further (by
layer reassignment of nets or net segments of nets without destroying the topology
of the input realisation), to achieve fewer vias. Iisu proposed a new approach which
handles the channel routing and the via minimisation problem at the same time
from a global point of view. The approach consists of two major steps, namely,
lopological routing and geomelrical mapping. The aim of topological routing is
to find a minimum via topological solution. The geomeiric mapping process then
maps the topological solution to the geometric plane conforming to the design rules.
Basically for any channel routing problem there are two constraints, one of which is
the nel interseclion constraint. Given a channel problem, the sequence of terminals
along the boundary uniquely defines the intersections between the nets which in
turn determines the lower bound on the number of vias. I'he other constraint is
the geometrical constraint imposed by the design rules which set a lower hound
on the area needed for any realisation. This approach attacks the two constraints
separately but globally. Thus, given a channel problem. lopological rouling finds

a topological solution with a minimum number of vias and is also referred to as

minimum via topological routing or as unconstrained via minimisation.



Unconstrained via minimisation of two layer channels with only 2-pin nets
has been shown to be NP-complete [Sadw84, Sarf89]. Hence, heuristic algorithms
arc justificd and have been proposed [Hsu83, Sadw84, Chan87]. The algorithms
proposed in [Hsu83] and [Sadws84] capture the channel net intersection in terms of
the circle graph Cj of the channel and find a maximal bipartite subgraph of C,
to get a largest subset of the given netlist which is routable in 2 layers without
vias. Such sels of nets are called solid nets and the process of identifying them
is called solid nets identification (SNI). Thus, the problem of finding a maximum
bipartite subgraph, also referred to as the minimum node deletion problem, finds
the minimum number of nodes that need to be eliminated from €, so that the
resulting subgraph is bipartite. The problem can also be seen to be equivalent to the
problem of finding a mazimum 2-independent sel (2-M1S) of a circle graph. After
the solid nets are identified, the victims of the node deletion operation, referred
1o as residual nels, need to be routed using the residual net rouling (RNR) step.
Again, for a given channel problem there may be more than one 2-MIS. For cach
2-MIS, more than one bipartition is possible if the corresponding circle graph is

ed, hecause each |

I can be coloured independently

from the others. Some of them could be better than others for the subsequent

residual routing. Choosing the best bipartition is called optimal bipartitioning.

‘Thus, the minimum via topological routing of channels is achieved by the steps of

solid nets identification and residual net routing,

[su [Ilsu83] restricts the consideration to only 2-pin nets and uses the
greedy method of approximaling a Zindependent sct as a sequence of two /-
independent sel problems. It is to be noted that such a greedy approach need
not result, in an optimal solution. A I-independent set (also simply referred to as
an independent set) represents the largest subset of the given netlist which can be
routed in one layer. More formally, an independent set. of a graph G = (V, E) is a

subsel of the vertex set V, such that no two of its clements are adjacent. That is,
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there is no edge in E which connects any two clements in the independent

. An
independent set is called mazimal if no more vertices can be addled to it without de-
stroying the independence property. A marimum independent set (MIS or 1-MIS)

is a highest cardinality maximal i

set. Sadwoska [Sadw8d] applies the
maximal planarisation algorithm of a circle graph to find a largest bipartite subset.
[Sadw84] also proved that in an optimal solution of a TVM problem, every net
need have at most one via. However, such a routing usually calls for long detours

and meandering of nets.

Chang and Du [Chan87] follow a graph theoretic approach based on the
propertios of C,. They use the close relationship between eycles of odd length,
A graph can be 2-coloured only if it is bipartite and a graph can he bipartite
if and only if it has no odd-length cycles. Thus, all odd eyeles of €, should be

identified and broken. However, it takes exponential time to generate all eyeles of

odd length. ‘They also make the obscrvation that. on an average. the mumber of
3-cycles is much larger than other odd cycles and thus it is enough for all practical

purposes to identify and break all the three cycles. Also breaking a 3-cycle will

break any 5-cycle, T-cycle efc. which superscribes that 3-cycle. Thus. they propose

a greedy algorithm to detect the 3-cycles and then to seleet a minimum number

of vertices Lo break the 3-cycles. If the graph is still non-bipartite, then all the
fundamental cycles are generated and a verte involved in as many fundamental

cycles as possible is deleted.

Xiong and Kul [Xion88, Xion89] have formulated the via minimisation

problem as a {0,1} integer programming problem subject o some cons'raints,

‘There is a constraint for cach cross point (point where two nets interseet ). Minimis-

ing the number of cross points would lead to minimis the number of constraints

in the integer programming formulation. They have proposed a divide and conquer

method in which they keep on subdividing a circle graph €'y, into two simpler circle

graphs until a crossing free channel is reached. In the final topological routing each
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net pair which intersects in the original channel will interscct only once, which is
obviously the minimum crossing. Their successive subdivision approach is applica-
ble to both two and mullipin nets and their approach can handle both CVM and

UVM of channels.

6.2.1 A ncw heuristic for minimum node deletion

Minimun via topological routing of a channel is done in two sleps, namely, mazi-
mum bipartition and residual net routing, Using the lemma of Sadwoska [Sadw84]
that every net in an optimal solution of a topological via minimisation has at
most one via, it is evident that each residual net can be rouled with exactly one
via. That is, the minimum number of vias V, is equal to the number of residual
nets. lowever, this approach calls for rearranging the alrcady routed nets and may
cause many detours. If a channel cannol have detours, then the nuniber of vias

may excced the number of residual nets as illustrated in Figure 6.2

The mazimum bipartition problem has been solved in different ways
11583, Sadw81 and Chan87] as previously described. They all require a com-
plex scries of steps Lo identily the minimum nodes Lo be deleted. llere, a much
simpler heuristic is proposed to choose directly the next most suitable viclim to
be deleted. The heuristic is repeatedly applied until the graph becomes bipartite.
This simple and efficient. new heurislic, called the mazimum overlap degree (MOD)
heuristic, is based on the propertics of the overlap graph G, of the SRR problem,

whicli is identical to the circle graph C; of the original channel.

For the overlap graph G,, the lerm overlap degree of a node in G, refers
to the number of edges which are connected to that node. This is cquivalent to
the number of nels with which the given net overlaps. In general, a nel which has

a high overlap degree is more likely to cause many crossovers and hence is a good
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candidate for deletion. This principle is the foundation of the proposed heuristic.
Morcover, if a node N, of G, has many edges connected to it, then there is a
very high probability that the node N, will be a member of many 3-cycles and is

therefore a good candidate for deletion.

"T'he overlap degree of each node in G, is found and the nodes arc ar-
ranged in decreasing order of their overlap degree. The victims arg then chosen
from this list, starting with the node having the maximum overlap degree. After
cach deletion, it can be determined in linear time whether or not the subgraph is
still bipartite. I not, the process is repeated. The proposed approach is illustrated
in Figure 6.3 for a PNSRR problem and in Figure 6.4 for an NINSRR problem. Ex-
perience with different examples has led to the conclusion that the MOD heuristic
often successfully identifies the victims (nodes to be deleted) and results in a min-
imum node deletion to get a maximum bipartite subgraph of the input problem.

Iowever, the fact that the proposed algorithm is heuristic clearly implics that a

counterexample can always be contrived to show its failure. Such an example will

be shown in section 6.3.5 and remedies suggested.

6.3 Routing of PNSRR problems

In this scction, routing of a PNSRR problem is discussed. In a Permutation SRR
problem all the nets are 2-pin nets and can be left, right or straight nets. Since the
presence or absence of straight nets plays a role in routing. PNSRR problems are

ied into two categorics, namely, PNNSRR problems which have no straight

nets and PNYSRR problems which have at least one straight. net. Ronting of
PNNSRR problems is discussed first, highlighting different schemes, These schemes

are then evolved for the PNYSRR problems.
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6.3.1 PNNSRR with SNI+RNR approach

“The approach of using the two distinet steps of solid ncls ideutification and residual

. is applied

nel routing as done in minimum via topological routing of channel
to route the PNNSRR problem. The fact that topological via minimisation of
permutation channels has been solved in O(n? logn) [Sarf89. Rim3Y] time, suggests
that the similar problem of minimum crossover routing of the Permutation SRR
problem is likely to have a polynomial algorithm along the same lines. The solid
nets identification process can be carried out by first drawing the overlap graph G,
of the PNNSRR problem and then finding a maximum 2-independent set of G,.
The MOD heuristic previously discussed will be useful in finding such a set. Once

the bipartite subset has been identified, then the conceptual realisation for this

subset can be obtained in the same manner as explained in Chapter 6. This will

complete the solid nets routing step.
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The net step is the residual net routing, which calls for a placement, of

the residual nel(s) in the conceptual realisation such that upon conversion to final

li 1 line and the topological mapping, the

physical by drawing the
solid nets would still remain solid and the crossover(s) would be on the residual
nets only. T'his restriction cuts down the number of possible placements for a given
residual net. Let N(i) represent the net to which the node i belongs. Consider a
rosidual net N, whose left node is i and right node is j. Now the placement of N,
is influenced at its left end 7 by the placement of the nets N(i = 1) and N(i + 1)
and the placement of N, is influenced at its tight cud j by the placement of the
nets N(j — 1) and N(j+1). In order that no crossovers are generated on any of
the solid nets, the left end constraint is that the level of A, should be between
the levels of N(i — 1) and N(i + 1) and right end constraint is that the level of
N, should be hetween the levels of N(j = 1) and N(j + 1). The different possible
levels for placement of , are illustrated in Figure 6.6. Although in many cases the
level of N, ean he found to satisfy both the left and right constraint. in some cases

it may not.he possible. Then a decision has to be made as to which constraint

i to be satisfied and at what lvel the rosidual net would be placed within the
range allowed by the satisfied constraint. This situation becomes more comples
when there are nmltiple residual nets. This suggests that coping with the task of

separate residual routing is non-trivial even for the PNNSRR problem, which is

the simplest subproblem of the general non-bipartite SRR problem. This implics

that the steps of SNIand RNR should be combined in some way so that a long

and complex process is avoided for the residual nets placement. and routing.

Residual nets result from the maximum bipartite subgraph process and

ll the solid nets have

the subsequent 2-colouring process. At the end of this pro

been assigned a (+ or —) colour, whereas the residual nets hiave wo colour assigned

yet, However, if LR-colouring instead of 2-colouring is used then all the nets would

have had a (4 or =) label. "Thus with LR colonring the street assignment can be
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fixed for all the nets of a PNNSRR. An additional order is still necded to place
the nets al a particular level within the chosen street. This additional order could
be cither the box order or Tarng’s order. The combination of LR-colouring and

box ordering is an ion of the box | dure di 1 in Chapter 5 and the

combination of LR-colouring and Tarng’s order is a modification of the TARNG-
MOD algorithm, with the 2-colouring process replaced by the LR-colouring. These

schemes will be discussed now in more detail.

6.3.2 Extension of Box-procedure to PNNSRR

Solid nets iacntification by the 2-MIS approach and the subsequent 2-colouring
of the bipartite graph leaves the residual nets uncoloured, whereas LR colouring

all the nodes of a PNNSRR problent. ‘The PNSRR problem which

uniquely colou
was routed in Figure 6.3 using the SNI+RNR approach is routed with the box-
procedure (LR-colouring and box-ordering) in Figure 6.7. Unlike the previous
approach in which Ng was the residual net, here all the nets can be coloured
depending upon whether they are left or right nets. The nets Ny, Ny, Ny and N are

all right nets and the nets N3 and Ng are left nets. Using this LR-colouring for street

in the tual ! the nets ¥y, Ny, Ny and N5 should be
placed on one side (say upper) of the conceptual realisation and the nets Ny and Ng

ticular level of

should be placed on the other (lower) side. However, 1o decide the pa
placement within the chosen side, box ordering is used. It is to be recalled that such
ordering sorts the nets in decreasing order of their starting point. This ordering
will mean that the nets Ny, No, A ; and Ny are placed in the order of N, Ny, Ny
and Ny in the psoudo tracks Ty, Tz, T_g and Ty respectively. Similarly, Ng will

be placed in 7y and Ny will be placed in Tyz. This conceptual realisation turns

*In the case of hipartite SRR problems, the conceptual realisation could be completely dis-
pensed with whereas for the non-bipartite SRR problems the conceptual realisation and topolog-
ical mapping (by reference line drawing procedure) is necessary to get the physical realisation.
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into a physical realisation with one crossover, which is the minimum number of
crossovrs for this example. In fact, the overlap of left-right type (LR crossing in
the channel) does not contribute to crossovers because L and I nets are assigned
to opposite layers, whereas the overlap of left-left or right-right type (LL or RR
crossing in the chaunel) contribule to crossovers. Thus, the mumber of crossovers
is at least equal to the sum of LL and RR crossings. In the example, there is only
one LL crossing (between N3 and Ng) and hence at least one crossover is needed

for any realisation of this SRR problem.

Using the box procedure, every LL or RR cre

ssing would result in one

When there is an LLL or RRR crossover. this results in a double

crossover, as illustrated in Figure 6.8. This problem requires at least two crossovers
and thus the box procedure produces a minimumn crossover solution for the multiple
crossover problem as well. The double crossover can be translated into two vias

using the multiple crossover handling techniques to be discussed in Chapter 7.

6.3.3 Extension of TARNG-MOD to PNNSRR

In this scheme LR-colouring combined with Tarng’s ordering is used to route a
PNNSRR problem. That is, Tarng’s order instead of the box order is used Lo decide

the placement, of the nets within the chosen street in the conceptual realisation.

Considering the same example as shown in Figure 6.7. the zone allotment. proce

is as shown in Figure 6.9. This leads to the Tarng's orderitg (5.6)4.2,(1.3). Now
niets Ny, Na, Ny, Ng are all left nets and based on Tarng’s order. the loftnets will
be assigned in the order Ns, Ny, Ny and Ny which will place them in the pseudo
tracks 1,13,y and 7. respectively, in the conceptual realisation. Similarly.
for the right nets N and Ny the above Tarng’s order stipulates that Ny should be
routed before Ny, This results in the placement of Ny in track 7'y and Ny in track

Tys. The overall conceptual realisation is then o different from that obtained by
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the alternate procedure of LR-colouring together with box ordering. However, this

is not true, in general.

The following presents some new results regarding Tarng’s ordering for
a PSRR problem. In a PSRR, since all nets start bofore any net ends, PSRR is a
single group SRR. Thus, any two intervals either overlap or contain and thus the
overall interval graph G s a clique. Further, as the nodes are scanned left to right,
the cut numbers first uniformly increase until the middle node and then uniformly

decrease. This is seen in Figure 6.9. This increasing and decreasing sequence of

the cut numbers of nodes results in an analytical expression for the cut number of
any node. Consider a net N;. Its cut number ¢; is defined as the maximum of the
cut numbers of its left. and right nodes, Cy; and C,; respectively. Now if the nets
are numbered based on their left nodes, then Cy; = i — | and Ci = (2xm —i— L;),
where m is the total number of nets and L; is the length of net i. Thus, ¢; =
Max{Cy;,Cyi} = Max{ (i - 1),(2%m —i = L;)}. Another interesting observation

is that in a PSRR ¢; Il the

one can have at most two nets. This is becau:

nets in the same zone must have the same cut number . and for a PSRR, no more
than two nets can have the same ¢ value and henee no more than two nets can
be present in the same zone. Thus, no residual ordering procedure is needed; just
zone allotment, would be sufficient to fix Tarng’s order for the PSRR problems.
Further, in the case of PNNSRR problems, for cach zone which contains two nets,
one should be L and the other should be R. For example, in the order given above,

in the zone which contains (5,6), Ns is a left net and Ny is a right net.

In the example discussed in Figure 6.9, Tarug’s order and bos ordering

were identical, which however is not always true. Figure 6.10 shows an example

where the two orders are different. The order for the left nets, (i.c., No, Ny and
Nq) is 64,2 using both Tarng’s and box ordering. However. for the right nets
(i.c., Ny N3 and Nj), Targ’s ordering is 5,1,3 whereas the box ordering is 5,3,1.

The example when routed with Tarng’s order results in two crossovers whercas
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the minimum possible crossover is one. This is where the modified definition of
sminimum crossover ecomes useful. Since the two crossovers produced by Tarngs

order are adjacent they could be collapsed into a single via on the channel.

s clear

While concluding this section on routing PNNSRR problems, it
that, the LR colouring approach is superior to the 2-colouring. With the LR-
colouring approach, the two schemes of LR-colouring combined with Tarng’s order-
ing and LR-colouring combined with box ordering produce solutions with different
numbers of crossovers, considering the absolute crossover count. However, such so-
Intions may well be equivalent in the number of contacts in the channel. In general,
it is found that LR-colouring combined with box ordering produces solutions whose
crossover count is equal to or slightly greater than the minimum crossover count C
for the problem. On the other hand, LR-colouring together with Tamg’s ordering
results in solutions with more crossovers, which, however are often collapsible. The
difference between the two approaches is due to the fact that box ordering captures

the containment relation more closely than does Tarng’s ordering. Box ordering is

purely dependent on the reverse ordering of left end points whercas Tarng’s order-
ing is based on the cut number of nets which in turn depends on the cut number
of both the left and right nodes. Apart from its higher probability for obtaining
fewer crossovers, box ordering is a very simple process, leading to implementation
advantages. Between the two schemes, LR-colouring combined with box ordering

turns out. to he the better choice.

6.3.4 PNSRR with straight nets (PNYSRR)

Routing a PNYSRR problem is the same as routing a PNNSRR. problem, escept
that that the straight net(s) in the PNYSRR problem needs attention. Thus, the
ussed above for PNNSRR problems could be applied to PNYSRR

approaches dis

problems, with suitable modifications. The straight nets need to be coloured L or

115



2 3450 Ny=(18)
Ny = (2,12)
Ny = (39)
Ny = (4,11) 0,
2709 8 1 Ny = (5,7) OO, (®
No = (6,10) o
i

Box order = 6.4.2 for left nets
Box order = 5.3.1 for right nets

Tarng's order = 5.3 for loft nets

(5,0), (4.1), (“ Tarng’s order = 6.1.2 for right nets

Left nels = 2,4,6
Right nets = 13,5

Tarng's order =

—+ -
Ng

" Ny .

[ G| E—

! Ve e o

" “ b '

v JANE 6NT 8 910 01 12

Py y NS

2 crossovers

Conceptual realisation using Tarng's ordering

Figure 6.10: Routing a PNNSRR problem by TARNG-MOD

116



R Lo fix the streel assi and then their pl t within the street necds to

be fixed.

Different options were tricd for colouring the straight nets, namely, always
colouring as left or always colouring as right or randomly. The placement level can
be bascd on Tarng's order or box order or an order which places the straight net in
such a level that crossovers arc maximised on it. This exploits the fact that all the
crossovers on a straight net are pscudo crossovers and can be collapsed into a single
via, using suitable crossover handling techniques. Although the solution with many
crossovers on the straight nets may look bizarre and unwicldy, it is essentially the

same as another solution with one crossover on the straight net.

Figure 6.11 illustrates a PNYSRR example which is routed with these
different options. This example needs at least two crossovers, because the LL-
crossing between nels Ny and Ny necessilales one crossover and the LRS (left-right-
straight) crossing among the nets Ng, N5 and N, calls for one crossover. An LRS
crossing can also be explained from the overlap graph G,. Bach LRS crossing results
in a 3-cycle in G, which needs al least one crossover. By looking at the different
solutions it is clear that although some have Lwo crossovers and others have three
crossovers, they all can be considered cquivalent in the light of the new definition of
minimuin crossovers. Ilowever, as in the case of PNNSRR probleins, box ordering,
in general, results in fewer vias than Tarng’s ordering for the PNYSRR problen
as well. Thus, LR-colouring combined with box ordering turns out to be a good

candidale for routing both PNNSRR and PNYSRR problems.

Figure 6.12 illustrales an extreme case of crossover collapsing where mul-
tiple crossovers are loaded on the straight net. This solution is no worse than the
alternative solution shown, which has fewer crossovers on Lhe straight nel. How-
cver such a wriggling straight net wonld result in exira storage if the SRR layout

is stored i ( ion) and not logically. Such
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wriggling may also pose problems in the Backward Transformation step. This can
be avoided by not placing the straight net near the node axis, especially if its SRR

length is large.

6.3.5 Maximum conflicting overlap degree heuristic for

the minimum node deletion problem

The LR colouring of a PNSRR has applications in modifying the maxinum over-
lap degree heuristic discussed eatlier, to find the best possible victim to be deleted
during the construction of the mazimum bipartitc subgraph of the given €, or
G Figure 6.13 illustrates a PNSRR example where the masimum overlap degree

heuristic fails. Such examples do not occur frequently in practice. Here the maxi-

mum overlap degree heuristic identifies the net Ny as the victim because it has the
highest overlap degree of 4. Breaking Ny is not useful because it is not a member
of any odd cycle despite its many radial links. The reason for non-bipartition is
the odd cycle formed by nets Ny, Ny and Ny and one of them must be deleted to

break the cycle.

The failure of the MOD heuristic (choosing Ny as the victim) suggests
that a victim should not be deleted il it is not a member of any odd cycle, but an

explicit verification of such a process is complex. Instead, two other approaches

s, In one approach, the deletion follows the MOD heuristic and

Ny Ny, Ns, Ng and N7 as

suggest themsel

would delete Ny and then N, as residual nets and declare

solid nets. At the end of the process, an attempt is made to reintroduce each of the
residual nets as a solid net, if such an introduction still leaves the graph bipartite.
"Thus, Ny would be converted from a residual net to a solid net. However, this
approach has some extra and often unnecessary work. The other approach is more

clegant and is based on the classification of the overlap edges as conflicting or non-



Figure 6.12: A PNYSRR problem with multiple crossovers on e straight net
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conflicting. The resulting heuristic is called mazimum conflicting overlap degree
heuristic, where the victims are chosen using conflicting overlap degree instead of

xd now.

the total overlap degree. This approach will be explai

It was alrcady mentioned that LR type crossings are of no consequence

in routing a PNSRR because L and R nets are routed on opposite layers. The
overlaps which necessarily lead to a crossover arc called conflicting overlaps. LL
and RR belong to this type whereas LR is a non-conflicting overlap. Again, LLL
can be visualised as three LL relations out of which only any two would necessi-
tate crossovers. The same concept is extendible to multiple L, crossings. The LRS
crossing can be split as LS, RS and LR crossings. The LR crossing is not essential
whereas the LS and RS are. For the node which represents the straight net the
conllicting overlap degree is still one because breaking either the SL link or the SR
link breaks the odd cycle corresponding to the LRS crossing. Using this approach

each of the overlap edges of an overlap graph G, can be classified as conflicting (es-

sential) or ficting ( tial). Such a classification is shown in Figure
6.13 where the conflicting overlap cdges are marked as *° aud the non-conflicting
overlap edges are marked as =", Using this approach and counting only the con-
flicting overlap degree, Ny will 1o longer be chosen. The LRS crossing of the nets
Ny (R), N2 (S) and Ny (L) results in the odd cycle 1-2-4 and the conflicting over-
lap degree of all the three nodes is one and thus any one of them can be broken.
This will make the graph bipartite with 1-node deletion. which is the minimum for
this example. Many cases for which the maximum overlap degree heuristic fails
can often be handled by the maximun: conflicting overlap degree heuristic. When
multiple nodes need to be deleted as the deletion process progresses, a link which
was conllicling type may not. be so any longer. For example, in an LRS cyele, both
the LS and RS links are to be considered essential initially. After deleting one of
them the cycle is broken so that the other becomes non-essential. Therefore, some
kind of dynamic status must be maintained for the links.
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6.3.6 Logical routing of PNSRR

The preceding classification of overlap edges into conflicting and non-conflicting
leads to an interesting way to route logically a PNSRR. The approach is called
logical because unlike the methods in which the layout information is represented
in explicit geomelric form, a graph is constructed which essentially contains the
same information as an explicit geometric layout. The idea is also motivated by
the fact that if the SRR is bipartite, then the SRR layout step can be bypassed
altogether. That is, an explicit SRR layout need not be constructed and then

tion can be

processed through a Backward Transform step. The channel realis:

obtained dirvectly based on simple calculations to establish the relation between the

X d T ion

SRR tracks and channel tracks. Such a g tric b

is highly suitable for a programming implementation as well,

If the non-bipartite graph is somehow transformed into a bipartite graph,
then the routing can proceed in the same way as for a bipartite problem. There-
fore, the goal is Lo transform the non-bipartite i, of a PNSRR into an equivalent
bipartite SRR. This will call for introducing pseudo nodes in the original G,. For
example, consider a G, which is non-bipartite duc to the presence of a 3-cycle.
The original approach (SNI 4 RNR) of pulling out a node as a residual node by

the node climination process and then re-introducing it through the residual net

routing process, clearly introduces extra work. A better allernative is to keep all
the original nodes intact, but to introduce pseudo nodes along the links that need
to be broken. By introducing a pseudo node on any one of the three links that
make up an odd cycle, an odd cycle will turn into an even cycle and the graph will
hecome bipartite, ‘This process of introducing pseudo nodes on selected edges of
the overlap graph is called logical splitting. Each such node on the broken link is

pscudo in the sense that it corresponds to introducing a dummy node on one of

the two nets connected by that link. For example, a pseudo node introduced on
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the edge between 3-4 in the overlap graph, can turn into a dunmy node on net

N3 or N, corresponding Lo a crossover on net N3 or net Ny. This breaks a 2-pin
net into a 3-pin net. Such a process is referred to as nef splifting. The third and
middle node is essentially the point at which the crossover takes place. Thus, the
location of the pseudo node between the real end nodes of the net to be split is to
be determined based on the node interval at which the crossover would take place.
This process of deciding the exact location of the pseudo node on a logically split

net is called physical splilting.

Thus, logical splitting will specify which net will be split and thereafter
the physical splitting will decide where exactly it is split. These two picees of
information will be enough to specify which nets have crossovers as well as where the
crossovers are located. Each logical splitting process breaks a conflicting overlap,
and this process must be repeated until no more conflicting links are present. After
all the logical splitting is complete, the physical splitting process has to procecd.

The overall approach is illustrated for a PNYSRR problem in Figure 6.14.

Given a PNSRR problem, first its overlap graph G, is drawn. *

en cach
of the overlap edges is classified as conflicting or non-conflicting. For the example
shown in Figure 6.14, there is a conflicting link between nodes 34 of type LL and
an LRS cycle between nodes 2,5 and 6 which would translate into an LS and an
RS link, one of which necds to be broken. Let the candidates for logical splitting
be links 3-4 and 2-5. Again the splitting of 3-1 can be trauslated as a crossover
on Nyor Ny. Let Ny be chosen. Thus a new node labelled ' will be introduced
on the link 3-1 making it 3-4'-1. This would turn two odd eyeles (1-3+1 and 2-3-1)

into even cycles.

Now the physical splitting of Ny and g has to take place. In general the
physical splitting has to be decided such that no new odd eyeles will be formed,

because such a formation is clearly counter to the goal of constructing a bipartite
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graph. Thus, when the original net. Ny is split into two nets 4 and 4!, some of the
overlap relations of Ny will turn into containment relations hut no containment

relation of Ny should turn into a overlap relation. These constraints on the pscudo

node help to converge onto one or more possible locations for the pseudo node
placement. For example, the fact that node 4' should uot overlap with the net N
in the overlap graph and the fact that net 4! has to start between the nodes 4 and
12 dictates that 41 has to start after node 9 which is the right end node of Ay, The

choice can be [urther narrowed down based on other constraints and the location

10.5 can be finally chosen. However, such a unique location is not. possible when

there are multiple possible locations for a crossover placement. This is becanse for

a given SRR problem there may be many different. crossover solutions. A given
SRR problen with many couflicting links can be broken in differcnt, ways keadling
to different logical splitting, cach of which eventually translates into solutions with
the same number of crossovers. Hence it is not necessary Lo differentiate between

them unless there is a specific requirement sucl as avoiding the crossovers on some

specific nets (say critical nets whose operating characteristics demand no via can be

placed on them). Further, physical splitting of one net will influence the physica

splitting of the other nets. This is because without fising the physical splitting,

annot he deter-

the overlap relation between the the dummy nodes and other

mined. When there are only a few crossovers this process can casily converge. but

potential difficulties arise when the interaction between multiple constraints must

be considered. Although this approach looks promising. more rescarch is needed

on this issuc before it becomes a feasible, practical approach.

"To conclude this scction on PNSRR routing. it is observed that while

many approaches were proposed to route Permutation non-bipartite SRR problems,
LR-colouring combined with the box-orderiug procedure turns out 1o be a good
candidate and hence would be chosen to ronte any PNSRR problem and would

form the core of the SRR solver step for non-bipartite ¢
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6.4 Routing of MNSRR problems

The discussion so far has indicated that the order of increasing complexity in
Single Row Routing is PBSRR, MBSRR, PNNSRR and PNYSRR respectively.
The MNSRR which is the last member of the series of increasing complexity is the
most general SRR problem, and thus the most difficult to route with minimum
crossovers. In fact, the general problem of crossover minimisation is NP-complete
[T'suk80]. Simply extending the different methods discussed for PNSRR to MNSRR.

proves Lo be a failure. The approach which is ded based on its practicali

as well as its effectiveness exploits a divide and conquer strategy. lere an MNSRR
problem is split into a number of PNSRR problems. Then cach PNSRR problem is
routed, with the solutions of the subproblems then merged to achieve the solution of

theoverall MNSRR problem. However, such merging satislying all the subsolutions

inay not be possible in all cascs.

6.4.1 MNSRR by extending previous approaches

It is obvious that MSRR routing is more difficult than PSRR routing. This is
because, as scen in the section on MBSRR problems, the important properties
which are possessed by a permutation channel are lost in a mixed channel, In the
absence of such convenient. propertics designing the routing algorithms becomes a
difficult and challenging task. The main reason for the difficulty in MSRR routing

stems from the presence of the local nets.

“The approach of solid net identification and subsequent residual net rout-
ing (SNI+RNR) which proved to be difficult for the PNSRR problem is even more
difficult for the MNSRR problems. The problem is, as bhefore, in the residual net

routing phase. The LR-colouting approach which was uscd lor PNSRR case fails



for the MNSRR case because the philosophy of keeping L and 12 els in opposite
streets is no longer valid for an MSRR problem, as explaiued previously. Further,
the coupling between local nets through the permutation nels forces some restric-
tions on Lhe strect assignment. Tor an MNSRR problem neither the 2-colouring
not the LR-colouring approach is adequate to solve the streel assignnient problem,
In the absence of such an assignment neither Tarng’s ordering nor box ordering
can work. Thus, this approach is rejected and a more practical approach based on

a divide and conquer philosophy is discussed next.

6.4.2 Routing of MNSRR by grouping into PNSRR

This approach was molivaled by a proposal by Du and Liu [DuLi87] to extend
the applicability of Tarng’s [Tarn84] algorithm, in the context of minimum track
touting of SRR problems. Du and Liu proved that Tarmg's algorithm results in
au optimally congested SRR solution only for the single group SRR problems and
may or may nol produce optimal solution for multi-group SRR problems. They
proposed thal a multi-group SRR problem be split into a number of single group
problems and cach of these subproblems be routed using Tarng’s procedure, Then,
an allempl is made to merge all the subsolutions, without violating the order
demanded by each of them. Such merging is nol always possible because the
adjacent groups have common nels and can demand conflicling orders. Ilowever,
when the interaction between adjacent groups is low then the chances of overall
merging is betler. If the overall merging is a failure, Du et al. [DuLiR7] proposed
1o usc a left to right process, in which the merging operation does not honour all

the sub solution constraints,

1t is now proposed that such a grouping process be applicd Lo manage the
complexity of minimum crossover routing in MNSRR. The success of the grouping

approach in optimally congested routing of a general SRR problem and the fact
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that LR-colouring combined with box ordering approach is available to route a
PNSRR problem, makes this divide and conquer approach practical and effective.
Further, our experience has shown that it is difficull to come up with a single and
comprehensive heuristic which is quite effective for the minimum crossover routing

of MNSRR problems which also clearly favours the problem reduction approach.

Thus, an MNSRR problem which, in general, is a multi-group SRR prob-
lem, is first split into a number of PNSRR problems. Such splitting into groups can
be done by identifying the maximal cliques {Sher89) of the overall interval graph
Gy of the MNSRR problen. A PNSRR is a single group SRR and its G is a
dique. Figure 6.15 illustrates an MNSRR example whicl is split into two PNSRR
problems, (PNSRRI and PNSRR2) and routed. This subdivision process also con-
verts an originally local net into a permutation net. For example, the local net
N of the MNSRR problem turns into a right net in the PNSRRI problen, This
conversion is the key point which greatly reduces the problem of routing local nets
faced in the original MNSRR problem. For each PNSRR, a conceptual realisation
is obtained and then adjacent realisations are merged to get the overall realisation.
As mentioned carlicr, such merging may fail if the clique intersection [Shers9] is
quite high, and in that casc the approach of merging adjacent groups into pseudo

cliques can be pursued.
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Chapter 7

Backward Transformation

This chapter discusses in detail the Backward Transformation (BT) of the abed
type SRT. The purpose of the BT is 1o fold the SRR layout back into a channel

layout, where the SRR layout is crossover free in the case of bipartite SRR problems

and has cro: s in the case of non-bipartite SRR problems. The BT consists of
two steps, namely, crossover handling and fold buck. The crossover handling step
manages those crossovers which remain after the reduction process. This step will

be the front end of BT and deals with the problem of crossover alignment. Two

lised

techniques called simple-align and split-align are di I Then a
crossover handling technique called grid opening, which is capable of handling any
type of crossover, is proposed and discussed. Finally, the fold hack step is discussed
with reference to channel width reduction under the 2-way overlap model with

knock knces.
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7.1 Crossover Handling techniques

This step acts as the front end of the BT process and is concerned with the task of
aligning those crossovers that are unreduced and are present in the SRR solution.
Crossover handling is necessitated by a basic difference between the SRR and chan-
nel models, namely, the SRR model allows crossovers in the inter-node intervals
while the channel model allows vias only at grid points. T'he term aligning of a
crossover refers lo Lthe process by which a crossover is shifted from its inter-node
position lo a grid aligned position, so thal upon folding back, the corresponding
via would be located at a grid point. In this section, two techniques for crossover
alignment are discussed. The first is the simple-align technique which is suitable to
handle casy crossovers and the second is the split-align Lechnique which is needed
for handling the difficult crossovers. The classification of a crossover as casy or

difficult depends on ils case of alignability, as explained below.

Consider 2 net N, which has a crossover belween nodes k and k+ 1 of
an SRR realisation. Let the node k belong Lo nel N; and the node k + 1 belong
to net Nj. To align the crossover of the net N, Uic best choices are the ncarest
grids on the left or the right, thal is, the grids at node k or k+ 1. Whether such
an alignment is possiblc or not depends upon the nature of nets N; and Nj. Nets
N; and Nj can run in upper or lower streets and begin or end al nodes k and &+ 1

leading to 16 dilferent combinations. The cight combinations in which the net N;

ends at node k (called class-A) as illustraled in Figure 7.1, pose no problems for
alignment and ate casy crossovers, To align an easy crossover, Lhe crossing over
net is split at node k or at node k+ 1. Further, in order to make the end points
of the split levels of the nel coincide at a via alter folding back, lateral shifting
of other nets may be nceded and Lhis may lead Lo an increase in the number of
tracks. An example of aligning an easy crossover is illustrated in Figure 7.2. The

remaining eight combinations called class-B, where the net N; starls at node &,
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as shown in Figure 7.3, can be easy or difficult or impossible. Thus, out of the

sixteen combinations, two are impossible, twelve are casy and two are difficult.

The analysis can be extended (o higher crossover bounds as well. Consider, for
example, a case with a crossover bound K = 2 (two nets crossover in the interval
between nodes k and k+ 1). The alignment process is illustrated in Figure 7.4 It
is clear that the easy crossovers can be grid aligned to the nearest left or right grid.
This process is local in the sense that it changes the layout of only the crossing
over net and only pushes other nets laterally, if needed, but docs not. disturly them

otherwise.

While the simple-align technique s successful in handling casy crossovers,

it fails for the difficult crossovers because there is no way of

ting, the cer

over net atode k or k+1. This happens because the adjaceut nets N; and N, cover
the crossing over net N, in both top and bottom; this is called a full covering. On
the other hand, the casy crossovers are half conered or full open, because the nets Ny
and N; cover N, only partially or not at all. Thus, aligning difficult crossover calls
for the split-align techuique whete the split segments of the crossing over net. N are
vestored to the same street to eliminate the crossover. But this flipping of N, would
interfere with one or more nets and cach such crossing needs to be handled. The
decision as Lo whether N, should be restored to upper strect or lower strect depends
on o [actors, namely, the number of nets interfered and the depth of affection,
Consider the difficult crossover shown in Figure 7.5, 1f the net Ny were flipped to

upper street totally then it would interfere with only Ny whercas if it were flipped

to lower street it would interfere with three nets { Ny, Nz and Ny} Thus, Ny should

be flipped to the upper street. Further, if the interfered net runs deep (ivc., ina
track far [rom the node axis), then to make its split levels coincide at a via, more
tracks need to be pushed down. For example, the net Ny which was running at
track 7'y demands that its newly added vertical picce project up to track 77y so

that its segments will match properly after folding back. This nec
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Figure 7.5: Handling of a difficult crossover by split-align techuique

the net Ny, which was previously at track T_,. to track 7.y an creasing the

street width. If the interfered runs deeper originally. more track pushing will be
called for. The split-align technique could result in a large increase in the number
of vias as well as in the number of tracks needed. Further. the split-align technique
may call for detours' and exlernal doglegs® Lo join up the scgments of the detouring
net. Such an example is illustrated in Figure 7.6 where net A is forced to have a
detour and external doglegs. Incorporating such detours and doglegs make the BT

process more comples, Consequently, a more general crossover handling technique

i needed which would take care of any type of crossover effectively and for this
purpose a new alignment technique called the grid-opee technique will be discussed

in section 7.2,

,\ A detous ofu et i chanue sy brontal run of e e o
A dogleg is external if it oceurs in a column outside the span of the net.
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7.1.1 Crossover collapsing

The crossover handler should be intelligent in the sense that it should be able to
detect and effect crossover collapsing described in Chapter 6. Such collapsing would
tranglale multiple pscudo crossovers as well as adjacent real crossovers into a single
via in the channel. To effect such collapsing, first the pseudo and real stretch of
each net with crossovers should be identified. Basically any net can be considered

to make up a left real piece, a middle picce and a right real picce. For a straight

et the entire middle piece is pseudo whereas for the left and right nets a part of
the middle picce is pseudo. For local nets the entire middle picce is real. When the

channel is formed after the folding back only the real strelehes should show up.

The crossovers on a straight nel need special allention, becanse straight

nel crossover collapsing is a special case of pseudo crossover coilapsing. Any number
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of crossovers on a straight net could be translated into a siugle via as the entire
streteh of a straight net is pseudo (whereas, for the lefl. and right nets both real
and psendo stretches are present necessitating separate collapsing for cach). If no
detour is allowed in the channel, then the straight net can be replaced by just two
vertical pieces running in opposite layers which connect, through a via after BT.
Trying Lo handle crossovers on a straight net is unnecessary as well as troublesome
as illustrated in Figure 7.7. Here, a given SRR layout with a single crossover on
the straight net Ny, is handled in two different ways. In one case, the straight net

crossover is handled by the split align technique leading to solution with two vias

which also calls for a detour on net Ny. In the other case. the straight net Ny is

simply replaced by two vertical pieces of wires and this leads o a solution with one

vi

Thus, it is clear that the quality of the final solution depends on the handling

technique used.

7.2 Grid opening: A generalised crossover han-

dling technique

The split-align crossover handling technique could fail for some diffieult crossovers

and could v sitate long detours of nets. This is seen from the examples shown

in Figure 7.6 and Figure 7.7 With such detours, a net will lie in more than one

horizontal track. and doglegs are needed to connect. the horizontal segments. In-

corporating detours in the B'l' makes it more complex and also has the problem of

choosing the optimal location for doglegs. An alternate technique which would ef-

fectively free up the congested grid as done by detouring is uceded. This technique
should also be general and applicable to any crossover. Such a general handling

techique ensures that an SRR layout with any type of crossover can be folded

back into a legal channel layout, thereby giving 100%. success in routing any in-
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put channel problem. Such a guaranteed routing without manual intervention is

essential in a fully automated VLSI layout system.

For a fixed grid channel model the frec grid point nceded to align vias for
some channel problems cannot be generated directly, since that column is already
used by some other net and terminals are not movable. A scheme is needed which

preserves a fixed terminal environment for the external world but allows a free

columu inside the channel domain. A new scheme called the grid opening technique
is now proposed which is general, simple, and frees up the grid columns wherever
needed. The grid opening technique can be visualised as a substitute for a detour to
firee up a grid point to align a via. The scheme is straightforward and does not need
the complex process as required for detouring. Tl drawback of this techniques s

that it may extend the length of the channel.

“The proposed technique uses the steps of pscudo «longated channel forma-
tion and river routing. Basically inside the routing domain another pseudo channel
is formed whose terminals line up with the original channel problem to start with.
Wherever there is a difficult to align crossover in the SRR. no attempt is made
to handle it but the corresponding interval in the channel domain is widened to
accommodate the via. For example, if there is a single crossover then the interval

is expanded to twice the original interval. This allows a free intermediate column

on which the via can be aligned. This increases the length of the pseudo channel as

well as pushes all the terminals to the right of the expanded interval. However, the

terminals of the original problem still remain intact. Now the problem of connect-

ing the terminals of the original channel and that of the clongated pscudo channel
can be solved by river routing. River routing is a special case of a channel in which
the order of top terminals of the nets is the same as the order of their bottom
terminals and every net is a two pin net. The overall approach is illustrated in
Figure 7.8. 1t is to be noted that one grid expansion of the pseudo channel can

accommodale two crossovers il they are at mirror intervals. which lie one below
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another after the fold back. In general the increased length of the psendo channel
is cqual to the number of crossovers. The top and bottom river routing problems

can be solved in lincar time using the existing river routing algorithms [llsu86].

Ny
s ] 2345
l—l River route
Lnﬂ 3 B ko

Original
chauncl

5 10

Elongated psondo channel

Original
channel

pseudo
channel

09 8 7
River routing
ncrease in length (top side of the ¢l

by two grids

Figure 7.8: Grid opening technique 1o handle erossovers

The technique is general and is guaranteed 1o work for any type of

crossover. because the nature of the crossover has no impact on the procedure,

The basic problem of non-available columms for crossover alignment is solved by

adding free columns when needed. How always using grid opening is not rece-

ommended because not. all crossovers need grid opening for alignment. For most
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cases, there is a way of aligning the crossovers without splitting the grid. Further,
using a 2-way overlap model, extra columns are not, needed as often as in the case
of the conventional HV-model, because loops in the Vertical Constraint Graph do
1ot need a dogleg in he case of 2-way overlap model. If the grid opening technique
is used indiscriminately the length of the pseudo channel increases which requires
additional columns and hence more area. It is recommended that grid opening
should be used as the last resort when the other simple techniques fail and the

increase in arca and extra work of river routing is justificd.

7.3 Fold back step of the BT

The fold back step takes the layout produced by the crossover handler and maps the
wire segments of the SRR layout onto the 2layer channel. All segments in the upper
street are assigned to one layer and all segments in the lower street are assigned to
the opposite layer. The split segments of nets should contact. through a via after
the fold back. The fold back should be intelligent in the sense that it should do
more than a naive translation of the SRR layout into a channel layout. The folding
back operation should also exploit the features allowed by the channel model. For

exanple, the channel width can usually be decreased by allowing overlaps, knock-

knees and doglegging. Simply deforming the SRR layout and folding back retaining
all the psendo stretches of the SRR nets cause double runs in the channel, This
increases the channel density thereby decreasing the quality of the routing solution
and hence pseudo stretches should be avoided in the final channel layout. Figure
7.9 illustrates different ways of folding back an SRR layont. Obviously. allowing

channel width.

overlaps and knock-knees while folding back leads Lo a dec

Thus, the less constrained the routing model is, the more sophisticated the folding

back nee

5 to be in order to exploit all the features allowed by the routing model.
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Figure 7.9: Different ways of folding hack an SRR layont

Overlapping of nets also helps to reduce the ehannel width in a similar

way. Further, overlapping of nets increases routability in some cases. especially

channls with a loop in VCG which cannot be ronted by the conventional HV model.
However, long overlapping of nets needs to be avoided as it could lead 1o signal
degradation and crosstalk duc to capacitive coupling. In fact. overlap reduction and
knock-knce maximisation can be attempted as post BT operations after obtaining

isation of

the channel layout, in a way analogous to the constrained via mini

channels.

judicious

It is possible in some cases to reduce the channel width by
introduction of doglegs. However, incorporating this process into the fold back step

of BT is not casy because finding a good placement for the doglegs is non-trivial

in the general case. An alternate way is to absorh the detours into the Single Row
Routing step itsell. That is, by allowing backward moves in the SRR, realisations
with detours are produced which when translated into a channel would manifest
as channel detours. Although [Ragh84] and [Tarn®4] discuss SRR with backmoves,

no algorithm has been reported yet to route an SRR problen with detours.
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Finally, the fold back should be non-geometric in order to facilitate its
implementation. Geometric fold back schemes which handle the layout information
explicitly and operate on a scgment by segment basis get unwicldy for large exam-
ples. Further, cach SRR layout needs a different handling technique based on the
nature and complexity of the crossovers. One approach is to try out the simpler
handling techniques and to use the grid open technique as the last resort. In real-
istic cases when there are multiple crossovers the interaction between them plays
arole in deciding the order of handling and the technique to be chosen as well. In
fact an algorithmic approach to BT to handle real life examples would be rather
involved. A rule based expert system approach appears 1o be a good candidate,
where the rules capture the most common layout, patterns and give modified lay-
outs for them. More research is needed in developing such an artificial intelligence

based approach to crossover handling.
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Chapter 8

Software development of an SRT

based router

The goal of this chapter is Lo apply the results of the anal fed ont so

far to the software development of an SRT based channel vouter. To start, the
structure of the software for a general channel router based on the abed type SRT
is presented. Then, the special cases of a via [ree channel router and a Permutation
channel router are discussed. Next, details of implementation highlighting the data
structures and subroutines to be used are presented. The code has been tested on

different bipartite examples and the results of some test cases are shown.

8.1 Structure of the software

A channel router based on the SRT approach should have the basic modules of the

FT, the SRR solver and the BT in addition to the utilities sueh as plot rontine

The FT' would be the abed type and can be performied by a trivial manipulation

of the top and bottom net. vectors of the channel. The SRR problem generated by
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the FT' s then routed by the techniques discussed eatlier to get an SRR layout.
The BT step which produc s the channel realisation has to be sophisticated to
fully exploit the allowed features (say knock-knee, overlap) of the chosen routing
model to reduce the channel width. The SRR solving step is fairly independent of
the channel model. The input channel could be a general or a special channel and

these cases are discussed below.

8.1.1 General router

“The general channel router should be capable of routing any rectangular channel
problem. Only 2-pin nets are considered, because any multi-terminal net can be
decomposed into two pin nets and routed. The channel can be a pernutation
channel or a mixed channel and bipartite or non-bipartite. Based on the analysis
in Chapter 5 and Chapter 6, it is clear that the box-procedure can route only a
PBSRR, whereas the TARNG-MOD algorithm (using Tarng’s ordering combined
with 2-colouring order) can route both permutation and mixed channels. Further,
the PNSRR problems can be routed by the box-procedure and the MNSRR problem
should be broken into PNSRR problems and routed. The general channel router
should liave all these modules built in and should use them selectively depending

upon the input problem. The structure of the software for such a general router is

shown in Figure 8,

8.1.2 Special routers

“Two special Lypes of channel routers can be designed using the analysis carried out
so far on SRT based routing. The first is a bipartite channl router where the input

problem has a via free solution and could be an PBSRR or an MBSRR problem

which can be routed by the box-procedure and TARNG-MOD algorithms respec-
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tively, to get the SRR solution. In this case the SRR layout nced not be explicitly
obtained and then folded back; the BT can be done dircctly by using simple alge-
braic relations between the level (track number) of the net in the conceptual SRR

realisation and its level in the final channel. Of course, such relations should in-

o lised

clude the possible channel width reduction considerations. The second

rouler is a permutation channel router which is to route a PBSRR or a PNSRR
problem. Here the box-procedure is used which would produce either a crossover
free solution or a minimum crossover solution. If the problem is non-bipartite then

crossover handling must be done before folding the channel back. Figure 8.2 de-

picts the soltware structure of a bipartite channel router and a pernutation channel

router based on the SRT approach.

8.2 Implementation details and results

“I'his scetion gives details on the implementation in terms of the data structures to

be used and subroutines that would be necessary.

o Data structures used

Nets and nodes are the basic entities of the ronter soltware and thus two

basic data structures, form the database built and operated upon by different
subroutines. The nel_infodata structure is built to facilitate a quick answer to
attributes related to nets, namely, net number. the left and right nodes of the
et zoue Lo which net. belongs, level of the net. in the conceptual realisation,
colour of the net, and so on. The node.info data structure contains the
information about cach node of the SRR problem. namely, type of the node
(Begin / End / Middle), net to which the node belongs. upper and lower node
cut numbers, efe. Constants. like street congestion, number of nets, number

of nodes, efe. are stored in the structure cons_stre,
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o Subroutines used
“The subroutines have been developed keeping in mind functionality, modu-
lity. The basic set of subroutines which have been coded

larity and
are listed below.

Subroutine : Purpose

getchannel @ Gets the channel information as top and bottom net vectors.

abed FT : Forms the SRR problem from the top and bottom net vectors.
process SRR “inds the node and net cut mumbers of the SRR problem.
construct_IG : Coustructs the overlap graph and attempts bipartition.
zoneallot : Allots nets to zones based on their total cut numbers.,
net.order + Uses residual cut numbers to order nels within a zone,
trackassign ¢ Uses Tarng's order and 2-colowring information to place

the nets on tracks to form a conceptual realisation.

plot.srr : Converts the conceptual realisation into a physical

tealisation and creates a Latex plot file.

vBT : Folds the conceptual SRR realisation into a

plot_channel : Creates a plot of the final channel layout. u

and solid lines for the two layer

1

Apart from these 10 handle the won-bipartite case. crossover

handling by the casy align. split-align or grid opening techuiques. as well as the

subsequent fold back operations are necessary to form a full fledged router. The

code ha

been successfully tested on different bipartite examples. Some examples of
the routing solution produced by the router are shown in Figure 8.3 and Figure 8.1,
It is to be noted that in Figure 8.4 although the SRR solution has a congestion of
three while the optimal congestion is two. the final channel width is not increased.

“T'hi

is because the advantage of having fewer tracks in the SRR solution is lost,

in many cases, in the extra tracks needed to align the crossovers. Thus. a solution

with crossovers usually leads to no smaller channel width than a solution without



crossovers. In general, the SRT based router produces solutions of quality compar
ble to those produced by other routers. For the non-bipartite problems, the quality
of the final channel solution depends both on the input problem’s complosity and

the efficacy of the Backward Transformation.
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Chapter 9

Conclusions

This thesis analysed the Single Row Transformation approach to VISI channel

routing. The steps of the Forward Transformation, SRR solving and the Backward
‘Transformation were discussed. The abed FT-BT was chosen, for which the FT is
straightforward and the BT, in the absence of crossovers. is simple. lowever, the
presence of crossovers makes the BT highly case dependent and henee complex,
leading to the necessity of minimum crossover routing of the SRR problem. Since
the existing SRR algorithms were not designed for crossover minimisation, vari-
ous algorithms for minimum crossover routing of the SRR problem were discussed.
Since not all SRR problems are crossover free, crossover handling techniques are

usscd, which how-

essential and the casy align and split align techniques were

ever, fail for some difficult A lised hand ling technique called grid

open, which is capable of handling any crossover was proposed to ensure 100%

channel routability.

Sinee the general cases for both the channel and the single row routing
problems are NP-complete, the conceptual simplicity of the SR approach is not.

ied by a reduction in the 1 I In order to make




the approach viable only simple SRTs should be chosen. For the abed SRT which
is recommended, the F'T takes O(n) time, where n is the total number of terminals
in the routing problem. The BT in the absence of crossovers and delouring in the
channel can be done in O(nlog n) time, by the simple algebraic relation between
the track number in the conceptual SRR realisation and the track number in the
final channel. Apart from its polynomial time complexity, bipartite channels have
a 100% guaranteed routing solulion, requiring in the worst case lwice the SRR
congestion. This clearly shows the SRT approach using the abed lype FT-BT is
a good candidate for Lhe special case of bipartite channels which can be routed

without any vias,

The SRT approach is quite suilable for routing Permutation chamnels
because Uie box procedure is able Lo route successfully the PBSRR problems as

well as the PNSRR problems. llowever, in the case of PNSRR problems, the

BT step has to incorporale suitable crossover coll as well as the 1
crossuver handling via casy align/split align or the grid open lechniques. To ronte
an MNSRR problem, groups need lo be identified which can be done in O(nlogn)
time [Gupt82], as the groups of the SRR problem can be interpreted as the maximal
cliques of the overall interval graph G; of the SRR probicin [Sher89]. Then cach of
the PNSRR problems has lo be routed and the solutions need to be merged; such

merging, satisfying the net order within each group, however, is not possible in all

c

s. Thus, for the non-bipartite channels, the SRT appro:

\is more complex and
the solution could potentially have larger channel widths. Incorporating selective
delouring improves routability as well as decreases the channel width for non-
bipartite channcls; however, at present, the best approach Lo incorporale such

channel detours is not. known.

More research is needed on the crossover handling step. Although the
grid open Lechnique is general and guaranteed to work, experience with many

examples hias shown that opeuing Uhe grid is not needed and there is ahmost always
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a way to align the vias to an cxisting grid. However, an algorithmic approach to
specify such a solution is rather complex and hence a rule based system approach
emerges as a good candidate. The rules have to capture the knowledge about the
possible SRR layouts with representative crossover patterns and the corresponding
solution after handling. An inference engine has to excite this knoviedge base

to extract the appropriate solution for the particular input problems. Such an

artificial intelligence approach to crossover handling remains to be proven.

Additional work is nceded on the multi-crossover handling techniques

which take into ideration the it ion between while

the crossover handling. Further, some post BT operations are possible. For ex-

ample, overlap reduction and knock knee maximisation could be formulated and

studied in a manner analogous to the ined via minimisation of channels,

However, each of these problems is complex and it is uncertain whether the results
of such post BT operations would be justiiied by improvements in the channel

quality.

This thesis addressed only the problem of channel routing using the
ST approach. Tlowever, the SRT approach is applicable to any closed polygo-
nal (bounded) routing region. The reating of switchbox problems, other complex
shaped channels (c.g. L-shaped, X-shaped , T-shaped c/c.) and circular channels
(as in a pad frame router) arc some interesting possibilitics. This thesis assumed
a 2-layer channel model; however, it would be quite interesting to extend the SRT
approach to multi-layer schemes. The practicality of the approach for different

design styles remaing 10 be evaluated by integrating the SRT' based router into an

existing CAD tools en

ronment and testing it on realistic designs.

There are a wealth of problems related to the SRT approach to VLSI
routing and the results presented in this thesis form a basis on which future research

could build.
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