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About the Cover 

The cover (designed by the author in collaboration with Sonia Heemstra) 
shows three stages in the routing of an 1-shaped channel by the algorithm 
CRACKER. The "open" sicles of the channel are at the bottorn and the right. 
The terminals on these sicles are floating, all other terminals have a fixed po
sition. The results have been obtained with the parameter SL ,m in = 3. 

• The first picture shows the configuration of nets after the initial routing 
stage; most of the nets run on top of each other in the same layer. 

• The second picture shows the configuration after one "iteration"; most 
of the conflicts, but not all, have already disappeared. 

• The last picture shows the conflict-free salution found by CRACKER 
after 45 iterations. 

Text Processing Tools 

The text of this thesis has been typeset by the author in Computer Modern 
font using 1\.TEX, supported by the software of Arbortext. The illustrations 
were made with the OPS software of Interleaf. The results of the routing 
algorithms were automatically generated in PostScript format by the author's 
own software. All software run on Apollo workstations connected to an Apple 
LaserWriter Plus printer. 



Summary 

This thesis addresses the local wire routing problem, which arises in the design 
of integrated circuits. The goal is to interconneet all terminals belonging to 
the same eleetrical net inside a given routing area, without having shortcircuits 
with the wiring of other nets that also have to he routed. 

vVhen the routing area is reetangular and terminals are located on the bound
ary of the reetangle, the problem is called switchbox routing. The thesis 
presents the PACKER algorithm that is meant for solving this problem. It 
uses a wiring model consisting of two layers, where each layer can incorporate 
both horizontal and vertical segments. 

PACKER is basedon a principle called stepwise reshaping. When using this 
principle, the nets are first interconneeted quickly and independently of each 
other. This normally gives rise to contiiets (shortcircuits). The contiiets are 
eliminated in the second, iterative, phase by using connectivity preserving local 
tmnsformations (CPLTs). They move aside one segment of the net, while 
maintaining it connected to the rest of the net. The CPLTs are applied in a 
systematic way, using a scan fine technique. While scanning in one of the four 
possible directions (from top to bottom, bottorn to top, left to right and right 
to left), as many as possible segments under the scan line are packed in the two 
layers available. Those segments that cannot he packed are pushed to the next 
scan line position by means of the CPLTs. The algorithm scans in different 
directions until all contiiets have disappeared or some time-out condition has 
been satisficd. 

PACKER can he qualified as a successful algorithm as it solves most of the 
problems considered as benchmarks in the literature. This success can he 
attributed to the packing strategy, that enforces convergence, and to scanning, 
that avoids getting trapped in local minima, by sweeping segments across the 
complete routing area and thus reshuffiing the configuration considerably. 



ll Summary 

Apart from switchbox routing, stepwise reshaping also can he applied to less 
restricted routing problems. The second algorithm presented in this thesis 
is CRACKER, which is meant for solving the general area routing problem. 
It is able to deal with obstacles inside the routing area, with terminals not 
connected to the boundary and with fioating terminals, i.e. terminals that can 
have several adjacent legal positions among which the router should choose. 
In this way CRACKER is able to solve many types of problems for which 
special-purpose algorithms have been designed. Examples are: channel routing 
with floating terminals at the open sides, routing in an area with an irregular 
boundary, 3-sided channel routing and 1-shaped channel routing. 

Before presenting the algorithms PACKER and CRACKER, the thesis dis
cusses the motivation to design this type of algorithms. It is argued that the 
algorithms can he qualified as using the principle of local correction, a princi
ple that might he applied to several combinatorial problems, in the same way 
as simulated annealing, genetic programming and simulated evolution. Local 
correction is characterized by the iterative invocation of an operator T that 
localizes "conflicting spots" in a eertaio configuration and repairs them locally. 
A solution is found when T does not modify the configuration anymore, be
cause no conflicts are left. In this process an "intuitive cost function", defined 
on a configuration, may go up and down rather chaotically, finishing at the 
minimal value 0 when a solution is found. 



Samenvatting 

Dit proefschrift gaat over het locale bedradingsprobleem, dat bij het ontwerpen 
van geïntegreerde schakelingen optreedt. Het is de bedoeling om alle terminals 
die bij één elektrisch net horen, met elkaar te verbinden binnen een gegeven 
bedradingsgebied, zonder een kortsluiting te veroorzaken met andere netten die 
eveneens bedraad moeten worden. 

Als het bedradingsgebied rechthoekig is en alle terminals op de rand van deze 
rechthoek liggen, spreekt men van switchbox-routing. In dit proefschrift wordt 
het PACKER algoritme gepresenteerd, dat voor het oplossen van dit probleem 
is bedoeld. Het werkt met een bedradingsmodel die van twee lagen gebruikt 
maakt, terwijl beide lagen zowel horizontale als verticale segmenten kunnen 
bevatten. 

PACKER is gebaseerd op het principe van de stapsgewijze vervorming. Wan
neer van dit principe gebruik wordt gemaakt, worden alle netten in eerste 
instantie snel en onafhankelijk van elkaar verbonden. Dit zal normaalgespro
ken aanleiding geven tot conflicten (kortsluitingen). De conflicten worden 
weggewerkt in een tweede, iteratieve, fase, door gebruik te maken van con
nectiviteitbehoudende locale transformaties (C.B.L. T. 's). Zij bewegen één ·van 
de segmenten van een net zijwaarts, terwijl zijn verbinding met de rest van 
het net in stand wordt gehouden. De C.B.L.T.'s worden op een systemati
sche manier toegepast door middel van een scan-linemethode. Terwijl in één 
van de vier mogelijke richtingen (van boven naar beneden, van beneden naar 
boven, van links naar rechts en van rechts naar links) wordt gescanned, wor
den zoveel mogelijk segmenten onder de scan-line in de twee beschikbare lagen 
samengepakt. De segmenten, waarvoor geen plaats is, worden naar de volgende 
scan-linepositie geduwd, door middel van C.B.L.T.'s. Het algoritme scant in 
verschillende richtingen totdat alle conflicten zijn verdwenen, of totdat aan een 
bepaalde stopconditie is voldaan. 

PACKER kan succesvol worden beschouwd, omdat het de meeste standaard-

lll 



lV Samenvatting 

voorbeelden uit de literatuur op weet te lossen. Het succes kan enerzijds wor
den verklaard uit de samenpakstrategie, die convergentie afdwingt, en ander
zijds uit het scannen, dat het gevangen raken in een locaal minimum vermijdt 
door segmenten over het gehele bedradingsgebied heen en weer te bewegen en 
zo de configuratie flink door elkaar te schudden. 

Naast switchbox-routing kan stapsgewijze vervorming ook op andere soorten 
bedradingsproblemen worden toegepast . Een tweede algoritme dat in dit proef
schrift aan de orde komt, is CRACKER, bedoeld voor het oplossen van het 
generai-area-routing probleem. Het kan werken met obstakels in het bedrad
ingsgebied, met terminals die los van de rand staan en met zwevende ter
minals, d.w.z. terminals die verschillende, aanliggende, toegestane posities 
hebben, waaruit het algoritme een keuze moet maken. Op deze manier kan 
CRACKER vele problemen aan, waarvoor doelspecifieke algoritmen zijn ont
worpen. Voorbeelden hiervan zijn: kanaalbedrading met zwevende terminals, 
bedrading binnen een gebied met onregelmatige rand, driezijdige kanaalbedra
ding en 1-vormige kanaalbedrading. 

Voordat de algoritmen PACKERen CRACKER worden besproken, wordt in 
het proefschrift aandacht besteed aan de motivatie die tot het ontwerp van 
dit soort algoritmen heeft geleid. Er wordt beweerd dat de algoritmen op het 
principe van locale correctie gebaseerd gedacht kunnen worden, een principe 
dat, net als simulated annealing, genetic programmingen simulated evolution, 
op vele combinatorische problemen kan worden toegepast. Locale correctie 
wordt gekenmerkt door het iteratief aanroepen van een operator T, die "con
flicterende plekken" in een bepaalde configuratie opspoort en ze locaal repa
reert. Een oplossing wordt gevonden wanneer T de configuratie niet meer 
verandert omdat alle conflicten verdwenen zijn. Tijdens dit proces gaat een 
"intuïtieve kostenfunctie", die op een configuratie is gedefinieerd, nogal chao
tisch op en neer totdat de minimale waarde 0 wordt bereikt op · het :moment 
dat een oplossing is gevonden. 



Preface 

This hook represents my Ph.D . thesis. It is organized as follows: Chapter 1 
is an introduetion to the local wire routing problem focused on those aspects 
of the problem that are relevant for the rest of the thesis. The reader who is 
well-acquainted with the topic can skip this chapter. Chapter 2 tries to explain 
the lines of thought that led to the development of the algorithms PACKER 
and CRACKER. This chapter can he skipped by the reader who is only in
terested in the algorithms themselves. The implementation of the switchbox 
routing algorithm PACKER is the topic of Chapter 3. The results obtained 
by PACKER are listed in Chapter 4. The general area routing algorithm 
CRACKER is a generalization of PACKER: the differences with PACKER are 
reviewed in Chapter 5 and the results obtained by CRACKER are presented 
in Chapter 6. Chapter 7, finally, lists the conclusions. 

There are three appendices: Appendix A is a mathematica! exercise to prove 
the completeness of the "connectivity preserving local transformations" used 
in the algorithms. Appendix B shows the 'application of the "local correction" 
approach to a problem completely different to routing. Appendix C presents 
a modification to the data structure known as the "priority search tree". 

V 
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Chapter 1 

On the Wire Routing Problem 

This thesis deals with the local wire routing problem. Wire routing (not he 
confused with the term packet routing from the field of computer networks 
[Tan81]) is the problem of interconnecting terminals belonging to the same 
electrical net within limited space and subject to a set of restrictions. 

The problem normally arises as a consequence of the independent design of 
modules in an electronic circuit. To say it simply, an output of some module 
is the input of another one (it is said that the output and the input belong to 
the same net) and assembling the circuit from the modules requires some way 
of interconnection. The degree of difficulty of the interconnection problem 
depends on the fabrication process. lnterconnection by e.g. discrete wires 
is rather easy: the space occupied by the wires is neglectable with respect 
to the space available, which means that the connections do not block each 
other; it does neither matter whether a wire crosses above or below another 
one. Figure 1.1 presents an example of discrete wire interconnection ( the 
specifications of the problem are from [Joo86]). 

In integrated circuits, which are manufactured by stacking appropriate 
patterns of conductive, semiconductive, and insulating materials (see e.g. 
[Mea80]) , interconnections between modules are realized in a similar way as 
the modules themselves ; this means that only a limited number of layers are 
available for wiring, that wires have minimal widths and have to obey rules of 
minimal separation, that they often can only make bends of 90 degrees, etc. 
An interconnection problem of this type, with its complexity of many inter
ading wires that can block each other, is called a routing problem. Figure 1.2 
presents a solution to the problem given in Figure 1.1 in an environment where 
only two layers are allowed . lt is customary not to present routing results in 

1 
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Figure 1.1: An example of an interconnection problem: the pins depicted in 
(a) have to be interconnected. When using discrete wires, any approach that 
establishes the required connections, as e.g. in (b), yields a result that can be 
fabricated. 

three dimensions, but to give a two-dimensional picture instead, as has been 
done in Figure 1.3. In the picture different shades of gray are used for the 
different wiring layers and a black square is used for the conneetion from one 
layer to the other. Such a conneetion is called a contact cut or via. The style 
of Figure 1.3 for presenting routing results will he used throughout this thesis . 

An integrated circuit can he thought of being built of modules placed in a plane 
and surrounded by channels which provide the space for the interconnections 
( see section 1.2 for more details). Routing is normally performed in two steps. 
The first step is called global or loose routing; during this step it is decided 
through which channels a net will pass, without assigning positions within a 
channel. Global routing is not considered in this thesis; for an overview of the 
topic see [Kuh86]. The process of giving a precise position to wire segments 
inside a channel is called local or detailed routing. This thesis is about this 
type of routing. 

Because of the complexity of the local routing problem, a lot of effort has been 
spent in the past decades to design computer algorithms that can perform the 
routing task automatically. Actually, the effort still continues and the work 
reported in this thesis is an attempt to contribute to it. 

I 
' I 
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Figure 1.2: A three dimensional picture of the solution to a simple routing 
problem. 

3 2 1 4 1 2 4 
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Figure 1.3: The standard way of presenting solutions to routing results, using 
two dim ensions. 



4 On the Wire Routing Problem 

This introductory chapter pays attention to some general aspects of routing, 
with an emphasis to those aspects which are important for an understanding 
of the contributions of this thesis. The chapter is organized as follows. First 
some attention is paid to the Lee algorithm, the earliest significant contribu
tion to routing, which is still part of many modern algorithms. This is foliowed 
by a section giving an overview of different classes of routing problems: chan
nel routing, switchbox routing, general area routing, etc. Another section is 
devoted to the notion of vertical constraints, a notion that limits the search 
space and is therefore very useful. The chapter finishes with a description of 
the state-of-the-art, by giving a short description of the most successful routers 
reported recently. 

1.1 The Lee Algorithm 

As mentioned earlier, the first significant contribution to routing can he at
tributed to Lee for his "path connection" or "maze running" algorithm (Lee61] . 
It is mentioned here because many current-day algorithms for routing still in
corporate the path conneetion algorithm in some way. Actually, one of the 
points in which the algorithms PACKER and CRACKER, reported in this 
thesis, distinguish themselves from other algorithms, is by not using any form 
of the Lee algorithm. 

The basic algorithm is meant to conneet two points in a plane, in an envi
ronment that may contain obstacles. If a path exists, the algorithm always 
finds the shortest connection, going around obstacles. It operates on a grid, 
using one square of the grid as the lowest possible resolution. This means that 
each of the two points to he interconnected occupy a complete square and 
that the obstacles are modelled as sets of squares not available for routing (see 
Figure 1.4( a)); also the wire interconnecting the two points will he a chain of 
squares. 

The algorithm consists of two steps: wave propagation and backtracing. lts 
description in pseudo-code is given in Figure 1.5. More informally, in the first 
step a wave front is expanded, starting from one of the points. This front 
goes around the obstacles in the routing area. The first step finishes when 
the front hits upon the second point. The second step consists of reporting 
the shortest path by selecting those points in the wave front that preeede each 
other. Note that in this backtracing step, sometimes the neighbor with label 
i is not unique: a heuristic should he used to make a choice. Figure 1.4(b) 
illustrates the wave propagation, whereas Figure 1.4( c) shows the path found. 

, I 



1.1. The Lee Algorithm 5 

(a) (b) (c) 

Figure 1.4: Th e basic Lee algorithm: the points to be interconnected, A and 
B, tagether with the obstacles (a); the wave propagation from A to B (b); the 
path found (c). 

Lee's algorithm has been adapted for different purposes, like operating with 
multiple layers, using various cost models, working with nets having more than 
two terminals, etc. Also many improvements have been made on the efficiency 
of the basic algorithm. Üvçrviews of workin this area can be found in [Ake72] 
and [Oht86] . The importance of the Lee algorithm for routing can also beseen 
from the fact that special hardware has been constructed to implement it (see 
e.g . [Hon83] and [Suz86]). 

Up to now only the use of the Lee algorithm for one net of two terminals 
has been discussed. When a net has three or more terminals first a path 
between two terminals is found and then a generalization of the algorithm has 
to be used where a path can either act as a souree or a target for the wave 
propagation. In this way the terminals are added one by one to the routing of 
the net. As opposed to the version for two terminals, the Lee algorithm does 
not guarantee the shortest possible path , when more than two terminals have 
to be interconnected. 

When routing several nets, the pathof the nets which alr~~y have been routed, 
act as obstacles for those still to be routed. Actually, the .fact that nets have to 
be routed sequentially, is the weak point of the Lee alp:orithm. Routing the nets 
in a different order strongly influences the final resuit. For some problems a 
careful ordering of the nets decides between failure anä ,~uccess. For this reason 
heuristics have been proposed todetermine an appropriate ordering. However, 
as problems are known that cannot be solved by routing in any possible order 
[Oht86], the merit of Lee-routing ( with ordering heuristics) is limited. 
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I* Find a path from S to T *I 
begin 

end 

I* Step 1: wave propagation *I 
new-wave-front := {S}; 
label:= 0; 
while T t!. new-wave-front 
do label := label + 1; 

od 

wave-front := new-wave-front; 
new-wave-front := 0; 
for each element in wave-front 
do for each neighbor of element 

/* A neighbor is located above, below, 
at the left or at the right. *I 

do if neighbor is visited for the first time and 
is not an obstacle 

od 
od 

then label neighbor with label; 
new-wave-front := new-wave-front U {neighbor}; 

fi 

I* Step 2: backtracing *I 
path-element := T; 
for i := label- 1 step - 1 until 1 
do path-element := the neighbor of path-element with label i; 

I* In case of multiple possibilities 

od 

use a beuristic to make a choice. *I 
report path-elem ent 

Figure 1.5: The basic Lee path conneetion algorithm in pseudo-code: it finds 
one of the shortest paths from souree S to target T. 

• 
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Figure 1.6: An example of an IC in the standard celllayout style (a) and an 
IC in the building block layout style . 

1.2 Classes of Routing Problems 

The Lee algorithm is good in finding paths in an environment with many 
obstacles, when there are only a few paths with minimallength. However, it 
behaves poorly when there are few obstacles: it does not have the capability 
to choose a good path among the many possible paths. 

Actually, the design styles used in integrated circuits often ask for routing 
many nets in open space. Examples are the standard cell or polycelllayout, 
in which rows of modules of equal height are arranged in rows with routing 
channels in between, and building block layout, where the modules are placed 
freely on the chip, providing for routing space around it. An overview of 
the many different layout styles can be found in [Ued86]. Figure 1.6 shows 
examples of the standard cell and building block layout styles before routing. 

Channel routing (see [Bur86] for an overview) occurs as a natura! problem 
in e.g. standard cell layout, but also in the design of printed circuit boards 
[Has71]. It consists of routing nets across a rectangular channel, as in Fig
ure 1.3. The nets have fixed terminals at the top and bottorn of the channel 
and fioating terminals at the "open" sides, left and right. A floating terminal 
is known to enter the channel on the left or on the right side, but it is up to 
the router to determine the exact position. As a matter of fact , the height of 
the channel, the separation between top and bottom, is not fixed either. The 
goal of channel routing is the minimization of the height. 

Several models can be used for channel routing. The classica! model is as 
follows (see e.g. [Ker73]): 
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1. All wires run along orthogonal grid lines with uniform separation. 
2. There are two wiring layers. 
3. Horizontal segments are put on one layer and vertical segments on the 

other one. 
4. For each net, the wiring is realized by a single horizontal segment, with 

vertical segments connecting it to all terminals of the net. An exception 
is made when cycles in the vertical constraint graph (see Section 1.3) 
occur. In this case the problem cannot he solved unless at least one net 
is realized with two horizontal segments. 

Many variations are possible. Routers have been designed for working with
out a grid; they allow that each wire has a specific width (e.g. power wires 
that carry relatively large currents can be made wider to have less resistance) 
[Che86]. Besides, algorithms have been developed for non-orthogonal grids, 
e.g. where 45-degree turns are allowed [Enb87] or where the grid is hexagonal 
[Cha79]. 

As technology is progressing, more layers are becoming available for routing 
and several routing algorithms are being developed that can deal with more 
than two layers (see e.g. [Bra88] and [Con88b]). 

The model for routing, where each layer has only wires in one direction is called 
the reserved layer model [Che88]. The use of this model can be motivated by 
referring to physical effects at the realization level: capacitive coupling between 
two wire segments running one on top of the other can lead to crosstalk. lt 
cannot be denied, however, that this simple model also simplifies the task 
of the designer of routing algorithms. Most modern algorithms work with a 
non-reserved layer model (see e.g. [Joo86] and [Shi87]). 

The requirement that all nets should be realized by a single horizontal segment, 
although again facilitating the taskof the algorithm designer, is too rigid. The 
use of doglegs [Deu76], i.e. of more than one horizontal segment per net, 
often offers the possibility of channel height reduction (see Figure 1.7 for an 
example). 

In order to complete the layout of a chip solely by means of a channel router, 
two tasks have to be performed successfully: 

1. All space available for wiring has to be partitioned into channels; 
2. All channels have to be ordered in a sequence such that, at the moment 

that the channel has to be routed, all terminals at the top and bottorn 
of a horizontal channel have a fixed position and those at the left and 
right are floating. For a vertical channel, terminals at the left and right 

I I 
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Figure 1. 7: Wh en the routing of net 2 can only have one horizontal segment, 
the channel has a height of 4 (a); when doglegging is allowed, the height can 
be red u eed to 3 (b) . 

should he fixed and those at the top and bottorn should be floating. 

It turns out that, when the layout has the slicing property [Ott83], i.e. the 
wiring space corresponds to recursive horizontal and vertical bisections of the 
chip, the above conditions are satisfied (see e.g. [Cai89]). In other cases, 
rectangular areas with fixed terminals on two adjacent sides, on three sicles 
[Liu86] or on four sicles have to he routed. The problem of wiring within a 
rectangular area, with terminals fixed on all four sicles is called the switchbox 
routing problem [Sou81] . One of the main differences with channel routing is 
the fixed area size. In channel routing the router can vary the height of the 
channel according to its needs, whereas in switchbox routing expanding the 
area would mean that terminals have to he pulled apart . This would affect the 
specifications of the problem and is therefore, normally, not allowed. 

The remarks made above about various roodels for channel routing also apply 
to switchbox routing. However, because (non-floating) terminals can be con
nected to any of the four si des, a single horizontal ( or vertical) segment cannot 
always conneet all terminals of a net . 

Many generalizations of the switchbox routing problem are possible: 
• the boundary, instead of being a rectangle, can have any rectilinear 

shape; 
• the routing area can contain obstacles, in any of the layers; 
• terminals can be located inside the routing area, i.e. isolated from the 

boundary (e.g. connected to an obstacle); 
• terminals can be floating along (part of) one of the rectilinear segments 

defining the boundary. 
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Figure 1.8: The vertical constraint between the interior end points P1 and pz 
of terminal segments beZonging to nets n 1 and n 2 (a); its representation in the 
vertical constraint graph (b). 

The routing problem that is made up of these generalizations together with 
those mentioned for channel routing, is referred to as the general area routing 
problem [Tze88]. 

Two routing algorithms feature in this thesis: PACKER, which has been de
signed for switchbox routing, and CRACKER, which extends the principles of 
PACKER to general area routing. 

1.3 Vertical Constraints 

For a channel routing problem, consider a pair of terminals located one on top 
of the other in the same column entering the channel in the same layer ( see 
Figure 1.8( a)). It is obvious that in any solution of the problem, the terminal 
segment coming from the top has to finish at a position higher than the end 
point of the bottorn segment (otherwise, there would he a short circuit). This 
restrietion is called a vertical constraint. Each column having two terminals 
in the same layer gives rise to a vertical constraint. The constraints are often 
represented in a vertical constraint graph (VCG) . In this directed graph, the 
nocles stand for the end points of the terminal segments and the directed edges 
for the relation "should he located above" ( see Figure 1.8(b)). 

If nothing else is assumed, the VCG is rather uninteresting: it consists of 
pairs of nodes, one pair for each column that has two terminals in the same 
layer, each pair formed by a single directed edge from one node to the other, 
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Figure 1.9: A simpte channel routing problem (a); the vertical constraint 
graph, when looking at the terminal constraints individually (b); the vee when 
one horizontal segment per net is used (c). 

and unconnected nodes, for the other columns. However, when the traditional 
model for channel routing is used ( one horizontal segment per net), for each net, 
all terminal segments end at the same height. This fact can he incorporated in 
the VCG by merging all nocles of the same net into a single node. Figure 1.9 
illustrates this for the example of Figure 1.3. 

The VCG, as defined in this way, drastically constrains the search space for 
channel routing. In the case of the example of Figure 1.9, it even directly 
indicates the unique solution (within the traditional model), as presented in 
Figure 1.3. This form of the VCG is the form in which it was introduced 
originally as part of an algorithm [Ker73]; successful "efficient" algorithms, 
based on the same VCG, were publisbed later in [Yos82]. 

Up to now two extreme forms of the VCG have been presented, one of them 
is fully merged and the other one is fully separated. Many intermediate forms 
are also possible. They all have in common tha.t one node corresponds to one 
height for the horizontal segment that interconnects all interior end points 
of the terminal segments associated with the node. The main problem with 
the fully merged form is the possible existence of cycles, in which case the 
conesponding layout cannot he realized: a segment cannot he at the same 
time above and below another one. The problem can he solved by splitting 
one of the nocles in the cycle into two nocles (see Figure 1.10 for an example). 
Doglegging, which can lead to a reduction of the channel height as was shown 
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Figure 1.10: A simple problem (a) with a circular VCG (b}; the cycle is 
broken by splitting one of the nodes (c}, which makes it possible to solve the 
problem (d). 

in Figure 1. 7, also involves splitting nocles in the VCG. 

Several approaches with respect to the VCG are possible in channel routing 
algorithms, especially in algorithms that involve some form of iteration. One 
could start with the fully merged graph and gradually break it down [Ger88], 
one could "randomly" merge and split nocles [Leo85] (see also [Won88]), or 
one could start from the fully separated graph and merge some of the nocles 
gradually (see the algorithms in this thesis). 

For switchbox routing two "vertical" constraint graphs could he defined, one 
of them induced by the top and bottorn (VCG) and the other by the left and 
right sicles (VCG'). There is no problem in working with two graphs when 
they are fully separated. However, merging can create problems. This will he 
explained by referring to the notion of the feasible track interval (FTI) (Yin87], 
which is used for channel routing. The partial ordering for horizontal segments 
imposed by the VCG without cycles, defines a range of legal positions for the 
track when the number of rows in the channel is fixed; this range is the FTI. 
Given the fact that the terminals at the left and right sicles are fl.oating, there is 
no a priori conflict between the positions of the terminals and the restrictions 
on the positions of the horizontal segments connected to them because of the 
FTI. In the case of switchbox routing, the terminals at the left and right have 
a fixed position and the merging of nocles in the VCG can lead to a situation 
where the fixed position of the terminal ends up outside the FTI. So, merging 
of nocles in the VCG (and VCG') is restricted in switchbox routing. 
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1.4 On the Degree of Difficulty of Routing 

A crucial point to mention here is related to the computational complexity of 
the routing problem. Finding the shortest path between two points of a single 
net is considered an easy problem. The Lee algorithm (see Section 1.1) finds a 
solution in polynomial time: in the worst case all squares in the grid are visited 
at most once ( during wave propagation). So, the number of computation steps 
is proportional to the number of squares. 

Before consiclering the routing problem for more than one net, it is necessary 
to introduce some terms from computational complexity theory ( the standard 
reference on this topic is [Gar79]; [Hor78] and [Pap82] also give extensive atten
tion to the topic). Combinatorial optimization problems (see also Chapter 2) 
can he classified in two groups: decision problems, where the answer of the 
problem is either yes or no, and optimization problems, where a solution with 
optimal (say, minimal) cost has to he found . In the following only decision 
problems are considered. Instauces of optimization problems can he reformu
lated to become decision problems by asking the question: "Is there a solution 
to the given problem instanee with cost less than !<?", instead of asking the 
question: "What is the solution with minimal cost?". 

In computational complexity theory problems are grouped into sets, of which 
the sets P and NP are relevant for the current discussion. P contains those 
problems for which a polynomial-time algorithm is known; this means that 
there is a method to solve the problem requiring a number of computation steps 
bounded by a polynomial p( n) defined on the input size n of the problem in
stance. NP contains those problems for which a non-deterministic polynomial
time algorithm exists. Actually, for a problem to he in NP it suffices that there 
is a deterministic polynomial-time algorithm to check whether a given solu
tion satisfies the specification. The "enumeration aspect" of the algorithm is 
handled by making a non-deterministic choice. 

Obviously, P is a subset of NP. It is very likely that P is a proper subset of 
NP, but nobody up to now has been able to prove it. An interesting subset of 
problems in NP share the property of being NP-complete. Fora problem B to 
he NP-complete it is necessary that: 

1. it is a memher of NP, 
2. that all NP-complete problems polynomially transform to B, i.e. that 

it is possible to transfarm the specification of any instanee of an NP
complete problem A, in a specification of an instanee of problem B in a 
polynomial number of steps, such that the answer to the new problem is 
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yes if and only if this is the case for the original problem. 

Nodeterministic polynomial-time algorithms are known for NP-complete prob
lems. If a polynomial-time algorithm would be found to solve one of them, 
then it would solve all of them, as any problem can be transformed in any other 
one. So, with the current knowledge, only algorithms with an exponential-time 
complexity can solve NP-complete problems. 

As far as the routing problem ( for multiple nets) is concerned, the problem will 
be looked at as a decision problem throughout the whole thesis. The problem 
formulation is: 

\ 

Is there a solution that interconnects all nets without shortcircuits 
for a problem instanee specified by (floating and fixed) terminal 
positions and a routing area of fixed size, possibly with obstacles? 
Yes or no? 

This problem is in NP, as aftera non-deterministic guess for the wiring patterns 
in each layer, it takes polynomial time to check whether the patterns represent 
a solution. 

For · the case of channel routing, proofs of NP-completeness have been pub
lisbed for two different routing models ([Szy85] and [Sar87]). As channel rout
ing (within an area of fixed size) is a special case of switchbox routing and 
switchbox routing itself is a special case of general area routing, it follows au
tomatically that switchbox and general area routing are NP-complete (there 
is a way to transform any instanee of an NP-complete problem, to an instanee 
of the channel routing problem, which is at the same time an instanee of the 
switchbox and general area routing problems). By the way, even the single net 
routing problem for an arbitrary number of terminals, which is actually called 
the Rectilinear Steiner Tree problem, is NP-complete [Gar77]. 

So, given the fact that no efficient, i.e. polynomial-time algorithm is known for 
routing, one should be content with a heuristic algorithm. Such an algorithm 
is able to answer the routing problem with yes in most cases (by producing 
a solution), but won't always be able to find a solution, although one exists. 
Examples are given in the next section. 
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1.5 Some Successful Algorithms 

Many algorithms for local wire routing have been designed (and published) up 
to now. Some of them have introduced new approaches , others have improved 
existing ones. This section gives an overview of some main approaches with 
the goal of showing the diversity in routing algorithms. Only those routers are 
mentioned which strongly differ from the algorithms to he presented in this 
thesis. References to approaches which are closer in some aspect, occur at the 
appropriate place further on in the text . The selection of the algorithms listed 
below has been based on the rate of success and the availability of detailed 
documentation. 

1. The "greedy" router: this type of router was originally reported in a ver
sion for channel routing [Riv82] and has later been adapted by many re
searchers for switchbox routing (see e.g. [Ham84], [Luk85] and [Yin87]). 
The principle is to scan the routing area column by column from left to 
right . For each column a number of rules are applied in a fixed order, 
starting with the rules of highest priority. The main, crucial , rule tells 
that the terminals at the top and bottorn of the column have to enter 
the channel. The other rules are related to interconnecting segments of 
he same net , to move segments (toa lower or higher track) such that the 
completion of the interconnection will he easier later on, to create a new 
track when there is congestion, etc. The advantage of the approach is 
its speed: the complete routing is performed in one pass. The quality of 
the results are , however, somewhat poorer than those obtained by other 
approaches . 

2. Weaver: this router is based on knowledge-based expert systems tech
niques [Joo86] (see [Joo85] fora more detailed account). The switchbox 
routing "algorithm '' consists of a colledion of collaborating experts spe
cialized in several subtasks of routing. Examples of these tasks are: 
constraint propagation, the influence of vertical constraints, the mini
mization of wire length, the decision on where to put the vias, the avoid
anee of congestion, etc. The experts communicate via a common data 
structure, known in artificial intelligence as a "blackboard". One of the 
experts, called the "focus of attention" expert, is in charge of invoking 
the other experts in the right order. Weaver was one of the first routers 
that worked with a non-reserved layer model. The quality of the results 
achieved is very good, but the processing times for difficult examples are 
rather high (tens of minutes). 
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Figure 1.11: The downward versions of the three weak modifications in 
Mighty: unitpush (a), jumppush (b) and pointpush (c). All modifications can 
also be applied upward, to the left and to the right. 

3. Mighty: this is a maze router combined with local transformations and 
rip-up and reroute techniques [Shi87]. Mighty is a general area router, 
using some form of the Lee algorithm as a basic tool. The problem of the 
sequentia! routing of nets, causing blocking of nets not yet routed, is over
coroe in two ways. First an attempt is made to remove the blockades by 
means of local transformations, called "weak modifications". The three 
different classes of transformations are shown in Figure 1.11. If this does 
not help, the blocking nets are ripped up and rescheduled for rerouting 
in a later stage. By keeping track of not applying the same modifications 
twice on the same net, convergence is guaranteed (hopefully towards a 
solution, but sometimes towards failure). Mighty turns out to he suc
cessful and fast at the sametime (it needs just a few seconds for difficult 
examples). 
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4. Beaver: this router can he he characterized as a pattem router aug
mented with a maze router [Coh88a]. It is a tooi for switchbox routing 
and consists of four subtools. The simplest tooi is the "corner router" , 
that searches for certain types of two-segment connections for terminals 
on adjacent sicles of the switchbox. Next is the "line sweep router" , that 
tries to conneet two terminals on opposite sicles using at most three seg
ments. The third tooi is a maze router, that has the taskof completing 
all remaining connections. The fourth tooi, finally, assigns layers to those 
connections that were not forced in either of the two layers in an earlier 
stage. Beaver is also very successful and fast (it routes difficult examples 
within a second). 

The greedy router, Weaver and Beaver are called constructive algorithms: they 
never remove a conneetion that once was laid out. Mighty, however, is an 
iterative algorithm, as it modifies the intermediate routing continuously. 



Chapter 2 

Stepwise Reshaping: An 
Alternative Approach to 
Routing 

This chapter presents the lines of thought that led to the development of the 
routing algorithms based on stepwise reshaping. First the local wire routing 
problem is looked at as a combinatorial optimization problem and some spe
cial aspects related to this view are pointed out. Problems in combinatorial 
optimization ( and also in other fields) can he tackled in two ways: by means of 
special-purpose algorithms and by means of general-purpose algorithms (such 
as simulated annealing). The application of both types of algorithms to rout
ing is considered. Reasons are given why a simulated annealing approach is not 
very attractive; however, one of its "ingredients", viz. the ability of making 
local moves, is adopted to he used in a new type of algorithm. The principles of 
this "stepwise reshaping" algorithm are explained and the control strategy for 
systematically applying the moves is discussed. No details of the algorithms 
based on stepwise reshaping are given in this chapter; the implementations of 
the algorithms PACKER (for switchbox routing) and CRACKER (for general 
area routing) are discussed in Chapters 3 and 5 respectively. 

2.1 Combinatorial Optimization Problems 

Generally, a combinatorial problem is defined as the set of all the insfances 
of the problem [Pap82], each instanee being defined as a pair (F, c). F is 

18 
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called the set of feasible solutions, while c is a function assigning a cost to 
each element of F. Thus c : F ---+ R, where R is the set of real numbers (for 
some type of problems, the cost only has integer values ). Solving a particular 
instanee of a problem consists of finding a feasible solution f E F with minimal 
cost, i.e. an f such that Vy E F: c(J) :::; c(y). (Note that problems requiring 
to find a solution with maximal cost can be defined in a similar way.) 

An example of a famous combinatorial optirnization problem is the traveling 
salesman problem (TSP). The problem is to find the shortest tour ( closed path) 
that visits all n "cities" of a problem instance, given a symmetrie n x n matrix 
containing the distances between all pairs of ei ties. Obviously, any permutation 
of the cities defines a feasible solution and the cost of the feasible solution is 
the length of the tour represented by the solution. 

A sequence of computer instrudions intended for finding the solution of a 
combinatorial optimization problem will informally be called an algorithm. 
Although there is a large variety of algorithms for combinatorial optirnization 
problems and it is therefore very difficult to make precise statements, it can be 
said that on specific intermediate moments before reaching a solution, the state 
of the data of many algorithms can be interpreted as configurations diredly 
related to the problem being solved. E.g. in an algorithm for TSP ( that is 
able to find an optimal tour and therefore should have an exponential time 
complexity, as TSP is NP-complete) a configuration could be a suboptimal 
tour or an incomplete tour (a closed path that does not visit every city). A 
suboptimal tour is a feasible solution in the formal sense and the cost fundion 
is properly defined for it . An incomplete tour is not, but it is possible to 
redefine the cost fundion such that it is also defined for incomplete tours. The 
new cost fundion should have the following properties: 

1. It should have the same value as the formal cost fundion for complete 
tours. 

2. The cost of an incomplete tour should never be less than the cost of the 
optimal solution. 

In a more general context, it can be said that (informally) many algorithms 
can be thought to operate on a set of configurations C, which is a superset 
of F: C 2 F. A cost function cc can be defined for the elements of C such 
that: 

1. Vy E C: (y E F::;. c(y) = cc(y)). 
2. (Vy E C : cc(Y) :::; cc(!)) <=> (Vy E F : c(y) :::; c(J)), so the optimal 

feasible solution f is also an optimal configuration. 

With the idea in mind that there exist a formal set of feasible solutions F and 
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a set of configurations C, the routing problem will now he considered. 

For channel routing a straightforward definition for F would he "all configu
rations which represent legal interconnedions of the nets" . Legal means here, 
that for each net all terminals are connected and that there are no shortcir
cuits. As the goal in channel routing is to minimize the channel width, the 
cost fundion c would assign the "number of tracks used" to each configuration 
in F. Other aspeds of the routing, that could he taken into account by the 
cost fundion are the total wire lengthand Lhe number of vias. However, these 
are secondary optimization criteria and will he disregarded in the following 
discussion. 

For switchbox routing, the main problem is to find a solution within a fixed 
area. So, F contains all patterns of wire segments in the layers available for 
routing, that represent a legal interconnedion of all nets. As secondary opti
mization criteria are ignored, c assigns the same optimal value to all elements 
of F: all feasible solutions are optimal. 

When designing an algorithm for switchbox routing the main problem is to 
generate an element of F. Normally, before finding such an element, interme
diate configurations will he generated which do not belong toF, but which are 
contained in C, the informal set of configurations. Two possible approaches 
for C are mentioned below: 

• C contains the elements of F and those configurations that are only par
tially conneded, without containing shortcircuits. These have a higher 
cost than those which are fully connected. This way is foliowed by the 
constructive approach to routing (see Chapter 1) , where segments are 
gradually added to the layout until all nets have been connected. 

• C contains the elementsof F and those configurations in which, for each 
net, all its terminals are conneded, but which are not necessarily free 
of shortcircuits. This approach is foliowed by PACKER. References to 
publications descrihing other routers, that in some way or the other are 
based on this principle, will he given later on . 

In whichever way Cis defined , the consequences are that the cost fundion cc 
becomes meaningful , having at least two values: the configurations which are 
solutions can he mapped to, say, 0, while the others receive a greater value. 

The condusion of this sedion is that routing can he seen as a search for mini
mal cost elements in a set of configurations: those configurations representing 
solutions have cost zero, the others have a higher cost. 
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2.2 The Routing Problem 

The routing problem that will he considered further on is defined as follows : 

Given an area of fixed size, possibly containing obstacles, and (fixed 
or floating) terminals located on the boundary of the area or inside 
it, determine whether all nets can he interconnected within the 
area, without conflicting with each other or with the obstacles. lf 
this is possible, report at least one solution. If not, report that no 
solution exists. 

This is the general area routing problem and contains the switchbox routing 
problem as a special case. 

An algorithm that solves the routing problem should he able to decide for each 
problem instance, whether it is routable or not, and if routable, should give a 
solution. Because the problem definition asks for a solution instead of a mere 
yes-or-no answer, this is the search version of the routing problem, as opposed 
to the decision version given in Section 1.4. When the search version can he 
used to solve the decision version, and the decision version is NP-complete, the 
search version is said to he NP-hard, in a sense meaning that it it at least as 
difficult to solve as an NP-complete problem [Gar79]. Therefore, an algorithm 
that solves the problem in polynomial time (with respect to, say, the area size) 
is very unlikely to exist. With the current status of knowledge, the algorithm 
that is able to solve the problem will have to enumerate all the possible wiring 
patterns in some way or the other. Even for small problems the number of 
possibilities is so huge, that a computer won't finish this task in a realistic 
time span. 

Due to the degree of difficulty of the problem, the only option left is to design 
keuristic algorithms for routing. When a heuristic algorithm fails to produce 
a solution, it is not known whether or not a solution exists. This is inherent 
to the nature of the algorithm. However, it is desirabie that the algorithm 
produces a solution for most of the instances that have a solution in order to 
he useful. 

Reuristic algorithms can he classified into two groups: special-purpose ( or 
tailored, in the terminology of [Laa87]) algorithms and general-purpose algo
rithms. 

Special-purpose algorithms are algorithms especially designed to solve one type 
of problem. Even when this often results in a higher efficiency, their limited 
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scope of applicability makes them less interesting than general-purpose algo
rithms, which are discussed in the next section. 

2.3 Some General-Purpose Algorithms 

General-purpose algorithms provide a framework that can he used for many 
different types of problems. A straightforward general-purpose methad for 
solving combinatorial optimization problems is local search [Pap82]. When 
using this methad one generates neighbors of an initia! configuration and makes 
transitions to a neighbor with lower cost. This process is repeated looking at 
the neighbors of the current configuration until a configuration is reached all 
neighbors of which have a lower cost. Then the process stops and reports 
the final configuration as a solution. For many problems local search has the 
disadvantage that it gets stuck at a local optimum. 

A general-purpose algorithm, that does not have the disadvantage of local 
search is simulated annealing. Actually, as will he explained further on, it 
is a generalization of local search. lt has found many applications in the 
field of integrated circuit (IC) design. The first paper on the topic [Kir83] 
already showed applications for placement and global routing. Applications to 
many other fields in IC design have been reported sirree then; some of these 
are: floorplan design [Ott84], channel routing [Leo85] (for more detail, see 
also [Won88]), two dimensional compaction [Mos87] and the linear ordering 
problem for the design of Weinberger arrays [Row85]. Other applications are 
mentioned in [Laa87] and [Won88]. 

Simulated annealing is basedon an analogy with a physical process. In this pro
cess a material is first heated until a temperature that allows all its molecules 
to move freely around (the material becomes liquid) , and is then cooled down 
very slowly. The freedom of movement for the molecules decreases gradually 
until all the molecules take a fixed position. At the end of the process the total 
energy of the material is mini mal, provided that the cooling is very slow. 

The analogy with the physical model has the following points of correspondence 
with a combinatorial optimization problem: 

• The energy corresponds to the cost function . 
• The movement of a molecule corresponds to a local transformation or 

move applied to the actual configuration. 
• The temperature corresponds to a control parameter c which controls the 

acceptance probability for moves. Good moves, i.e. those moves which 
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decrease the cost function, are always accepted irrespective of the value 
of c. Bad moves, which increase the cost function by a value 6.C, are 
accepted with a probability e-e:.2 (the notational conventions are from 
[Laa87]). So, for high values of c nearly all bad moves are accepted, while 
hardly any bad move is accepted when cis low. 

The algorithm itself consists of an outer loop in which the temperature is 
gradually lowered and an inner loop in which the configuration is randomly 
perturbed by moves that are either accepted or rejected. The inner loop should 
be executed a number of times large enough to reach "thermal equilibrium" 
before going back to the outer loop. 

In order to apply simulated annealing on a combinatorial optimization prob
lem, one only needs to do the following: 

1. To define the set of configurations from which the one with the least cost 
has to be selected as the salution of the problem. 

2. To define a set of local transformations or moves that , given a memher 
of the set of configurations, allow to obtain another one. The moves 
actually define a neighborhood structure on the set of configurations. 

3. To define a cost fundion that assigns a cost value to each configuration. 

Apart from simulated annealing, there are also other general-purpose algo
rithms, although only few applications to problems in IC design have been re
ported. One of them is genetic programming (for general principles see [Hol75] 
and [Dav87]). An application to the placement problem is reported in [Coh87]. 

Genetic programming imitates the evolution process in nature. There is a 
population of configurations; the configurations are encoded in chromosomes; in 
each generation part of the population dies (in each iteration the configurations 
ha ving a higher co st are eliminated) and another part is selected to become 
the set of parenis in a reproduetion process (new configurations are derived 
from those with lower cost ). In this reproduetion process new configurations 
are created that are similar but not necessarily identical to the parents. This is 
achieved by means of crossing-over of the chromosarnes and the introduetion 
of random mutations . It turns out that, after a sufficient number of iterations, 
this evolutionary process leads to a population of interesting configurations, 
the best of which can be selected as the salution of the combinatorial problem. 

Another general-purpose algorithm that has shown up recently for solving 
combinatorial problems in the field of IC design, is called simulated evolution. 
Applications have been reported for standard cell placement [Kli89] and also 
for local wire routing [Lin88]. 
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This method is also inspired by evolution theory. However, insteadof working 
with a population of many configurations, as is clone in genetic programming, 
simulated evolution works with only one configuration. The participants in the 
evolutionary process are the "basic" constituents of the configuration. These 
constituents receive a figure of roerit that influences the probability that they 
will be modified in the next iteration. In the placement example [Kli89] the 
cells are the entities in evolution: at each iteration, cells with a good position 
will often remain at their position, whereas those with a bad one, will be 
removed and assigned a new position. In the routing example [Lin88] the nets 
evolve: at each iteration, some of them are removed and rerouted by a Lee 
router with the probability of removal being influenced by the quality of their 
actual routing. 

The three methods, simulated annealing, genetic programming and simulated 
evolution share the property of being probabilistic methods . Theoretica! stud
ies on the convergence behavior are only known for simulated annealing ( see 
e.g. [Laa87]). It has been proven that the global optimum of a problem will 
be found with probability 1 in either of these two cases: 

1. when an infinite number of iterations is performed at constant tempera
ture (in the inner loop) with the purpose of reaching thermal equilibrium 
and limk-oo ck = 0, where ck represents the temperature after k steps in 
the outer loop. 

2. when for each value c~ç one move is performed and ck does not go to zero 
faster than 0( 1o~k). 

None of these two conditions can he satisfied in a practical algorithm. So, 
although the theoretica! algorithm is able to find a global optimum with prob
ability 1, this property is lost in a practical implementation. 

2.4 The Application of General-Purpose 
Algorithms to Routing 

When looking at the switchbox and general area routing problems, it is inter
esting to find out whether a general-purpose algorithm can he used for them. 
Because of its reputation, simulated annealing is the first candidate for inves
tigation. For this, it is necessary to define the set of configurations, the set of 
moves and the cost function. 

As has been argued in Section 2.1 a set of configurations that only consists 
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Figure 2.1: An example of a segment split: segment A zn (a) is split and 
segments A ' and A" in (b) are created as a result. 

of legal routings is somewhat senseless, as generating one memher of this set 
is already equivalent to solving the routing prohlem Of the two alternatives 
given in Section 2.1 the set of configurations that contains all fully connected 
nets with possihle shortcircuits is the most attractive hecause it is much more 
easy to define the set of moves operating on it. 

lf all the nets have to remaio connected, the set of moves can he defined to 
consist of "connectivity preserving local transformations". In order to explain 
how they work, first a representation for the routing has to he introduced. For 
gridded routing, the routing of a net can he imagined to consist of segments 
and nodes located along grid lines and on grid points respectively. In such 
a case the layer can he stored as an attrihute of the segment . Examples are 
given in Figures 2.1 and 2.2. On such a structure three types of moves allow 
to reach every possihle routing of a net in a finite numher of steps; more moves 
are not necessary ( see Appendix A for a pro of of completeness). These moves 
are: 

1. Split a segment: any segment that is at least two units long, can he 
split into two segments with a new node interconnecting them (see the 
illustration in Figure 2.1). 

2. !v!ove a segment aside: a segment is moved one grid unit aside while 
maintaining it connected to the rest of the net (see the illustration in 
Figure 2.2). 

3. Move a segment to another layer: changing the layer of the segment 
simply involves modifying the layer attrihute. 

A definition of a cost function completes the requirements that are necessary 
for the application of simulated annealing to routing. The cost function should 
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(a) (b) (c) 

Figure 2.2: Some simple moves: starting from the configuration in (a), mov
ing A upwards gives (b) and moving B to the right gives (c). 

have the property that it has value zero for all solutions and a higher value 
for the other configurations. A more precise definition of the cost fundion is 
difficult to give a priori and should perhaps he specified after some experimen
tation. 

With the three ingredients "set of configurations", "set of moves" and "cost 
function", it is possible to apply simulated annealing to routing. However, an 
algorithm in agreement with the proposal above has not been implemented for 
the following reasons: 

• The fact that practical implementations of simulated annealing always 
approximate the solution, does not make it attractive for the routing 
problem: only solutions with cost zero are interesting, all other configu
rations are useless as a solution. 

• Simulated annealing is known to he computation intensive. 

As far as genetic programming is concerned, it does not seem to he easily 
applicable to routing. Just tomention one complication, it asks for an encoding 
of a contiguration into chromosarnes such that several tasks can he performed 
on them easily (e.g. the generation of a child from the parents and crossing
over). For routing, the definition of such an encoding is not a trivia! task. An 
application of simulated evolution to local routing [Lin88] and the algorithms 
to he discussed in this thesis have been developed simultaneously. At the 
moment that he started with his research, the principle of simulated evolution 
was unknown to the author. 
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2.5 Local Correction 

It is possible to design algorithms that are not probabiiistic and at the same 
time do not have the disadvantage of getting stuck in a local optimum as is the 
case in local search. One way of doing this is to disregard the cost function. 
At stage i of an iterative process, when operating on a contiguration c;, one 
generates a new contiguration c;+1 = T(c;). The operator T has the task 
of generating a contiguration that seems a good one to move to, even when 
the new one has a higher cost ( the cost mentioned here is some "intuitive" 
cost related to the nature of the problem; of course, it is possibie to reiate 
the cost to T, in which case it always decreases after each transformation by 
definition). The operator T locates the conflicting spots in a contiguration and 
tries to eliminate them by local transformations. In general they will create 
new conflicts that have to be dealt with in the next iteration. The operator T 
having the properties just mentioned will be called a local correction operator. 

When iterating with the operator T it might happen that 

i.e. that a contiguration Cn is transformed into itself. This means that Cn is 
a soiution, as there is nothing to correct. This ( desirabie) process of getting 
trapped in a soiution is called locking in. 

It might as well happen that T(cn) = Cn-k, k > 1, in which case the aigorithm 
has entered a loop (remember that T is a deterministic operator) and will 
repeat generating a sequence of length k forever, without finding a solution. 
This is not desirabie and T shouid be designed in such a way that cycles 
are avoided, e.g. by keeping track of the history. This would mean that 
Cn+t = T( Cn, Cn-b .. . , c1 , c0 ) instead of Cn+l = T( en), where Co is the initia! 
configuration. 

An example (actually the only example known to the author) of such an al
gorithm, applied to a recreational problem, viz. Robinson's self-referential 
sentence, is presented in detail in Appendix B. 

2.6 Stepwise Reshaping 

The principle of local correction has been applied to the routing problem in 
the algorithms PACKER and CRACKER to he presented in this thesis. For 
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this purpose the ideas already proposed in Section 2.4 in the discussion of the 
applicability of simulated annealing to routing have been used. This means 
that the algorithm operates on a configuration in which all nets are connected, 
but are allowed to have mutual shortcircuits. A configuration is modified by 
means of connectivity preserving local transformations (CPLTs). The term 
stepwise reshaping will be used from now on to refer to the application of local 
correction to the local wire routing problem. 

A control strategy is necessary to provide the operator T with the capacity 
to make a good choice among the multitude of CPLTs applicable in a certain 
configuration. Several control strategies have been experimented with during 
the development of the stepwise reshaping algorithm. An account of these can 
he found in (Ger87] and (Ger88]. Here only the final version of the control 
strategy is presented in short ( Chapters 3 and 5 give a detailed account). A 
scan line is moved in one of the four directions (from left to right, right to left , 
top to bot torn, bottorn to left) and as many as possible of the line segments 
located on the scan line are packed in the two layers at that position. The 
rest of the segments, incompatible with those selected to remain, are moved to 
the next position using CPLTs. This type of scanning is repeated in different 
directions until either a salution is found or the algorithm fails to find a salution 
within a maximum number of scans given by the user. 

2. 7 Relation to Other Work 

In this chapter an attempt has been made to show the main lines of thought 
leading to routing by stepwise reshaping. Although this is a completely novel 
approach as a whole, some aspects of the algorithm also appear in the work of 
others. This section shows some relations. 

The idea of allowing conflictsin intermediate configurations is not new. Rubin, 
in an algorithm for printed circuit boards (PCBs) (Rub74], uses the informa
tion on conflicts to update cost factors in a Lee-type router. The same idea 
also can be found in more recent algorithms by Rosenberg (Ros87] and Linsker 
(Lin84]. Lin, Hsu and Tsai (Lin88], in the simulated evolution algorithm men
tioned earlier, add a probabilistic element to a similar approach and succeed 
in applying the method to switchbox routing . 

The use of what has here been called "connectivity preserving local transfor
mations" is mentioned in (Che77], in an application for global routing, calling 
them "parallel displacements of the straight sections". No details are given, 
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however, on how to get rid of overcongested channels ( the counterpart of a 
conflict in global routing) in a systematic way. The "weak modifications" 
of [Shi87] and the "wire pushing operations" of [Tze88] have some similari
ties with CPLTs. In both cases, however, they are not the only methods for 
the modification of the wiring: Lee-routing, rip-up and reroute are also used. 
PACKER and CRACKER do not rely on anything else but the CPLTs. 

A work which is quite close in philosophy to the idea of stepwise reshaping is the 
one reported by Fisher [Fis78]: it also starts with an independent routing of the 
nets and then tries to remove confticts iteratively by means of transformations. 
However, the strategy for conflict resolution has strongly been inftuenced by 
the peculiarities of PCB routing. 



Chapter 3 

The P ACKER Algorithm for 
Switchbox Routing 

This chapter, which together with the next one is an extension of [Ger89c], 
presents the PACKER algorithm for switchbox routing . The general principles 
were already explained in the previous chapter. Here the detailed description 
of the implementation is presented. The algorithm is introduced in a bottorn
up fashion by subsequently paying attention to the following points: data 
structures, local transformations to manipulate the data structures, low-level 
control for the local transformations (scanning) and top-level control ofthe dif
ferent scans. After explaining the top level, attention is paid to those aspects, 
the explanation of which was postponed for the sake of clarity. 

3.1 The Routing Model 

As has been mentioned in Chapter 1, many models for local wire routing are 
possible. A precise definition of the model used should be given as part of the 
description of a routing algorithm. PACKER uses a routing model with the 
following properties: 

1. routing is performed on an orthogonal grid; 
2. two layers of wiring are used; 
3. horizontal and vertical connections are allowed in both layers; 
4. the terminals all have a fixed position and the layer of a terminal is fixed, 

i.e. a terminal has to be extended in this layer for at least one grid unit 
into the switchbox. However, all terminals on the same side do not need 

30 
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nil 

Figure 3.1: A fragment of the data structure representing a route. 

to enter the switchbox in the same layer. 

3.2 The Main Data Structures of PACKER 

3.2.1 The Representation of a Route 

The way a net has been routed is represented by two types of data structures: 
wire-nodes and wire-segments. The nocles represent geometrical points 
which are interconnected by segments. Pairs of pointers (from a node to a 
segment and vice versa) are used to realize the interconnections, as is shown 
in Figure 3.1. 

A node is located on a grid point and stores information on the coordinates of 
this point in its data structure. As a consequence segments always run along 
grid lines. Whenever the segments connected to a node are in different layers, 
the node implicitly represents a contact cut. Otherwise, it is simply part of a 
wire. Although there are two layers, the structure of nocles and segments is 
two-dimensional. The layer is an attribute of a segment . The nocles on the 
boundary of the switchbox have a special attribute marking them as terminal 
nodes; segments attached to these nocles are called terminal segments. 

3.2.2 Detection of Conflicts 

Each segment is said to "cover" the grid points associated with the nocles 
connected to it and the grid points in between. When a grid point is covered 
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by segments belonging to different nets and the segments are in the same 
layer, there is a conflict. For the easy detection of conflicts each segment in 
the configuration is stared in two data structures, both based on McCreight's 
priority search trees [McC85]: 

1. a data structure for the detection of conflicts between perpendicular seg
ments using the on-line line segment intersection algorithm as described 
in [Asa86]. The data structure used is a binary tree having a priority 
search tree in each node. Horizontal segments are stared in one tree and 
vertical ones in another tree. 

2. a data structure for the detection of conflicts between overlapping par
allel segments (on-line intersection in a dynarnic set of linear intervals 
[McC85]). This structure has a priority search tree for each (horizontal 
and vertical) grid line. 

The data structures are used to maintain up-ta-date two fields for each segment 
in the switchbox: 

1. a list of perpendicular segments with which the segment shares a grid 
point; 

2. a list of parallel segments with which the segment shares a grid point . 

A description of the priority search tree, tagether with a modification of the 
data structure by the author for the purposes of conflict detection, is given in 
Appendix C. 

3.3 Initial Routing 

The goal of initial routing is to conneet all the nets quickly and independently 
of each other. In PACKER two different methods have been implemented. For 
both, the starting position is a situation where terminal segments of length 
one have been laid out (see Figure 3.2(a)); the inner end points (wire nodes) 
of these segments have to be interconnected. This is clone using one of the 
following methods: 

1. Quasi-Minimal Steiner Tree: in this method, first a minimal spanning 
tree is computed using the algorithm of Prim [Pri57]. Then the tree is 
used to actually interconneet the nodes: the branches of the tree deter
mine the pairs of nocles to be interconnected. There is only one way of 
interconnecting when the two nocles are positioned on the same (hori
zontal or vertical) grid line. Otherwise one of the two possible 1-shaped 
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(a) (b) (c) 

Figure 3.2: The generation of the initia[ routing: (a) starting point; (b) 
quasi-minimal Steiner tree routing; (c) counterclockwise routing. 

interconnections are made. The conneetion which reuses most of the 
existing wiring for this net is chosen ( cf. the algorithms described in 
[Ber86] , where the choice does not depend on the rest of the wiring). 
Figure 3.2(b) shows the result for a simple example. What is obtained is 
an approximation of the minimal rectilinear Steiner tree, which is good 
enough for the purposes of PACKER, as the nets will be reshaped any
how. Consiclering that the computation time is orders of magnitude 
longer in the iterative part of PACKER, this approximation algorithm 
with quadratic time complexity has been chosen above a linear time algo
rithm, that solves the problem exactly [Coh88b], because of its simplicity. 

2. Counterclockwise Routing Along the Boundary: the wire segments are 
always laid out along the outermost track available in the switch box, 
going counterclockwise, starting from the bottorn left and connecting all 
terminals encountered until the lastoneis met. Figure 3.2(c) illustrates 
this method. 

PACKER succeeds in finding solutions with both ways of initial routing as 
starting point, although the second method, in general , asks for a higher com
putational effort . More details will be given in Chapter 4. 
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(a) (b) 

Figure 3.3: Merging: segment A zn (a) becomes the shorter segment A' in 
(b). 

3.4 Connectivity Preserving Local 
Transformations 

The Connectivity Preserving Local Transformations (CPLTs), which have been 
mentioned in Chapter 2, are the elementary moves in the reshaping of nets. 
Three different types of CPLTs are listed here again: 

1. moving a line segment a single grid position aside; 
2. splitting a line segment longer than one grid unit into two line segments; 
3. moving a segment to the other layer ( this does not modify the pointers 

in the data structure, but only the layer attribute of a segment) . 

Unlike the layer move and the segment split , the segment move is not very 
trivia! to execute. When a segment is moved, the principle is used that as least 
as possible of the routing of the net should be affected. In simple cases only the 
perpendicular segments at the end points of the segment to be moved are made 
shorter or longer, they are split or newly created to rnaintaio connectivity. 

The situation becomes more complicated when the destination area already 
contains segments of the same net . In such a case, illustrated in Figure 3.3, the 
segment to be moved has to be merged with those already present . Sametimes 
merging gives rise to a loose end, a wire segment with an end point which 
is not connected to any other segment, without being a terminal. As such a 
data structure is inconsistent, the loose end has to be removed as illustrated 
in Figure 3.4. Sametimes moving a segment to the next grid position might 
even create a cycle in the wiring which is also an illegal data structure. In 
a cycle there is at least one segment that can be removed without losing the 
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Figure 3.4: Segment A in (a) is moved, colliding with B; A' is what remains 
after merging {b); B has a loose end and disappears {c). 
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Figure 3.5: Moving segment A in (a) creates the cycle B-C-D-E in (b); D 
and E are removed to break the cycle (c). 

connectivity of the net. PACKER removes the longest sequence of segments 
in the cycle that does not disconneet the net, see Figure 3.5 (if the longest 
sequence is not unique, an arhitrary choice is made). Note that in all moves 
requiring merging, the original configuration cannot he reecvered in a single 
step: it might he said that moves of this type are "irreversihle". 

A description of the algorithm that moves a horizontal segment upward is 
given helow. Algorithms for the other three type of moves (horizontal segment 
downward, vertical segment to the left and vertical segment to the right) have 
an analogous description. 
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1. The horizontal segment s is supposed to he connected to the node nb at 
the back and the node n 1 at the front. The nocles have the coordinates 
(xb,y) and (xJ>y), Xb < Xf· 

2. Inspeet the destination area delimited by the points ( xb, y+ 1) and (x f, y+ 
1 ). 

if a noden at (xb,y + 1) exists 
then /b := n /* This is going to he Lhe future back node * J 
else if a segment t overlaps the interval 

fi 

from (xb- 1,y + 1) to (xb + 1,y + 1) 
then split t, creating intermediate node fb at ( xb, y + 1) 
fi 

In a similar way, look at (x!> y + 1) and possibly find or create the future 
front node fJ · 

3. Move node nb upward, maintaining it conneeted to the net, but not to 
s, using the rules depicted in Figure 3.6. If fb was not yet defined, fb 
becomes the result of moving nb. Move n f upward in a similar way and, 
if necessary, assign a value to fJ· 

4. Disconneet s from its environment. Consider the set of nocles N, con
sisting of /b, fn and all nocles pössibly located in between them at the 
destination area. 

for all consecutive pairs of nocles in N 
do if they are not directly connected by a segment 

then conneet them with a new segment 
fi 

od 

for each node n in N 
do if n is part of a cycle c 

od 

then remove the longest sequence of redundant segments in c 
fi 

Remove possible loose ends connected to /b and J1. 
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At least one of the segments A and C 
exists: 
If A exists, make it one grid unit 
shorter. 
If C exists, make it one grid unit 
Jonger. 

Create a new unit-length segment D. 

Separate a unit-length segment A' from 
A by splitting. 

111 = the future back node for the segment to be moved 
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Figure 3.6: Th e rules for moving the back node of a horizontal segment up
wards. The "white" segments do not need to be present; however, ij they are 
present in the lefi-hand side pattern, they are also present in the right-hand 
side pattern . 

3.5 Scanning 

This section deals with the most essential part of PACKER, the packing of 
line segments in two layers while moving with a scan line across the switchbox. 
During scanning the segments present at the scan-line position are selected 
either to remain or to move. Those which have to remain are assigned a 
layer; those which have to move are "pushed" to the next scan-line position by 
means of CPLTs. During one scan the procedure that perfarms the selection 
is called first for the grid line next to one of the boundaries and ultimately 
for the second grid line next to the opposite boundary (see Figure 3.7). The 
conflicts get accumulated at the first position next to this opposite boundary. 
A detailed description of the procedure executed for each scan-line position is 
given below: 

1. Find PA, the set of segments parallel to the scan line at the scan-line 
position (see Figure 3.8(b)). 

2. Remove from PA the terminal segments ; if there are two of them and 
they are in the same layer, they might have a conflict. A conflict between 
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Figure 3.7: The ranges of the Jour different types of scan: top-bottorn (TB}, 
right-left (RL), bottorn-top (BT) and left-right(LR). 
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Figure 3.8: The scan line (a); the parallel segments in the set PA (although 
they all lie on the same grid line, they have been drawn next to each other for 
the sake of clarity) (b}; the perpendicular segmentsin the set PE (c). 
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Figure 3.9: A conflict between terminals: T1 and T2 are on the same grid line , 
have the same layer and overlap (a); the conflict is solved either by moving the 
perpendicular segments A, B, C, and D (b) or by splitting the terminals (c). 

terminals is given a special treatment. lt is solved either by moving the 
segments connected to the terminal end points, if there are no neighbor 
relations preventing the moves, or by splitting the terminal segments, 
when the neighbor relations prohibit moving (see Figure 3.9). Neighbor 
relations will be explained in Section 3.7. 

3. Find PE, the set of perpendicular segments crossing the scan line (see 
Figure 3.8(c)) . 

4. Although it need not be true in general, the following two assumptions 
are made: 'the area behind the scan line is free of conflicts' and 'the 
segments in PE have a correct position and will not be moved'. The 
segments in PA will have to adapt to them. The segments in PE are 
partitioned into three groups: those of fixed layer, of floating layer and 
the postponed segments. Fixed layer segments are called such because 
the conditions behind the scan line leave no choice for the layer of the 
segment. Floating layer segments can be assigned any layer without 
introducing conflicts behind the scan line, sametimes at the expense of a 
contact cut just behind the scan line. A postponed segment is connected 
to a segment s in PA and runs from the scan-line position to the part 
of the switchbox which still has to be visited by the scan line. When s 
will be moved, the postponed segment will become shorter and will be 
out of the scope of the scan line. For this reason it is ignored until s is 
selected to remain. Examples of the three different types of perpendicular 
segments are given in Figure 3.10. 

A fixed layer segment that crosses a terminal segment, causes a conflict 
that cannot be solved in the current scan, because the terminal cannot 
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Figure 3.10: Examples of different types of perpendicular segments: those in 
(a) and (b) are fixed layer segments; those in (c) and (d) are fioating layer 
segments; a postponed segment is shown in (e). 
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Figure 3.11: Two examples of wires in PA: in (a) segment A has to move; 
in (b) A wilt have to be in B's opposite layer. 

move by definition and moving the perpendicular segment would violate 
the assumption made above. This segment is ignored and the conflict 
will he dealt with later, when scanning in a direction perpendicular to 
the current one. 

5. Inspeet the segments in PA, using the information on the partitioning 
of PE. If a segment is crossed by two fixed layer segments in different 
layers, the segment cannot remain at the scan-line position: it is removed 
from PA and added to M, thesetof segments to he moved. If a segment 
is crossed by fixed layer segments of the same layer, the segment, if 
selected to remain at the scan-line position, will have to he in the opposite 
layer; the layer change is effectuated immediately (see Figure 3.11 for 
examples). So, after this step PA does not contain anymore a segment 
which is incompatible with the segments in PE. 

6. Layer propagation: suppose that a segment s from PA has been selected 
to remain. This affects both the segments in PE as well as those in PA 
as far as they share a grid point with s. The partitioning in PE can 
change: floating layer segments become fixed layer segments and post
poned segments attached to s become fixed or floating layer segments. 
Segments in PA can become incompatible with s and will have to move 
to M or they might change layer to remain compatible. 

7. Call the layer propagation routine for the terminal segments, if present. 

8. Assign a weight to all the segments in PA: the higher the weight, the 
more desirable it is to keep the segment in the current position. The 
different effects contributing to the total weight are discussed in detail 
in Section 3.8. 
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9. The problem which remains is toselect from PA a maximum weight sub
set of segments that are compatible with each other, with the segments 
of PE, and also with the terminal segments. This problem is a weighted 
and constrained variant of the graph theoretica! maximal independent set 
problem, which is NP-complete [Gib85]. In PACKERa greedy beuristic 
has been chosen to solve the problem . .In each iteration of a loop the seg
ment of maximal weight is taken from PA. The layer propagation routine 
is called for it, moving the segments that become incompatible from PA 
to M. Eventually, PA becomes empty and the iteration stops. 

10. Move allsegmentsin M to the next scan-line position. 

3.6 Top Level Control 

In general a single scan through the switchbox will not he enough to resolve 
all conflicts and all wire segments which could not he given a place will get 
accumulated at a row or column next to the switchbox boundary. A scan in 
another direction will have to solve the remaining conflicts. 

Scanning can he clone in any of the following directions: top-bottorn (TB), 
right-left (RL), bottorn-top (BT) and left-right (LR). Calling the scanning 
routine in this sequence or any of its permutations has the following property: 
if the layout is not modified (i.e. no segment is split, movedor assigned another 
layer) during the four calls, then there are no conflicts left and a solution has 
been found. (A single scan ignores conflicts in the perpendicular segments 
and does not inspeet the last row or column.) A sequence of calls of the four 
different scanning routines will he called one iteration. 

In early stages of experimentation it turned out that the same sequence of calls 
in each iteration sametimes gave rise to getting trapped in a loop. For this 
reason PACKER uses a more sophisticated iteration scheme: in each iteration 
the sequence of calls is shifted cyclically with respect to the previous one. This 
iteration scheme is illustrated in Table 3.1. 

After generating the initia! routing, PACKER performs a number of iterations 
on the problem using the iteration scheme of Table 3.1. As soon a.s an iter
ation (of four scans) does not modify the configuration, the algori thm stops, 
reporting success. At that moment some simple post-processing is performed 
by removing most of the unnecessary detours in the wiring and most of the 
redundant vias. When no solution is found within the number of itera.tions 
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I Iteration no. Sequence 

TB RL BT LR 
i+ 1 RL BT LR TB 
i+2 BT LR TB RL 
i+3 LR TB RL BT 

Table 3.1: The iteration scheme. 

given by the user, the algorithm stops and reports failure. 

Now that the top level has been explained, it becomes clear that PACKER is a 
local correction algorithm in terms of Chapter 2. The local correction operator 
T corresponds to one iteration. It does not matter that there are actually four 
operators T 0

, 7 1
, T 2 and 7 3

, each corresponding with one line of the iteration 
scheme, instead of a single operator. If Cn represents the configuration of all 
nets after n iterations, the four operators obey the following condition: 

Ti(cn+I) = Cn {::} Cn is a solution, i= 0, 1,2,3. 

For this reason PACKER can be considered a local correction algorithm. 

3. 7 Neighbor Relations 

The neighbor relations that will be discussed here are some kind of vertical 
constraints [Ker73] . However, they are created and removed dynamically while 
the algorithm is in progress. A constrained segment can only move when a 
separation of at least one grid unit is maintained with other segments with 
which it has a neighbor relation. 

N eighbor relations are created af ter solving a terminal conflict in the way of 
Figure 3.9(b ). There are two types of neighbor relations: 

1. higher neighbors, 
2. lower neighbors. 

If segment A is a higher neighbor of B, B automatically is a lower neighbor 
of A. The interpretation of this relation is that A always should be on a grid 
line with a coordinate higher than the coordinate of the grid line of B. The 
following notation will be used: B t---t A, meaning that B is a lower neighbor 
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Figure 3.12: Examples of moving segments with constraints: (a) starting 
configuration; (b) after moving A upwards; (c) after moving B downwards. 

of A. In the case of Figure 3.9(b) the following four relations are created: 
A t-t C, A t-t D, B t-t C and B t-t D. The neighbor relations are used to 
reduce the chance that a terminal conflict, which has been solved once, will 
reappear later on . Because a segment can he connected to terminal segments 
at both end points, it can have neighbor relations related to both terminals. 
In this way a complicated network of neighbor relations can exist. 

A terminal conflict is only solved in the way described here, if the solution 
does not violate the existing constraints. Otherwise splitting is used as in 
Figure 3.9(c). In this way no circular constraints are created; it can neither 
happen that the critical path of neighbor relations is longer than the num
ber of rows or columns available. Neighbor relations can exist both between 
horizontal as well as between vertical segments . 

Moving a segment that is constrained by neighbor relations is a recursive ac
tion. Suppose segment s has to move one grid position in the direction of 
increasing coordinates . If there is a segment t, such that: 

• s t-t t, and 
• s and t are only separated by one grid unit 

t will also have to move in order to preserve the neighbor relations. Moving t 
is clone in the same way as s. For this reason rnaving is recursive. Of course, 
rnaving in the direction of decreasing coordinates is an analogous action. An 
example of rnaving segments with the preservation of constraints is given in 
Figure 3.12. 
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Figure 3.13: Segment A in situation (a) cannot move to a higher position 
because of constraints; aft er splitting segment B as in situation (b) segment A 
can be moved resulting in situation (c). 

It is not always possible to move segments while preserving constraints; e.g. 
when the last segment in a chain of neighbor relations is next to the boundary, 
a move would push this segment on the boundary, which is an illegal position. 
E.g. in Figure 3.12(b) neither A nor B can movetoa higher position. Not only 
the boundary can block a move; a neighbor relation with a terminal segment 
also can lead to blocking. The relation A ~-t D in Figure 3.12 is an example 
of this case. 

Although PACKER tries to avoid it, it can happen that a segment has to 
move, even when the neighbor relations disallow it. In such a case constraints 
should be broken. This can be clone in many ways: each of the constraints in 
a chain of neighbor relations is a candidate for being removed. After removal 
of the constraint, performing the intended move will create a terminal conflict. 
However, the algorithm can continue its search without getting stuck. 

Apart from simply removing constraints, splitting a segment in the chain can 
also he effective. Splitting helps hecause multiple constraints working on a 
segment are distributed over the two new segments (see Figure 3.13). PACKER 
uses the following strategy when constraints prevent a move: it tries to split 
segments starting with those which are farthest away and going backwards to 
the segment that is intended to he moved. If this fails, it inspects the neighhor 
relations of the segment to he moved and removes those that prevent the move. 
E.g. supposing that in Figure 3.13 segment B had length 1 and therefore could 
not be split, the algorithm would remove the relation A ~-t B and move A, 
making it overlap with B. 
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3.8 Weight Functions 

As explained in Section 3.5 a weight is assigned to a segment to express the 
desirability of keeping the segment at the scan-line position. The computation 
of the weight is simple: a number of weight junelions are called for the segment 
s for which the weight needs to he computed; each of them returns a positive, 
real number; the addition of these numbers determines the weight w( s). 

w(s) = Ew;(s), i= L,C,M,A,S. 

The functions are: 

• Length weight: this weight increases linearly with the length of the seg
ment: WL(s) = h*length(s) . In a certain way this weight contributes to 
a higher packing density: if there are two segments competing to remain 
at the scan-line position, the longer one will he favored, resulting in a 
higher densi ty. 

• Gonstraint weight: this is a two-valued function : wc(s) = Wc or 0. A 
value Wc is given when the wire cannot move because of the neighbor 
relations (see Section 3.7), a value zero is given in other cases. This is 
how PACKER tries to avoid breaking constraints. 

• Merge weight: this is also a two-valued function: wM( s) = W Mor 0. The 
value zero is given when the segment has the possibility to merge with a 
segment of the samenet further ahead (not necessarily at the next grid 
position) in the direction of the current scan. Otherwise the value is W M 

given. This weight helps to get rid of degenerated shapes like the one in 
Figure 3.4( a). 

• Align weight: this is a three-valued function, that inspects the end points 
of the segment: WA(s) =WA or !WA or 0. If both end points are only 
connected to perpendicular segments, the weight is zero. For each end 
point that extends on the same line into another segment the value !WA 
is added. This weight helps to avoid too much jogging. 

• Selector weight: this weight function depends on the history. It is two
valued: ws( s) = lVs or 0. lt is used to introduce disturbances in the 
algorithm, in order to avoid that it gets trapped in a loop. The algorithm 
has a variable, called selector, which is incremented by one modulo n, 
the number of nets in the switchbox, each time the scan line is moved. If 
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the segment s belongs to the net with net number equal to selector, an 
extra weight TVs is added to it. At the end of each "iteration" selector 
is corrected by adding to it the smallest integer c such that t + c and n 
are relatively prime, where t is the total number of scan-line positions in 
one iteration. 

Summarizing, it cao he said that there are a number of parameters that influ
ence the weight: JL, Wc, WM , WA and Ws. However, this doesnotmeao that 
each individual problem can only he solved with a tailored set of parameter 
values. The motivation for working with a "fixed" set of values tagether with 
some numerical data are given in Chapter 4. 

3.9 Extra Splitting 

The algorithm, containing the elements explained up to now, already proved 
rather successful. However, for some problems it happened, that a long seg
ment of a eertaio net permanently was swept up and down without finding a 
position where it could remain: it always was in conflict with a terminal seg
ment. As a salution to this problem, it was decided to introduce extra splits 
in the segments. This has been clone using the following method: 

• the parameter selector (see Section 3.8) is also used here; it is used 
to select which of the segments are a candidate to split. In order not 
to interfere with its original function, selector is used bere to select 
another net than the one which will receive an extra weight (e.g. with a 
net number which is one higher). 

• immediately after ~he terminals have been removed from PA in the al
gorithm of Section 3.5, those segments belonging to the net selected by 
selector and whose lengtbs are greater than or equal to the parame
ter sL,min (the minimal split length), are split in two segments of equal 
length (when the original segment has an odd length, the new segments 
differ one unit in length). 

In this way, splittingis performed at a limited rate, justoften enough to avoid 
getting trapped in a loop. As will he explained in Chapter 4, the choice for 
the value of SL,min turns out to he problem dependent. 
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Figure 3.14: A possible worst-case rou .~ing of a net. 

3.10 Worst-Case Time Complexity 

The analysis of PACKER's worst-case time complexity uses the following three 
parameters: 

• r , the size of the switchbox, the maximum of its height and width; 
• n, the number of nets in the switchbox; 
• s, the number of scans performed in the execution of the algorithm. 

First the maximal number of segments that a net can have will he considered. 
In the worst case the route for the net will meander through the complete 
switchbox, using only unit length segments (see Figure 3.14 for an example). 
Because overlapping of segments within the same net is oot possible, the max
imal number of segments per net is O(r2). The number of segments crossed 
or covered by a scan line is O(r). Consiclering all the nets at the same time, 
the total number of segments is 0( nr2) and the number of segments crossed 
or covered by a scan line is O(nr). 

The part of the algorithm that determines the overall time complexity is the 
"packing of segments", the actions performed for one scan-line position. Be
cause there are a fixed number of layers, viz. 2, the number of segments 
selected to remain is 0( r). Each of the segments selected to remaio is found 
after a linear search through a list of 0( nr) segments. So the selection process 
requires 0( nr2

) of time. 0( nr) segments will have to move to the next posi
tion . For each segment to he moved , the data base of segments is inspected to 
find those segments with which it has a grid point in common. Using the data 
structures of Section 3.2, this requires O(log2 N) of time [Asa86], if N is the 
tot al number of segments in the layout. So, moving requires 0( nr log 2 nr2 ) of 
time. Taking selection and moving together gives 0( nr2 + nr log 2 nr2) of time 
for one scan-line position. 

.. ~..1 ~--
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Th ere are 0( r) positions per scan and s scans giving a tot al time complexity 
of 0( snr3 + snr2 log 2 nr2

). 

This expression can be simplified, when one realizes that the number of nets is 
bounded by the perimeter of the switch box. Therefore n is 0( r) and the com
plexity of PACKER becomes O(sr4

). So, in the worst case the computation 
time per scan is proportional to the square of the routing area. 



Chapter 4 

The Results Obtained by 
PACKER 

The results achieved by PACKER are discussed in this chapter. First the 
measurement conditions (parameter settings, etc.) are given, tagether with a 
short motivation. Then the results obtained for the main "benchmarks" on 
switchbox routing are presented, foliowed by some results on channel rout
ing. Finally, some attention is paid to the sensitivity of the algorithm to the 
"orientation" and to the "initial routing". 

PACKER has been implemented in Common Lisp. All the timing results given 
refer to compiled code on an Apollo DN 4000 workstation with 8 MB of main 
memory. 

4.1 Measurement Conditions 

This section will outline the conditions under which the results, to he presented 
later on, have been obtained. 

Two ways of generating the initial routing have been mentioned inSection 3.3. 
The method of the quasi-minimal Steiner tree has been used for all experi
ments, with the exception of those where the intention was to compare the 
two ways of initial routing. 

PACKER has a number of parameters that influence the weight fundions 
(see Section 3.8) and the parameter sL,min (see Section 3.9). It would he too 

50 
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much trouble for the user of PACKER to have to choose an appropriate set 
of parameter values for each problem to he solved. Instead, it has turned out 
that good results can he achieved when the user is given control of a single 
parameter: sL,min-

The functions for constraint, merge, align and selector weights ( characterized 
by Wc , WM, vVA and Ws) do not take the lengthof a segment into account, 
whereas the length weight is proportional to the length. If Wc, WM, WA and 
W 5 would he kept constant for all problems, the contribution of the length 
weight would be larger in problems where the segment length is longer in 
average. In relation with this point, it should be noted that after a certain 
number of iterations most of the segments in the switchbox will have a length 
shorter than SL,min· So, it is interesting to link the values of Wc, WM, WA 
and Ws to the value of sL,min· This has been clone as follows: 

Wc SL,min *Je 
WM = SL ,min * JM 
WA = SL,min *JA 
Ws SL,min * fs 

The parameter h associated with the length weight, gets the value 1.0 for 
purposes of normalization. Je, JM, fA and fs which have been introduced 
above, are considered to he constauts (all the experiments reported have been 
performed with Je = 1.0, fM = 1.5, fA = 0.8 and fs = 1.0). As far as the 
choice for sL,min is concerned, it turns out that the best performance of the 
algorithm is achieved when sL,min is settoabout half of the maximal dirneusion 
of the switchbox: a higher value increases the probability that the algorithm 
will get trapped in a loop, whereas a lower value will increase the computation 
time because of the higher number of segments that have to he moved. For 
some problems this general rule does not apply: Figure 4.1 shows the "thread" 
switchbox [Coh88a], that PACKER is only able to solve when sL,min is set to 
the value of 2. The unique solution requires the "staircase" pattem for the 
routing of net #6. For this reason, the solution can only be found when the 
route for net #6 consistsof unit length segments, which, on its turn, is achieved 
when all segments longer than unit length have been split sooner or later. 
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Figure 4.1: PACKER's result for the "thread" switchbox. 

4.2 Results for Well-Known Switchbox 
Routing Problems 

In this section the results obtained by PACKER for a number of well-known 
switchbox routing problems will he presented and compared with the results 
of other successful routers . The paper on BEAVER [Coh88a] gives a well
documented overview of results obtained by a large variety of routers. lt 
doesnotmake much sense to reproduce the complete overview here. lnstead, 
the comparison will he limited to the three most-successful routers in the 
overview: BEAVER, WEAVER [Joo86,Joo85] and MIGHTY [Shi87]; besides, 
three routers that are newer than [Coh88a], SILK [Lin88], CO DAR [Tze88] and 
V & H [Liu88] will he taken into account. For the examples the same narnes 
will he used as in [Coh88a], except for "comp-1", a new example introduced 
in (Tze88], and the "modified difficult" example, introduced in [Liu88]. 

The reader should note that the results presented here are not the best results 
ever found by PACKER, but those obtained with the parameter choice ex
plained earlier. Table 4.1 gives the relevant data for each example. These are 
respectively: the value of the parameter s L ,m in, the number of iterations per
formed to find the solution, the execution time, the number of modifications 
(segment moves, splits and layer changes) performed to reach the solution from 
the initial routing, the total wire length and the number of vias. 

The results mentioned in Table 4.1 are presented in Figures 4.2 through 4.10. 
For most examples the wire length is somewhat shorter than the length re
ported in an earlier publication on PACKER [Ger89b] (and also the number 
of viasis often smaller). This is solely the merit of improved post-processing; 
the main algorithm has not been modified. 
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example's name SL ,min i ter- run time modifi- wue VlaS 
ations sec cations length 

difficult 10 14 56 1041 546 45 
more difficult 10 70 1400 24339 541 43 
terminal intensive 10 28 210 3393 626 50 
augmented dense 10 5 31 414 529 32 
modified dense 10 6 36 391 510 29 
pedagogical 8 14 91 1790 406 45 
mixed pedagogical 6 17 75 1545 406 31 
comp-1 10 14 160 3161 525 44 
modified difficult 8 978 14000 302206 544 51 

Table 4.1: PACKER 's results forsome benchmark switchboxes. 
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Figure 4.2: A solution found by PACKER for Burstein's difficult switchbox. 
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Figure 4.3: A solution found by PACKER for the more difficult switchbox. 

The results are compared with other routers in Tables 4.2 and 4.3. The run 
time has been included in the table in order to have a global idea of the 
performance. More cannot he clone when different programming languages on 
different types of computers are used. In the case of PACKER, the goal was 
to build an experimental tool, which should he flexible rather than efficient. 

As far as the comparison with BEAVER is concerned, the following should 
he remarked: BEAVER takes the freedom to assign a terminal to the most 
convenient layer with the goal of saving vias, whereas most routers assume 
that terminals have a fixed layer. The last assumption is justified by the fact 
that in IC design switchboxes abut to cells whose layout has already been 
designed: this means that the layer of a terminal is fixed by the specification. 
Anyhow, it turns out that all solutions produced by BEAVER can he converted 
to solutions obeying the original specifications of the benchmark examples by 
the introduetion of extra vias. In the tables the number of vias for BEAVER 
has been corrected by incrementing the original number with this number of 
extra vias . The original number is given inside parentheses . 

The fixed layer restrietion does not mean that PACKER requires that all ter
minals along one edge have the same layer, even when the benchmark examples 
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Figure 4.4: A solution found by PACKER for the terminal intensive switch-
box. 
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Figure 4.5: A solution found by PACKER for the augmenled dense switchbox. 
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Figure 4.6: A solution found by PACKER for the modified dense switchbox. 
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Figure 4. 7: A salution found by PACK ER for the pedagogical switchbox. 
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Figure 4.8: A salution found by PACK ER for the mixed pedagogical switchbox. 
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Figure 4.9: A salution found by PACK ER for the compressed difficult switch
box "comp-1 ". 
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Figure 4 .10: A solution found by PACKER for the modified difficult switch
box. 
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example router wire length VlaS run time 
sec 

difficult WEAVER 531 41 1500 
BEAVER 547 43 (35) 1 
CO DAR 544 ? 15 

PACKER 546 45 56 
more MIGHTY 541 39 4 

difficult BEAVER 536 42 (34) 1 
SILK 528 36 69 

CO DAR 545 ? 17 
V&H 531 28 1 

PACKER 541 43 1400 
terminal WEAVER 615 49 1800 
intensive MIGHTY 629 50 ? 

BEAVER 632 53 (46) 1 
SILK 616 49 ? 

CO DAR 630 ? 21 
V&H 615 44 1 

PACKER 626 50 210 

Table 4.2: Comparison of PACKER withother routers for well-known switch
boxes, Part 1. 
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example router wire length VlaS run time 
sec 

augmented MIGHTY 530 32 ? 
den se BEAVER 529 32 (27) 1 

CO DAR 529 ? 10 
PACKER 529 32 31 

modified WEAVER 510 29 920 
den se MIGHTY 510 29 ? 

BEAVER 510 29 (26) 1 
SILK 510 29 ? 

CO DAR 510 ? 11 
V&H 510 29 1 

PACKER 510 29 36 
pedagogical BEAVER 396 38 (31) 1 

PACKER 406 45 91 
mixed BEAVER 396 31 1 

pedagogical PACKER 406 31 75 
comp-1 MIGTRY fail - -

CO DAR 529 42 50 
PACKER 525 44 160 

modified V&H 527 40 ? 
difficult PACKER 544 51 14000 

Table 4.3: Comparison of PACKER withother routers for well-known switch
boxes, Part 2. 
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Figure 4.11: A salution found by PACKER for Burstein's difficult channel. 

have this property. To illustrate this case, PACKER has been run on an ex
ample called the mixed pedagogical switchbox. It uses the layer assignment for 
terminals as produced by BEAVER in its salution to the pedagogical switchbox, 
an example introduced by BEAVER itself. An illustration of the result is given 
in Figure 4.8. 

Although PACKER was successful to solve all examples given in the paper on 
BEAVER [Coh88a], it failed to find solutions within "reasonable" time (1000 
iterations) for the following switchboxes: Figure 22 in [Joo86] (or Figure 6-17 
in [Joo85]), successfully solved by WEAVER, and Figure 9 in [Che85] for which 
solutions have been reported in [Che85] and [Yin87]. 

4.3 Sorne Results for Channel Routing 

Channel routing problems that do not have floating terminals at the "open 
sides" can he described as switchbox routing problems, when the number of 
rows is fixed in advance. PACKER can solve small and medium-size channel 
routing problems, that have the mentioned property. Big problems, such as 
the Deutsch difficult channel [Deu76] are out of the scope of PACKER because 
of the non-linear time complexity (see Section 3.10). 

One of the most interesting results achieved by PACKER is a salution to 
a problem originally published in [Bur83a]. A 5-row salution required two 
empty rows in the middle using a routing model where each layer had its 
own orientation for wire segments. MIGHTY, without the restricted routing 
model, solved the problem using 4 rows and a single empty column in the 
middle. PACKER, using the same unrestricted model, is able to solve it in 4 
rows, without any empty columns. The salution is given in Figure 4.11. 
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Figure 4.12: A salution found by PACKER for the example "joo6-12". 
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Figure 4.13: A salution found by PACKER for the example ''joo6-13". 
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Two other channels, which are not very easy to solve, are presented here: they 
originate from Joobbani's Ph.D. thesis on WEAVER [Joo85] and are called 
here joo6-12 and joo6-13 after the figure numbering in the thesis. The results 
obtained forthese examples are presented in Figures 4.12 and 4.13 WEAVER 
solves joo6-13 in 7 rows; SILK [LinSSJ succeeds in WEAVER solves joo6-13 
in 7 rows; SILK [Lin88] succeeds in solving it using 6 rows; PACKER is able 
to do the same (see Figure 4.14; the problem with six rows has been called 
joo6-13-6r). The data for the channel routing examples are given in Table 4.4, 
whereas the comparison with WEAVER and SILK is made in Table 4.5. 

4.4 Sensitivity for Orientation 

Given the top level control structure with a fixed sequence of scans (see Sec
tion 3.6), it should he clear that PACKER's behavior is not invariant for 
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Figure 4.14: A solution found by PACKER for the channel ''joo6-13-6r". 

example's name SL,min i ter- run time modifi- w1re v1as 
at i ons sec cations length 

difficult channel 3 38 87 2017 82 10 
joo6-12 2 6 5.6 132 82 18 
joo6-13 5 9 31 703 185 26 
joo6-13-6r 5 143 710 18674 167 25 

Table 4.4: PACKER 's results for some channel routing problems. 

example router wire length VlaS run time 
sec 

joo6-12 WEAVER 82 14 ? 
PACKER 82 18 5.6 

joo6-13 WEAVER 167 29 310 
PACKER 185 26 31 

joo6-13-6r SILK 166 29 ? 
PACKER 167 25 710 

Table 4.5: Comparison of PACKER with other routers forsome channels. 
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example's name SL,min i ter- run time moditi- w1re VlaS 
ations sec cations length 

difficult 10 14 56 1041 546 45 
90 deg. rotation 10 9 28 418 562 50 
180 deg. rotation 10 19 290 4002 546 46 
270 deg. rotation 10 20 220 4459 552 47 
x-axis mirroring 10 33 410 8092 569 41 
y-axis mirroring 10 48 92 1551 536 42 
y=x mirroring 10 17 74 1302 542 43 
y=-x mirroring 10 32 320 6869 548 48 

Table 4.6: PACK ER 's results for all orientations of Burstein's difficult ex
ample. 

different orientations ( rotations, mirrorings) of the same problem. In order 
to investigate this point, PACKER was run on the 8 possible orientations of 
Bursteins's difficult switchbox. The results have been gathered in Table 4.6. 

Note that some of the results are qualitatively better than the "regular" result 
for the example. The best result, for the difficult switchbox mirrored in the y
axis, is presented in Figure 4.15. When the run times are compared, it can he 
seen that the fastest solution requires about 15 times less CPU time than the 
slowest one. Consiclering the nature of PACKER, this is not a surprise: when 
different paths in the space of contigurations are followed, the moment at which 
the path will end in a solution, is subject to chance. The fact that a salution 
was found in all cases, shows, however, the robustness of the algorithm. 

4.5 Sensitivity for lnitial Routing 

As has been explained in Section 3.3, PACKER incorporates two methods for 
the generation of the initial routing: quasi-minimal Steiner tree and counter
clockwise routing along the boundary. Intuitively, the tirst method generates 
a contiguration closer to a salution than the contiguration produced by the 
second one. This intuitive notion has been tested for some of the examples 
mentioned earlier by trying to route them starting with a contiguration gener
ated by the counterclockwise routing. The results are shown in Table 4. 7. It 
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The Results Obtained by PACKER 
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Figure 4.15: A solution found by PA CKER for the difficult switchbox mirrored 
in the y-axis. 
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example's name SL,min i ter- run time modifi- w1re VlaS 
ations sec cations length 

difficult 9 51 650 12700 559 44 
more difficult 10 65 910 15183 548 42 
terminal intensive 9 60 1200 17550 620 51 
augmented dense 10 184 1300 14881 529 31 
modified dense 10 5 160 1549 510 29 
pedagogical 8 438 4300 84855 414 31 
comp-1 10 8 140 2045 523 40 

difficult channel 2 10 20 394 82 18 
joo6-12 2 10 27 654 80 14 
joo6-13 5 27 130 3103 182 29 
joo6-13-6r 6 920 4100 112595 175 25 

Table 4. 7: PACK ER 's results uszng the counterclockwise initia! routing 
method. 

is important to note that the algorithm did not fail for any of the examples, 
altho11gh in some cases a different ..-aluc for sL,min had to be chosen. This is 
an additional indication for the robustness of the algorithm. 

In Table 4.8 the two methods for the generation of the initia! routing are 
compared. The table gives the wire length after the initia! routing, the final 
wire length and the execution time for both methods. The initia! wire length 
is included in the table to give a rough idea of the distance between the initia! 
configuration and the final solution. From the table it can be concluded that 
in a few cases counterclockwise routing leads to a faster solution, but that it 
can also slow down the time necessary to find a solution by a factor 40. 
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quasi-Steiner counterclockwise 
example's initia! fin al run time initia! fin al run time 
name length length sec length length sec 

difficult 526 546 56 976 559 650 
more difficult 514 541 1400 940 548 910 
terminal intensive 601 626 210 1063 620 1200 
augmented dense 536 529 31 842 529 1300 
modified dense 517 510 36 825 510 160 
pedagogical 389 406 91 543 414 4300 
comp-1 496 525 160 909 523 140 
difficult channel 82 82 87 166 82 20 
joo6-12 77 82 5.6 133 80 27 
joo6-13 160 185 31 283 182 130 
joo6-13-6r 152 167 710 275 175 4100 

Table 4.8: Comparison of the two ways of initia/ routing in PACKER. 



Chapter 5 

The CRACKER Algorithm for 
General Area Routing 

This chapter discusses the general area router CRACKER. CRACKER uses 
the same approach to routing as the switchbox router PACKER, applied to 
less restricted routing problems. For this reason many parts of CRACKER 
have directly been copied from PACKER. This chapter only pays attention 
to those parts w hich are new or different ( those readers interested in a short 
account of CRACKER, that can he readon its own, are referred to [Ger89a]). 

5.1 The Routing Model 

The class of routing problems to which CRACKER can he applied, is given 
by the following routing model: 

1. An orthogonal grid is used. 
2. Two layers are available for routing. 
3. Both layers can accommodate horizontal and vertical routing segments. 
4. The specification of the problem either fixes the position of a terminal 

on one grid point, or allows the position to he one of a group of adjacent 
grid points delimited by a rectangle. The specification can fix the layer 
of a terminal , but does not need to do so . 

5. Obstacles can occupy any of the grid points in either of the two layers . 

The class of routing problems just described includes many problems for which 
special-purpose algorithms have been developed. Examples are: conventional 
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switchbox routing (see e.g. [CohSSa]) , channel routing with floating terminals 
at the open sicles (see e.g. [Yos82]), switchboxes with irregular boundaries 
and three-sided channels (see e.g. [Liu86]), 1-shaped channels [Che87] and 
over-the-cell channel routing [ ConSSa]. 

Note that having obstacles and terminals inside the routing region, automat
ically implies that the boundary needs not to he reetangular: an arbitrarily 
shaped rectilinear boundary can he modelled by a reetangolar boundary com
bined with obstacles attached to it , and terminals located on the edges of the 
obstacles. This is, aetually, how CRACKER deals with such a situation. On 
the other hand, terminals do not need to he connected to any obstacle. This 
could he the case when they originate from a wiring layer not available to the 
router (e.g. diffusion). 

5.2 The Representation of Obstacles 

A convenient way to represent the obstacles is to use for them the same data 
struetures as for routing. This is the approach foliowed by CRACKER. Ob
stacles are mapped on a special type of segments conneeted to a node at both 
end points (for obstacles occupying a single grid point segments of length zero 
are used). The obstacles need not he interconnected with each other, as they 
have a permanent position and are not reshaped. 

This uniform way of representing routing segments and obstacles has many 
advantages; e.g. by storing the obstacle segmentsin the samedata struetures, 
confliets of routing segments with each other and confliets of routing segments 
with obstacle segments can he detected in the same way. Another point is 
that the router can operate inside a simple reetangolar area, irrespective of 
the actual boundary: the obstacles modelling the shape of the boundary are 
contained in the reetangle. Figure 5.1 gives some examples of obstacles repre
sented as segments. 

5.3 Circumference and Boundary 

Now that the representation of obstacles has been explained, it is appropriate 
to give two definitions here, in order to avoid confusion in the rest of the text. 
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Figure 5.1: Examples of the use of special segments as obstacles: they are 
used to model an irregular boundary (a); they are also used to indicate forbidden 
area in both layers (b) or in a single layer (c). 

Definition: The circumference is the edge of the smallest rectangle 
that contains the complete area associated to the routing problem. 

There is nothing (no segments or nocles of any type) outside the circumference; 
the router's "world" is confined inside the circumference. 

Definition: The boundary delirnits the area actually available for 
the routing of nets. The obstacles together with the circumference 
determine the shape of the boundary. 

For each of the two layers, the boundary consists of a closed rectilinear curve 
delimiting the area allowed for routing in that layer. This curve may contain 
closed curves designating forbidden areas. 

5.4 The Representation of Terminals 

In PACKER terminals are represented in a simple way: terminal nocles have 
an extra label that distinguish them from ordinary nodes. Segments directly 
connected to such a node cannot he moved; they can only he split. 

This way of terminal representation is not suitable for CRACKER, as it needs 
to work with floating terminals. In order to incorporate floating terminals, 



74 The CRACKER Algorithm for General Area Routing 

terminal nocles store information on the positions allowed for it. These po
sitions are represented as a rectangle delimited at the bottorn left by the 
point (xmin, Ym in) and at the top right by the point (xmax' Ymax)· A termi
nal with fixed position has Xmin = Xmax and Ymin = Ymax· The situation with 
Xmin = Xmax and Ymin f- Ymax designates a terminal with a vertical freedom 
of movement between Ymin and Ymax· The situation with Xmin f- Xmax and 
Ymin = Ymax designates the analogous situation, with horizontal freedom of 
movement . The general case with Xmin f- Xmax and Ymin f- Ymax corresponds 
to a terminal allowed to float inside a rectangular region. Although CRACKER 
can deal with this situation, this property does not seem to have any useful 
application in the current CAD practice. 

5.5 Connectivity Preserving Local 
Transformations 

The rules used for moving a node as part of a segment move, which have been 
presented in Figure 3.6, have to he extended for the new type of terminals. The 
additional rules are shown in Figure 5.2 . Note that the rules are different when 
a terminal is floating and is allowed to move in the direction of the segment 
and when the terminal is either fixed or at the end of its range. An example 
of the application of these rules is given in Figure 5.3. 

The new terminal concept has some consequences for moves with merging. 
When removing "loose ends" or redundant segments in a cycle, care should 
he taken that all terminals remain connected toeach other. Figure 5.4 shows 
how the presence of a terminal changes the effects of a segment move. 

5.6 Initia! Routing 

Especially because of the arbitrary location of terminals it does not make 
sense first to extend each terminal one grid unit "inwards" (what is "inwards" 
when the terminal is located in the middle of the routing area, separated from 
obstacles?) and then to interconneet the nocles resulting from the extension, 
as is clone in PACKER. 

In CRACKER the terminal nocles are directly interconnected by the initial 
routing routine. The routine is the same quasi-minimal rectilinear Steiner tree 
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Figure 5.2: The rules for moving a node, when the node is a terminal node. 
The interval I indicates the range within which a floating terminal is allowed 
to move. 
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Figure 5.3: Segment A is connected to a floating terminal node t which is 
allowed to float inside the interval I (a); when A is moved twice to the right, 
t changes its location the first time (b), but not the second time (c). 

B 
A~<i> !-• ·-· ·-· ~ <!>---• net #21 lllf 
net #1 (!) 

Figure 5.4: Nets #1 and #2 have a simi/ar structure, but net #1 has an 
extra terminal node (a); therefore, the structures resulting after moving A and 
B differ {b}. 
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Figure 5.5: Initia/ routing with unit-length extension as in PACKER (a}; the 
initia! routing for the same net in CRACKER (b}; the initia/ routing of a net 
with terminals inside the routing area (c}. 

heuristic as in PACKER. Figure 5.5 compares both ways of initia! routing and 
gives an example with terminals located inside the routing area. 

The initia! routing procedure does not take the obstacles into account. Al
though it is possible to generate an initia! routing which goes around the 
obstacles, this has not been clone. The obstacles, being represented as seg
ments, can fully participate in the conflict elimination process; so, it does not 
make sense to avoid conflicts with obstacles. 

As far as the initia! position of floating terminals is concerned, they are all po
sitioned at the location with minimal x-coordinate and minimal y-coordinate. 
This can mean that many terminals are stacked on top of each other initially; 
they will he separated during the iterative phase of the routing algorithm. It 
is believed that this approach is better than trying to give an initial position 
to floating terminals by means of special-purpose heuristics. 

5. 7 The Scanning Range 

The possibly irregular shape of the boundary requires a reconsideration of 
the scanning concept, especially of the range within which a segment can 
move. For example it does not make any sense at all to push a segment 
into an area of obstacles, when there is no open space beyond. It would he 
natura! to stop pushing when a segment is on a grid line next to the boundary. 
On the other hand, it makes sense to push a segment on an obstacle that is 
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Figure 5.6: The ranges of the Jour scans in CRACKER. 

surrounded by routing area: there is space available beyond the obstacle, and 
not investigating this possibility would limit too much the search space. For 
the sake of the algorithm's elegance, it is preferabie not to treat the two types of 
obstacles in different ways. Therefore it has been decided not to deal explicitly 
with boundaries in the scanning process and to scan from one extreme of the 
circumference to the other. 

Already from the fact that the initia! routing uses the circumference for routing 
(see e.g. Figure 5.5) it can he concluded that the first scan-line position in 
the scanning process should he on the circumference in order to eliminate the 
conflicts located on it . Consequently, the scanning stops at the first position 
next to the opposite part of the circumference and all conflicts are accumulated 
on this part. Figure 5.6 illustrates the ranges of the four different scans. 

5.8 Modifications in the Packing Routine 

In CRACKER, the actions to he performed for a single scan-line position, 
the "packing", have not been modified much with respect to PACKER. In 
PACKER, roughly, first the terminal segments along the scan line (at most 
two) are given a special treatment to make them free of conflicts and then the 
segments perpendicular to the scan line ( except those which conflict with ter
minals) are used to determine the locations available for the parallel segments. 

In CRACKER, the obstacle segments have the highest priority. Both the 
parallel and perpendicular obstacle segments already impose restrictions on 
the layers available for other segments. Common parallel segments are either 
moved to the correct layer, or, if none of the layers are available, they are moved 
to the next grid line in the scanning direction. Then the parallel segments 
with terminal status are selected. Section 5.9 gives a detailed explanation of 
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the terminal status; for the time being it suffi.ces to know that these segments 
are connected to terminal nocles and are neither in conflict with obstacles nor 
with each other. Actually, they are temporarily considered as obstacles for the 
other actions at the current scan-line position. 

The perpendicular segments conflicting with obstacles or with the segments 
with terminal status are disregarded and will be moved when scanning in a 
direction perpendicular to the current one. The other actions for the cur
rent scan-line position are identical to those in PACKER: weight assignment, 
selection of segments to remain, layer propagation, etc. 

5.9 The Terminal Status 

Experimentsin which all segments were treated in the same way, gave negative 
results. For this reason the concept of segments with terminal status has been 
introduced. 

These are segments which: 
1. are parallel to the scan line, 
2. are connected to terminal nodes, which cannot be moved any further in 

the scanning directions, (these nocles are either fixed or have reached the 
limit of the range in which they can float), 

3. do not conflict with obstacle segments, 
4. have the preferred orientation (see below), 
5. have their terminal nocles at a suffi.cient distance from other terminal 

nocles connected to segments with terminal status, such that conflicts 
can be solved by shortening the end points. 

The condition in point 2 excludes segments attached to floating nodes, that 
are not at the end of its range, from receiving the terminal status. Otherwise 
the freedom to move a floating node would not be fully exploited. This is due 
to the fact that a segment with the terminal status is temporarily considered 
an obstacle and is not moved. 

The preferred orientation in point 4 is part of the specification. When a termi
nal node is located on a boundary, there is only one legal position for a segment 
connected to it: perpendicular to the boundary, inwards into the routing area. 
Making this explicit helps to limit the search space. A terminal that is not 
on the boundary can have any orientation; the problem description should 
not specify any preferred orientation. In this case the program rotates the 
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Figure 5. 7: The preferred orientation: the segments conneeled to t 1 and t 2 

have a preferred orientation ("to the right" and "upwards" respectively); seg
ments connected to t 3 can have any orientation, as t 3 is not located along a 
boundary. 

preierred orientation at a "slow" rate. Figure 5. 7 illustrates different cases of 
terminals with preferred orientation. Even when there is no unique way of 
connecting a segment to a terminal, a preferred orientation can he specified. 
The router may or may not use this "hint". 

Point 5 refers tothefact that it should he possible to solve the conflicts between 
segments with terminal status, while they retain their preferred orientation. 
Figure 5.8 shows an example where the condition is satisfied and another one 
where this is not the case. 

Conflicts between segments with terminal status are solved either by moving 
their end points apart and creating neighbor relations, or by splitting segments 
(see Chapter 3). 

5.10 The Top Level 

In PACKER once a scan in some direction has been completed, repeating the 
same scan does not modify the routing: all conflicts have been pushed beyond 
the final scan-line position. This is not the case in CRACKER, due to the 
possible presence of terminal nocles under the scan line. Figure 5.9 gives an 
example. 

Of course, it is possible to take a situation like in Figure 5.9 into account; 
however, repeating the scan is simpler. Note that it does not have any effect 
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Figure 5.8: The terminals t 1 and t 2 have a sufficient distance to solve a 
conflict between s 1 and s 2 by shortening the segments, whereas t3 and t 4 are 
too close to each other for a simi/ar i'reatment of the conflict between s 3 and 
s4 {a); aft er solving the conflicts {b), s~, s 2 and s 3 receive the terminal status, 
but s4 does not. 
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Figure 5.9: Repeating a scan makes sense in the following situation: 0 is an 
obstacle and therefore A and B cannot remain both at their current position 
(a); the algorithm decides to move A and then moves the scan line (b}; B 
remains because C only comes into existence after moving A. In the second 
scan, C and 0, force B to move; the situation after completion of the second 
scan is shown in (c). 
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I Iteration no. I Sequence 

TB2 RL 2 BT2 LR2 

i+ 1 TB2 BT2 RL 2 LR2 

i+ 2 RL 2 TB 2 LR2 BT2 

Table 5.1: The iteration scheme of CRACKER. 

to perform more than two consecutive scans in the same direction. 

Another change with respect to PACKER is related to the iteration scheme. 
Suppose s and t are two "repeated scans" in different directions (s, t E {TB2

, 

BT2
, LR2

, RL2
}, si= t), then, intuitively, it seems to he helpful that all ordered 

pairs (s, t) of subsequent scans occur with the same frequency when iterating. 
The iteration scheme of PACKER does not have this property: some pairs 
occur more often than others and some do not occur at all. The iteration 
scheme of CRACKER has this property: as can heseen in Table 5.1, in three 
iterations, all pairs of different scans occur once. 

5.11 Worst-Case Time Complexity 

The analysis of the worst-case time complexity of CRACKER is very similar to 
the one of PACKER. They only differ at the very end: in switchbox routing, the 
number of nets is bounded by the perimeter and is therefore O(r), whereas 
in general area routing the number of nets is bounded by the area: n = 
O(r2

) . This makes the overall worst-case time complexity of CRACKER to 
he O(sr5

). 



Chapter 6 

The Results Obtained by 
CRACKER 

This chapter presents some results obtained by the CRACKER algorithm for 
general area routing. For switchbox and channel routing there exists a set 
of problems which are generally accepted as "benchmark" problems. Au al
gorithm is judged by looking at its performance for these problems. Such a 
situation does not exist for general area routing. For this reason this chapter 
presents a collection of problems selected from the literature by the author 
and some new problems. Due to the lack of available data, CRACKER is not 
compared with other routers. 

The chapter is organized as follows: each section is on another application 
giving a short description of the problem type and presenting at least one 
example. 

CRACKER has been implemented in Common Lisp, as is the case for 
PACKER. The run time data given in this chapter refer to compiled code 
on an Apollo DN4000 workstation. The measurement conditions, i.e. the 
settings of the parameters are the same as those described for PACKER in 
Chapter 4. 

6.1 Conventional Switchbox Routing 

As CRACKER has been developed from PACKER it is interesting to com
pare the behavior of both routers for switchbox routing. For this reason all 
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Figure 6.1: The placement of obstacles in CRACKER for Burstein's dijfic1tlt 
switchbox. 

benchmark problems solved by PACKER have been presented to CRACKER. 

PACKER can only deal with fixed-layer terminals. In order to have the same 
type of problems, in CRACKER the problems solved by PACKER have been 
modelled by using obstacles along the circumference that force the terminals 
in the desired layer; those grid points along the circumference without termi
nals have been blocked by using obstacles in both layers. Figure 6.1 shows 
the placement of obstades for Burstein's difficult switchbox (see Figure 4.2 
for the problem specification). The results of CRACKER are shown in Ta
bie 6.1 (it could not find a solution for the "modified difficult" example). The 
result for the example "comp-1" has the shortest tot al wire length of all re
sults known to the author. It is presented in Figure 6.2. The run times of 
CRACKER and PACKER are compared in Table 6.2. From the table it can 
he seen that, most of the time, CRACKER is somewhat slower than PACKER. 
This can he explained by the different treatment of terminals in both routers. 
In PACKER they initially have the correct orientation and are not moved, 
whereas in CRACKER all segments can he moved in principle, even when the 
notion of the "terminal status" gives a special treatment to some terminal seg-
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example's name SL ,min i ter- run time modifi- wtre VlaS 
ations sec cations length 

di:fficult 10 11 210 3227 542 45 
more di:fficult 10 121 3600 36678 543 41 
terminal intensive 10 20 490 7194 620 49 
augmented dense 10 7 100 1429 530 31 
modified dense 10 3 40 392 510 29 
pedagogical 7 13 160 2753 423 32 
comp-1 10 13 210 4064 521 42 

Table 6.1: CRACKER's results forsome benchmark switchboxes. 

Figure 6.2: CRACKER 's re sult for the switchbox "comp-1 ". 
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example's name PACKER CRACKER 
sec sec 

difficult 56 210 
more difficult 1400 3600 
terminal intensive 210 490 
augmented dense 31 100 
modified dense 36 40 
pedagogical 91 160 
comp-1 160 210 

Table 6.2: The run times of PACKER and CRACKER for the same set of 
switchboxes. 

ments. The extra freedom due to the mobility of the terminals gives rise toa 
larger search space, which on its turn enlarges the average time necessary to 
find a solution. 

A variation on conventional switchbox routing consists of not fixing the lay
ers of terminals and letting the router choose the appropriate layer. This is 
the routing model used by BEAVER [Coh88a]. Such a variation can he mod
elled by not having any obstacles along the circumference. The "pedagogical 
switchbox", an example from [Coh88a] has been presented to CRACKER in 
this way. The result for this example, to he called the "free pedagogical" ex
ample, is presented in Figure 6.3 . The data for this example together with the 
data for the other examples to he discussed in the rest of this chapter can he 
found in Table 6.3. From Figure 6.3 it can he seen that many nets have been 
routed on the boundary. This is a direct consequence of the freedom to put 
terminals in any layer: when both layers are available for terminals, they are 
also available for routing. 

6.2 Channel Routing with Floating 
Terminals 

Floating terminals occur in a natura! way when routing a chip by means of 
channel routers (see Chapter 1). A channel router that cannot handle floating 
terminals is therefore hardly useful. The ability of CRACKER to solve this 
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I I I I I I I 
Figure 6.3: The result obtained by CRACKER forthefree pedagogical exam
ple. 

example SL,min i ter- run time modifi- wtre V tas 
a ti ons sec cations length 

Figure 6.3 6 20 300 5868 380 29 
Figure 6.4 9 312 10000 165276 587 55 
Figure 6.5 6 12 69 1905 180 19 
Figure 6.6 3 17 110 1782 161 21 
Figure 6.8 8 6 61 927 360 32 
Figure 6.7 10 11 220 2511 605 36 
Figure 6.9 4 12 38 622 69 8 
Figure 6.10 2 316 3600 70354 149 0 
Figure 6.11 4 34 490 9954 238 26 

Table 6.3: The data for some of the examples presenled in this chapter. 
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Figure 6.4: CRACKER 's solution for a benchmark channel routing problem 
with floating terminals. 

class of routing problems is demonstrated here by means of "Example 1" from 
[Ker73] . The example has a density of 12, which means that the solution 
needs at least 12 rows when the "reserved layer" model ( see Chapter 1) is 
used. When horizontal segments are allowed in both layers, solutions with 
less rows can exist . An 11 row salution of the problem was given in [Yin87]. 
CRACKER also finds an 11 row solution, as shown in Figure 6.4. 

Given the fact that the execution time of CRACKER for this example was 
rather long, no attempts were made to solve larger well-known examples (see 
[Ker73] and [Yos82]). CRACKER is good in finding dense solutions for small 
and middle-size routing problems; large examples are out of its scope. 

6.3 Switchbox Routing with Obstacles 

There are not many examples of switchboxes with obstacles presented in the lit
erature. An example from [Coh8Sa] has successfully been solved by CRACKER 
as can he seen in Figure 6.5. The figure shows both the routing and the ob
stacles. The routing model used does not fix the layers of the terminals, in 
accordance with the original problem description; however, locations along 
the circumference without terminals have been blocked in both layers. For the 
same reason as in the "free pedagogical" example (see Section 6.1) the salution 
contains wiring on the boundary in this case. 
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Figure 6.5: CRACKER 's result for a switchbox with obstacles. 

6.4 L-Shaped Channels 

1-shaped channels are like common channels, with the difference that the 
routing area is 1-shaped insteadof rectangular. They are used for layout styles 
in which the routing cannot he completed by a common channel router (so
called non-siicing layouts, see Chapter 1). An example from [Che87] has been 
presented to CRACKER and solved successfully as can he seen in Figure 6.6. 

In common channel routing the goal is to minimize the channel width. In 
1-shaped channel routing, there are two widths, one of the horizontal part 
of the channel and one of the vertical part of the channel. The goal is to 
minimize both. CRACKER cannot work with variabie area, but is able to 
route 1-shaped channels when the horizontal and vertical widths are fixed. 
Actually, for CRACKER, an 1-shaped channel is a switchbox with obstacles 
in one corner and terminals on the boundary of the obstacles. 

6.5 Three-Sided Channels 

Three-sided channels are rectangular routing regions with fixed terminals on 
three sides and floating terminals on the fourth side. In the previous section 
routers for 1-shaped channels are mentioned as a tool for routing a design 
which cannot he completely routed by a channel router. Another way for 
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Figure 6.6: CRACKER 's salution to an L-shaped channel. 

routing such a design is to use a three-sided channel router (and a switchbox 
router) in combination with a channel rou ter. Depending on the type of router 
available, the routing region is partitioned differently. 

In [Liu86] the following example of a three-sided channel is created: Burstein's 
difficult switchbox [Bur83b] is taken and all terminals along the bottorn bound
ary are made floating. CRACKER solves this problem easily. For this reason, 
a new, more complicated, example has been composed, which is basedon the 
same idea. Instead of only taking the terminals originally present on the bot
torn of the difficult switchbox, all nets are given a floating terminal along the 
bottom. This necessitates an extra column, which has been assigned at the 
right. The result is presented in Figure 6. 7. 

6.6 Switchboxes with Irregular Boundaries 

In CRACKER any shape of the boundary can be modelled by putting obsta
cles adjacent to the circumference of a rectangle. An example with a rela
tively "ragged" boundary ha.s been taken from [Liu86]. The result obtained 
by CRACKER is displayed in Figure 6.8. Note that in [Liu86J the example 
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Figure 6. 7: CRACKER 's result fora three-sided channel. 

is solved by decomposing it in rectangular subproblems, whereas CRACKER 
solves the problem as a whole. 

6.7 Over-the-Cell Routing 

Over-the-cell routing is a variation on channel routing. In the same way as 
in channel routing there are two parallel rows of terminals with a rectangular 
routing area in between them. However, it is also allowed to use one wiring 
layer above the top and below the bottorn of the routing area. This type of 
routing has an application when one of the wiring layers is not used in the 
design of modules, but is only used for their interconnection. 

A simple example of over-the-cell routing, originating from [Con88a] has been 
solved by CRACKER as can be seen in Figure 6.9 . It has been modelled 
by using single-layer obstacles outside the routing area and without giving a 
"preferred orientation" ( see Chapter 5) to terminals. For more complicated 
channels from [Con88a] CRACKER was not successful. This can be explained 
by the additional freedom created by not specifying the preferred orientation: 
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11 

Figure 6.8: CRACKER 's salution for a switchbox with irregular boundaries. 

Figure 6.9: The salution found by CRACKER of a simp/e over-the-cell rout
ing problem. 
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Figure 6.10: CRACKER 's solution fora single-row routing problem. 

the search space becomes too large. 

6.8 Single-Row Routing 

Single-row routing [Kuh79] is. a routing problem that occurs in the routing of 
printed circuit boards (PCBs). The "design rules" of PCBs are such that the 
separation between vias is much larger than the separation between wires on 
the same layer. So, there is a "fine" grid for wires and a "coarse" grid for 
vias. The routing is often performed in two steps: a global routing step uses 
the coarse grid and decides which vias will he used by each net. The detailed 
routing step performs the routing of one row or column of vias , by using a few 
lines of the fine grid at both sicles of the coarse grid line containing the vias. 
This detailed routing step is called single-row routing. lt is characterized by 
a row of terminals along a straight line that have to he interconnected in one 
layer using a number of lines above the row (the "upper street") and a number 
of lines below the row (the "lower street"). Connections can cross from the 
upper to the lower street by passing through a limited number of positions in 
between the terminals. 

If k is the number of lines available in one street, the minimization of k for a 
given problem instanee is NP-complete [Rag84]. However, an algorithm exists 
[Rag83] that is exponential in k but polynomial in n , the number of terminals. 
In the case of e.g. k = 2 the algorithm can decide in polynomial time whether 
a problem instanee is routable and then produce a solution, also in polynomial 
time. An example with k = 2 from [Shi83] has been presented to CRACKER, 
which produced the solution depicted in Figure 6.10. It is modelled by using 
obstacles in one layer covering the complete area: in this way there is only 
one layer left for the wiring. Besides, the terminals are not given any preferred 
orientation. The execution time of CRACKER for this example (see Table 6.3) 
is rather poor, especially when one knows that an efficient algorithm for the 
problem exists. It is again the absence of the preferred orientation that makes 
it difficult for CRACKER to find a solution. However, the ability to solve the 
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Figure 6.11: CRACKER 's result fora routing problem consisting of a module 
embedded in a channel. 

problem, without any domain-specific "knowledge", increases the credibility of 
CRACKER as a general area routing algorithm. 

6.9 Other Applications 

Finally, a routing problem is presented here that consists of a channel with a 
module in the middle of the routing area (see Figure 6.11). Nets entering the 
channel from the top and bottorn have to be interconnected to the module. 
Normally, such a problem would be solved by subdividing it in several routing 
problems, first routing the two channels above and below the modules and 
then routing both side channels. In CRACKER the problem can be solved as 
a whole. 
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6.10 Conclusion 

Many different types of routing problems have been presented in this chapter. 
Most of them are traditionally solved by algorithms that have been designed 
especially for only one type of problem. CRACKER is very successful for some 
types of problems and somewhat less for other types; however, it is remarkable 
that the algorithm can he applied to such a large class of routing problems. 

; ' 



Chapter 7 

Concluding Remarks 

In this thesis two routing algorithms, PACKER and CRACKER, both basedon 
the principle of stepwise reshaping, have been presented. Both algorithms can 
he considered successful. The PACKER algorithm for switchbox routing solves 
most of the problems, that are recognized as benchmarks in the literature. 
The CRACKER algorithm for general area routing is very versatile: without 
any domain-specific knowledge it solves many problems for which traditionally 
special-purpose algorithms have been proposed. 

The good results obtained justify the use of stepwise reshaping, which is a 
novel approach to routing. No other algorithms are known which can solve 
routing problems entirely by means of local transformations, as happens in 
stepwise reshaping. 

In stepwise reshaping, all nets are always connected. This means that, at any 
intermediate stage of the algorithm, information on the locations of conflicts 
is directly available and can he used to control the transformations. 

The development of the algorithms has shown that a good design of the control 
structure for the connectivity preserving local transformations is crucial. The 
main elements of the control structure are "packing", that uses the available 
space efficiently and contributes to the convergence in this way, and "scan
ning" , that reshuffies the configuration and prevents the algorithm of getting 
stuck in a local optimum. However, other aspects of the algorithm, like the 
"neighbor relations", the "extra splitting" and the "terminal status" ( only in 
CRACKER) arealso indispensable. 

From a theoretica! point of view, not much can he said about the convergence 
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behavior of the algorithm. Empirically, when observing the algorithm's behav
ior by keeping track of the number of modifications (layer changes, splits and 
segment moves) in each iteration, it can he seen that the evolution does not 
seem to follow a smooth pattern. The number of modifications per iteration 
go up and down rather chaotically and, suddenly, the algorithm hits upon a 
solution. Even when such a behavior is rather undesirable, the rate of success 
of the implemented algorithms makes it worth to study this type of algorithm 
seriously. 

Another property of the algorithms has to he pointed out here: it seems that 
there is a correlation between the execution time and the degree of difficulty 
of a problem instance. The execution time for the more difficult switchbox is, 
for example, considerably longer than the one of Burstein's difficult switchbox. 
One could define the "degree of difficulty" of a problem instanee as e.g. the 
inverse of the density of solutions in the space of all configurations. In their 
exploration of the space of configurations, the stepwise reshaping algorithms 
normally will take longer to find a solution when they are harder to find. 
An algorithm with this property is more preferabie than an algorithm, the 
execution time of which is a fundion of entities like the dimensions of the 
routing area, the number of nets, etc. If a problem is more difficult, it seems 
logical that one should he prepared to invest more time to find a solution. 
Perhaps there is a clue here for mea.suring the intrinsic difficulty of a problem. 

Finally, it should he remarked that the application of stepwise reshaping is not 
limited to the domains of PACKER and CRACKER. Below some potential 
application areas are mentioned: 

1. Routing with more than two layers: for this application, the "packing" 
routine should he adapted. It should he remarked that this is not very 
straightforward: in a heuristic algorithm, when the freedom of assigning 
a layer to a segment increases, also the chances increase of making choices 
which lead to results of less quality. 

2. Gridless routing: this application necessitates the incorporation of more 
refined design rules in the algorithm, rather than the mere grid. Not 
only the wire segments may have variabie widths which have to he taken 
into account, but the contact cut now appears as an object occupying 
space. Specific moves are necessary to push the contact cut around, to 
deal with layer changes of segments that create new contact cuts, etc. 

3. Cel! compilation: with the experience of the previous two points, this 
application, which roughly consists of translating a netlist of transistors 
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and a specification of terminal positions in a celllayout, seems to he fea
sible to develop. At least three layers of routing are necessary ( diffusion, 
polysilicon and metal) and rnaving around a transistor does not differ 
much from rnaving around a contact cut. In this way an algorithm could 
he developed which perfarms placement and routing simultaneously. 

The results presented in this thesis show that stepwise reshaping is a viabie 
principle; at the same time many points related to this principle need further 
investigation. 



Appendix A 

The Completeness of 
Connectivity Preserving Local 
Transformations 

The routing algorithms PACKER and CRACKER are iterative algorithms 
based on connectivity preserving local transformations (CPLTs) ; each of the 
CPLTs reshapes the routing of a net . The goal of this appendix is to show 
that the three CPLTs actually used in the implementations of PACKER and 
CRACKER, viz. layer change, segment split and segment move are powerful 
enough to give a net any shape that interconnects all its terminals starting 
from any other shape in a finite number of steps. This property is called the 
completeness of the set of CPLTs. 

Because the routing of any net can he given any desired shape using the CPLTs 
(as will he proved), in principle it is possible to reshape each routing in such a 
way that a solution is formed, when a solution exists. The completeness proof 
establishes that if the algorithm fails to find a solution, this can he fully blamed 
on the control structure that determines the sequence of CPLTs applied to a 
given initial routing. The discussion in this appendix is limited to a single 
net, as the CPLTs only affect one net at a time. Another restrietion is the 
limitation of routings to a single layer; a generalization of the proof to multiple 
layers is trivial. This means that from now on only two CPLTs are relevant: 
the segment split and the segment move. Besides, floating terminals are not 
considered in order not to make the text of this appendix very long. Their 
presence makes the completeness proof somewhat more cumbersome, but not 
essentially more difficult. 
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The organization of the appendix is as follows: first some notions associated 
to the proof are defined; then the outline of the proof is given; the proof makes 
use of two results which are proved later on in two different sections. 

A.l Preparatory Definitions 

In this section some terms to be used in the proof are defined. The definitions 
have been kept rather informal for the sake of easy readability. 

The routing algorithms operate on a grid. 

Definition: Given the fact that the router operates in an area 
delimited by a rectangle with bottom-left coordinates at (0,0) and 
top-right coordinates at (xmax, Ymax), the set of grid points G is 
defined to contain those points (x, y), where x and y are integers 
obeying 0 ~ x ~ Xmax and 0 ~ y ~ Ymax· The set of grid segments 
T is formed by all horizontal and vertical unit-length segments in 
between two grid points. 

A net is characterized by the position of its terminals. 

Definition: The set of terminals U is a subset of the grid points: 
U cG. 

The pattem of nocles and segments (see e.g. Chapter 3) that represents the 
way the terminals of a net have been interconnected, will be called the routing 
of a net. 

Definition: Given U, a set of nodes N and a set of wire segments 
S define the routing r(N, S) of a net: N C G, N 2 U. Sis com
posed of pairs (n;, nj), n;, ni E N, for each pair of nocles directly 
connected by a segment (of course, n; and ni either have a com
mon x-coordinate or a common y-coordinate). N and S obey the 
restrictions that all elements of U are interconnected, there are no 
cycles (i.e. a node cannot be reached from another node by multi
ple paths ), and there are no loose-ends (i.e. the nocles in N \U are 
connected to at least two segments). The set of all routings that a 
net can have is called R. Often r will be written as an abbreviation 
of r(N, S). 
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The shape of a net refers to its topology, rather than to its precise structure 
of nocles and segments. 

Definition: A wire segment covers all grid segments located he
tween the nocles to which it is connected. The shape of a routing 
r( N, S), indicated hy shape( r) , is the set of all grid segments cov
ered hy the wire segmentsof S: shape(r) CT. 

Definition: The shape of a routing is used to partition R in con
figurations . The set of all configurations is called C, C C 2R, 
U; c; E C = R. All routings in one contiguration have the same 
shape and routings helonging to different configurations differ in 
shape. 

The CPLTs can he complete with respect to the set of routings R or the set of 
configurations C. The latter will he proved here: the result that any shape can 
he achieved is strong enough to he sure that any salution can he found if the 
control structure generates the correct sequence of CPLTs. So, the statement 
to he proved is: 

Given an initial routing r; E c;, c; E C and a final routing r f E 
Cf, Cf E C, r; can he transformed in a routing r,, E Cf using a 
finite numher of segment moves and splits. 

A specific configuration, called the canonical configuration plays an important 
role in the completeness proof. 

A.2 

Definition: lt is possihle to design a deterministic algorithm A, 
that accepts U as an input and produces a routing of the net as an 
output. The shape of this routing defines the canonical configura
tion of the net with respect to A. lt is not important how A looks 
like, as long as only a single element of C hecomes the canonical 
configuration. 

Outline of the Completeness Proof 

The proof consists of two parts: Part 1 shows that any transformation can 
he undone in a finite numher of transformations and Part 2 shows that any 
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routing in an arbitrary configuration Ca can he transformed to a routing in the 
canonical configuration Cc in a finite number of transformations. Once the two 
parts are proved, completenesscan be derived as follows (the symbol ""-+ means 
here "a procedure is known that transforms any memher of the configuration 
at the left into some memher of the one at the right in a finite number of 
steps"): 

c; ""-+ Cc (because of Part 2) 
ei""-+ Cc (because of Part 2), but also 
Cc ""-+ c i (because of Part 1), and therefore 
c; ""-+ Cc ""-+ c i, or 
c; ""-+ ei (because of the obvious transitivity of the ""-+ predicate). 

The following text assumes the knowledge on the rules governing the imple
mentation of the CPLTs, as has been given in Chapters 3 and 5. 

A.3 Part 1: The Reversibility of the 
Transformations 

The goal of this section is to show that: c i ""-+ Cc :::} Cc ""-+ c i. Th is is done 
by showing the reversibility with respect to configurations of the individual 
transformations in the sequence that leads from ei to Cc. This means that if 
a transformation t transforms a routing ra into a routing rb, i.e. t(ra) = rb, 
ra E ca, rb E eb, there exists a reverse transformation t-1 composed of a 
sequence of CPLTs, such that r 1(rb) =ra,, ral E Ca. Note that ra and ral do 
not need to he equal. 

Given the fact that only the reversibility with respect to configurations matters, 
there is no need to consider the segment split: this transformation does not 
change the shape of the routing. 

The existence of a reverse for all versions of the segment move will he proved 
later on; at this moment its following properties are important: 

• it operates on the wire segments at the destination position of the seg
ment moved by the forward transformation; 

• it restores the configuration but not always the routing. 

Consider three consecutive configurations ck, Ct and Cm somewhere in the se
quence. There is a transformation tt, operating on a single segment of a routing 
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rk E ck , such that t 1(rk) = r1(N1 , S1) , r1 E c1 , and a transformat ion t2 , such that 
t 2 (r1) = rm, rm E Cm. Call the reverse of t1 and t2 , tï1 and i21 respectively. 
If i21(rm) = r11(N1,, R11), r11 E CJ, r1 f r1" i11 might not work, as the wire 
segment SJ E S1 on which it is supposed to operate might not he present in S1, . 
Note that r1 and r1, only differ in "splitting pattern" . If it is necessary to split 
a segment in S11 in order to obtain the correct segment s1, this segment should 
he split and the backward transformation can continue without problems. On 
the other hand, if s1 corresponds to a sequence of segments in r1,, the procedure 
tï1 should perform the action intended for s1 on each of the segments in the 
sequence separately. 

So, a sequence of segment moves can he reversed by reversing the individual 
transformations, provided that segments are sometimes split in between two 
reverse transformations or that a sequence of segments is sometimes treated 
as one segment. What remains to he clone is to show that the segment move 
can he reversed. Three different cases will he treated separately: 

1. The simple segment move without merging. 
2. The segment move with merging, but without the creation of loose ends 

and cycles. 
3. The segment move with merging, loose end creation and cycle creation. 

A.3.1 The Reversal of the Simple Segment Move 

The simple segment move, without merge, of which examples are given in 
Figure 2.2, is obviously reversible. After the move, the original segment is still 
in the layout with its original length preserved. Pushing back this segment 
restores the original configuration, as a consequence of the rules used for the 
CPLTs. 

A.3 .2 The Reversal of the Merge without Loose End 
and Cycle Creation 

The segment move with merge, but without the creation of loose ends and 
cycles, will now he proved to he reversible. It is assumed here that a horizontal 
segment is moved upwards; the proofs for vertical segments and the other 
directionsof movement (downwards, to the leftand to the right) are similar. 
First some definitions are given and a theorem is proved: 

I , 
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Figure A.l: E 1 = (nt, n 2 , ''to the left") and E2 = (n3, n4, "downwards") are 
bays (a); the contour of E 1 and the bay area of B2 (b). 

Definition: An opening of a routing r(N, S) is a pair of nocles 
(n1, n2), nt, n2 E N, such that n1 and n2 are located on the same 
grid line and the space in between them is empty, i.e. without 
segments. 

Definition: An oriented opening is a triple (nt, n 2, d), where n1 
and n 2 are nocles constituting an opening and d is a direction. If 
nl> and n 2 are on a horizontal grid line, d is either "upwards" or 
"downwards"; if they are on a vertical grid line, dis either "to the 
left" or "to the right". 

Definition: An oriented opening (n 1 , n 2, d) is a bay, if the space 
between n 1 and n 2 , entering it from direction d is entirely sur
rounded by segments (it is not a bay when it is possible to reach 
the boundary of the routing problem without exiting the opening 
between n 1 and n 2 in the direction opposite to d). All these sur
rounding segments taken together form the contour of the bay. The 
space enclosed by the contour and an imaginary segment between 
n 1 and n 2 is called the bay area. 

Figure A.l gives some examples of bays, using an arrow to refer to the orienta
tion of an opening; it also illustrates the notions of "contour" and "bay area" . 
Because the routing connects all its nocles and does not contain any cycles, 
an oriented opening is either a bay or the same opening with the opposite 
orientation is a bay. 

Theorem: If no cycles are created after moving the original seg
ment s 0 , then there is at most one opening in the destination area 
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Figure A.2: Illustration of the "at most one opening" proof,· the "black" part 
of the routing is certainly there; the "white" part of the routing does not need 
to exist as long as the routing is consistent. 

before the move, which is closed by a new segment after the move. 

Proof: Suppose that there are two openings and that therefore two segments 
need to he created in the destination area, one between the nocles nb1 and n 11 
and the other between the nocles nb2 and n 12, n fl and nb2 being connected by 
one or more segments along the destination area ( or coinciding) in the original 
configuration. This situation is pictured in Figure A.2(a). Consicier the ori
ented openings 0 1 = {nbb nfb "upwards") and 0 2 = {nb2 , n12, "upwards"). At 
least one of 0 1 or 0 2 needs to he a bay, otherwise the routing cluster contain
ing n 11 and nb2 would he disconnected from the rest of the routing. After the 
move both 0 1 and 0 2 are closed (see Figure A.2(b)) which means that at least 
one cycle is created, viz. there where there was a bay. This contradiets the 
condition that no cycles would he created, so the assumption of two openings 
should he false. In a similar way original configurations with three or more 
openings can he excluded. This proves that the original configuration has at 
most one opening. D 

The reversibility proof considers three cases separately: 
1. The destination area is completely occupied with segments. 
2. The destination area is partly occupied, but does not contain an opening. 
3. The destination area contains an opening. 

Proof of case 1: Figure A.3( a) shows the general situation with the original 
segment s 0 and the destination segment sd (it is assumed here that there is 
only one segment in the destination area; the proof for the case of several 
segments proceeds in a similar way). Consicier the nocles n 0 b, noh ndb and 
ndf at the end points of S0 and sd. Exactly one of the oriented openings 
ob = {ndb , nob, "to the left'') and 0 f = {ndj, noj, "to the right") can he a bay. 
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D sd D D sd D D sd D 
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~db~nd4 ~ I ~ lsp ~ =:ob nof•= =• •= =• 0= 

D SR D D SR D D D 
(a) (b) 

~ (c) ....... 

(e) (d) 

Figure A.3: The proof of reversibility for the case that in the destination area 
is completely occupied with segments. 

Suppose it is 0 Ji can it really be a bay? No, because moving s 0 would oth
erwise close 0 f and this would create a cycle. Hence, ndf and n 0 J should be 
connected by a unit-length segment (see Figure A.3(b)). After the move, s 0 

disappears, sd remains (because it is assumed that no looseend is created) and 
a perpendicular segment sP is created (see Figure A.3(c)). In order to get back 
to the original configuration, first sd has to be moved backwards; Sp remains 
and another perpendicular segment s 9 is created, if it did not exist already, 
to conneet sd's front totherest of the net (see Figure A.3(d)). It should be 
noted now that moving sP towards s 9 and finally merging Sp with s 9 restores 
the original configuration (see Figure A.3(e,b)). D 

The proofs of the other two cases are given here in Figures A.4 (the mirror 
image of the figure should be used if the partial routing is at the other si de) 
and A.5, without comment. 

A.3.3 The Reversal of the Merge with Loose End and 
Cycle Creation 

The segment move that gives rise to merging with loose ends and cycles is also 
reversible ( this follows directly from the result of the completeness proof which 
is now in progress ), but this is rather complicated to prove in a constructive 
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Figure A.4: The proof of reversibility for the case that the destination area 
is partly occupied, without containing an opening. 
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Figure A.5: The proof of reversibility for the case that the destination area 
is partly occupied and contains an opening. 
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way, i.e. by giving a general procedure to restore the effects of a move for any 
shape of the routing. Instead a procedure will be given here that guarantees 
that no cycles and loose ends are created when moving a segment. In anticipa
tion of Part II of the proof, where a procedure is given for the transformation 
to a canonical configuration, it already can be stated here that that procedure 
is formulated entirely in terms of splitting segments and moving segments away 
in a certain direction. The procedure does not depend on whether or not a 
segment move creates a cycle or a loose end. For this reason, when one knows 
that a certain move is going to create a cycle or a loose end, it is allowed to 
preprocess the routing such that cycles and loose ends are avoided. 

Both cycles as wellas loose ends are created when there are bays before moving 
the original segment. It might be necessary to split a segment in order to have 
a bay in the sense of the definition given here. As is explained further on, it 
is possible to "close" a bay by moving its segments towards the opening and 
finally closing the opening. This procedure only uses simple moves which are 
all directly reversible. Figures A.6 and A. 7 show how the bays are closed in 
the configurations of Figures 3.4 and 3.5. Note that in Figure A.6 segment A 
is split, such that a bay is formed ; however, the final result does not depend 
on this step. 

The procedure to close a bay by means of segment moves, that do not require 
merging, and segment splits is given below preceded by some definitions. 

Definition: Given a bay B = (n 1 , n 2 , d), a segment belonging to 
the contour of B is called visible when: 

1. It is parallel to the grid linealong the opening (n 11 n 2). 
2. It is located at the side of the opening indicated by d. 
3. It overlaps by at least one grid unit the opening (n1 , n 2 ) when 

perpendicularly projected on it. 

The ciosest visible segment is the visible segment that has the short
est distance to the grid line of the opening. Note that each bay 
has at least one visible segment (because the bay area is closed). 
Figure A.8( a) gives an example of the dosest visible segment. 

Definition: The abstracted bay of a bay B = (n1 , n 2 , d) is an 8-
tuple A = (nll n2, d, n3, n4, s11 s2, s3), n3 and n4 being imaginary 
nocles and 81, s2 and 8 3 being imaginary segments. The nocles and 
segments are interconnected as n 1 - 81 -n3-83-n4-s2 -n2 • 8 11 8 2 
and 8 3 form the contour of the bay A which has orientation d. The 
equallength segments s 1 and 8 2 are called the leg8 of the abstracted 
bay, whereas the segment s3 is called its bottom. The the lengthof 
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A' 

I I I I I I I I I I I I I I 

Figure A.6: Closing a bay to avoid the creation of a loose end, foliowed by 
the intended segment move. 
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I I I I I I I 
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Figure A. 7: Closing a bay to avoid the creation of a cycle, followed by the 
intended segment move. 
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(a) (b) 

Figure A.8: A bay B = (n1, n 2, "upwards"), with its ciosest visible segment 
S c (a) and its abstracted bay (b). 

either of its legs is called the the depth of the abstracted bay. It is 
set to he equal to the distance of the dosest visible segment of B 
to its opening. 

Definition: The shape of the contour of a bay is the set of grid 
segments covered by the segments in the contour ( see also the def
inition of the shape of a routing). 

Figure A.8 gives an example of a bay tagether with its abstracted bay. Below 
the procedure for closing bays, called close, is given; it uses the notion of the 
abstracted bay in a recursive fashion: 

1. If the contour of bay B = (nll n 2 , d} has the same shape as the contour 
of its abstracted bay A, move the segment(s) in the contour of B corre
sponding to the bottorn of A in the direction of the opening ( opposite to 
d). The opening is closed in a number of steps equal to the depth of A. 

2. If the contour of B does not have the same shape as the contour of A, 
superimpose the contour of A on the one of B and define openings on 
the contour of B where the contour does not match the contour of A. 
Give them an orientation "away" from the bay area of A. If necessary, 
split the segments of B 's contour or use the imaginary nocles n 3 and n 4 

of A, such that the openings can be defined properly. These openings 
are bays. Use the procedure close to close all these newly defined bays. 

Note that the recursion is finite because the contour of a bay consists of a 
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finite number of segments and the lengthof the contour decreases for bays at 
deeper levels of the recursion. Figure A.9 gives an example of the application 
of the procedure close. 

As a condusion of this section, it can be stated that , given a sequence of 
transformations that transforms a configuration c1 into a configuration c 2 , 

such that the moves that would create loose ends or cycles are allowed to he 
preprocessed, it it possible to reeover from c2 the original configuration c1 • 

A.4 Part 2: The Transformation to a 
Canonical Contiguration 

In this section it is shown how to transform any routing Ca of a certain net into 
the canonical configuration Cc of this net. In the following, the term "canonical 
routing" will he used to refer to some element of the "canonical configuration" . 
First the shape of the elements of the canonical configuration is defined and 
later a procedure is given on how to perform the transformation. 

Let a rectangle with bottorn left coordinates (xmin, Ymin) and top right coor
dinates (xmax, Ymax) be the smallest rectangle enclosing all terminals of the 
net. The canonical routing starts at the terminal with minimal x-coordinate 
located on the grid line y = Ymin· lt continues to the right until x = Xmax· 
Then it goes one unit upwards and continues to the left until x = Xmin· Here 
again it goes one unit upwards and turns to the right, etc. lt stops on the 
line y = Ymax when the last terminal is encountered either going to the left 
or going to the right. Obviously, it is possible to design an algorithm A that 
produces this canonical configuration, when called with the set of terminals 
U: the configuration is canonical in the sense of the definition in Section A.l. 
An example of a canonical routing is given in Figure A.lO. 

The procedure to obtain a canonical routing from an arbitrary routing is given 
below. Any time a segment has to be moved, loose end and cycle creation are 
avoided, using the techniques of the previous section. 

1. Clean up outside rectangle: consider all wire segments outside the rect
angle delimited by the points (xmin, Ymin) and (xmax, Ymax)· Asthere are 
no terminals in this region, these segments can be eliminated by mov
ing them towards the rectangle. All horizontal segments with y < Ymin 
are pusbed upwards, those with y > Ymax are pusbed downwards. The 
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Figure A.9: The step by step closinn of n hmt usinn the proced1m' r-1 o~P Thp 

numbers along the orientation arrows 1'efer to the depth of the recursion. 
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Figure A.10: The terminals of a net with their smallest enclosing rectangle 
(a) and the net 's canonical routing {b). 

vertical segments with x < Xmin are pushed to the right and those with 
x > x ma x are pushed to the left ( see Figure A .11 (a)). 

This step finishes after a finite number of moves, as there are a finite 
number of segments outside the rectangle. 

2. First terminal: consider now the first terminal t 11 i.e. the terminal with 
minimal x-coordinate among those located on y = Ymin· Call its x
coordinate x1 . Move all horizontal segments located between x = Xmin 

and x= x1 on y = Ymin upwards (see Figure A.ll(b)). If there is any 
vertical segment connected to t 11 move it to the right (see Figure A.ll(c)) . 
The situation obtained now is that the very first part of the canonical 
routing has been realized. The part of the routing that has been given 
the canonical shape, will he called the tail. So, the tail is now at least 
one grid unit long. 

3. Horizontal routing to the right: consider the routing at position (x 1 + 
1, Ymin): it either extends upwards or to the right (or both) (see Fig
ure A.ll(d)). If there is a vertical segment, move it to the right . Now, 
the tail has at least length 2. Continue this process until x = Xmax is 
reached (see Figure A.ll(e)). 

4. U-turn: when the canonical routing from x = X1 to x = Xmax at y = Ymin 

has been realized, it should he the case that there is a vertical segment 
going upwards at (xmax, Ymin)· There is noother way to conneet the tail 
to the other terminals. Split this segment if it is longer than one unit, 
such that the vertical segment extending from (xmax' Ymin) receives length 
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Figure A.ll: Different steps in the construction of the canonical routing. 



116 The Completenessof Connectivity Preserving Local Transformations 

one. If there is a segment extending above the second row, move it to the 
left. The fi.rst u-turn of the tail has been realized (see Figure A.ll(f)). 

5. Repeat: continue in a similar way as in Point 3, now going to the left. 
Then make a u-turn and continue to the right on the next row, etc. (see 
Figure A.ll (g)) . N otice that the tail can never get destroyed in this 
process: it is never part of the contour of a bay that needs to be closed 
in the process of avoiding the creation of loose ends and cycles. 

6. Final row: Note that, once the last u-turn has been made, the canonical 
routing is realized completely (see Figure A.ll(h)). At that moment 
only horizontal segments at y = Ymax that don't belang to the tail can 
exist. But because all terminals are connected, these segments cannot 
do anything else but connecting the last u-turn with the last terminal. 

This procedure for obtaining a canonical routing finishes the completeness 
proof of the CPLTs. 



Appendix B 

Local Correction for Robinson's 
Self-Referential Sentence 

In this appendix a simple but intricate problem is presented: the self-referential 
senterree of Raphael Robinson [Hof85] . It is shown how a straightforward 
"local correction" algorithm leads to fast convergence. Examples of initia! 
configurations are given that lead toa solution and to a cycle of length two. 

The problem consists of finding in te gers n0 , n 1 , ..• , n9 , such that the following 
senterree gives a correct description of itself when the values of n0 , nt. ... , n9 

are substituted in the senterree in decimal notation. 

This senterree contains n 0 times the digit '0', n 1 times the digit '1 ', 
n2 times the digit '2', n3 times the digit '3', n4 times the digit '4', 
n 5 times the digit '5', n6 times the digit '6', n 7 times the digit '7', 
n 8 times the digit '8' and n 9 times the digit '9' . 

After a short deliberation on the senterree one can see that the problem, al
though not very complicated, is rather wild: the choices for the values of n 0 , 

n 1, ... , n 9 are extremely interdependent. 

One possible, constructive, approach to solve this problem is a branch and 
bound algorithm: assumptions for the subsequent numbers lead to a search 
tree, in which the evaluation of a subtree that cannot possibly leadtoa solution 
is stopped as soon as possible. A local correction algorithm (Hofstadter uses 
the term "Robinsonizing" for local correction [Hof85]) turns out to lead to a 
solution in a simpler and more elegant way. The algorithm has the following 
description: 

117 
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z Ph p~ p~ p; p~ p~ p~ p~ p~ p~ 
0 1 1 1 1 1 1 1 1 1 1 

1 1 11 1 1 1 1 1 1 1 1 

2 1 12 1 1 1 1 1 1 1 1 

3 1 11 2 1 1 1 1 1 1 1 

4 1 11 2 1 1 1 1 1 1 1 

Table B.l: The subsequent configurations generated by the local correction 
algorithm for initia/ configuration {1, 1, 1, 1, 1, 1, 1, 1, 1, 1). The fourlh configu
ration is equal to the third and therefore a solution has been found. 

1. The configuration space for this problem has 10 dimensions, each dimen
sion being the set of positive integers. Suppose pis a configuration; then, 
its components will he designated by po, Pb ... , pg, respectively. 

2. Start with an arbitrary initia! configuration p0 = (pg, p~, ... , pg). 

3. Having a configuration pi, the next one, pi+l is computed as follows: 

p~+l = the number of occurrences of the digit 'k', when pi is substituted 
in the sentence, using decimal notation. 

4. A solution is found when pi+l =pi. 

This simple algorithm leads to success after a few number of iterations. Differ
ent initial configurations can lead to different results. Table B.1 shows how a 
certain initial configuration is transformed into a solution by the local correc
tion algorithm. Table B.2 gives an example of an initial configuration which 
is not transformed to a solution but to a cycle of length two. 

The main points related to Robinson's problem that have an analogy in the 
routing algorithms of this thesis are: 

• A local correction algorithm leads to fast convergence; this is a case of 
locking in. 

• The algorithm sometimes converges into a solution, but sometimes also 
into a loop. Convergence into a loop is undesirable and the algorithm 
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z P& p~ p~ p; p~ p~ p~ p~ p~ p~ 
0 1 1 1 1 1 2 2 2 2 2 

1 1 6 6 1 1 1 1 1 1 1 

2 1 9 1 1 1 1 2 1 1 1 

3 1 9 2 1 1 1 1 1 1 2 

4 1 8 3 1 1 1 1 1 1 2 

6 1 8 2 2 1 1 1 1 2 1 

7 1 7 4 1 1 1 1 1 2 1 

8 1 8 2 1 2 1 1 2 1 1 

9 1 7 4 1 1 1 1 1 2 1 

Table B.2: The subsequent configurations generaled by the local correction 
algorithm for initia! configuration (1 , 1, 1, 1, 1, 2, 2, 2, 2, 2). The seventh and 
the ninth configurations are equal, which means that the algorithm enters a 
cycle of length 2. 

designer should try to prevent it, while still retaining the advantages of 
locking in. 



Appendix C 

Priority Search Trees 

This appendix discusses the priority search tree (PST) , a data structure de
scribed by McCreight in [McC85] . The PST is a binary tree that can he used 
to manipulate a dynamic set D of points (x, y) in a two-dimensional space. It 
should not he confused with the priority queue, an abstract data type meant 
for one-dimensional data [Aho83]. 

The PST is used by the algorithms PACKER and CRACKER for the detection 
of conflicts between segments, both for parallel ones overlapping on the same 
grid line, and for perpendicular ones crossing on the same grid point. The 
reason why attention is being paid to this data structure is that it is not 
exactly used as described in [McC85], but with some small modifications. The 
appendix has two parts: the first presents the original PST and the second the 
modified one. 

C.l The Original Priority Search Tree 

The points (x, y) in the set D obey the following conditions: 
1. x and y are integers; 
2. 0 ::::; x ::::; last_key; first....non_key = last_key + 1; 

3. y 2': 0; 
4. the x-coordinates of the points are unique. 

In order to remain close to the notation of [McC85] the data structure for 
the PST is described in PASCAL in Figure C.l. The root record contains 
the point with minimal y-coordinate among all points in D. The left sub-
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CONST firstJkey • 0; 
lastJkey = <application dependent>; 
first..non_key = lastJkey + 1; 

TYPE key ..range = f irstJkey . . lastJkey; 
pos_integer = 0 •. maxint; 
pair = RECORD x: key..range; 

y: pos_integer 
END; 

pst-ptr = jpst; 
pst = RECORD p: pair; 

left, right: pst_ptr 
END; 

Figure C.1: The PST data structure described in PASCAL. 
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tree of this record stores the points having the x-coordinate in the range 
[0, Lfirst..nonJkey/2J), and the right subtree stores the points having their 
x-coordinates in the range [ L first..nonJkey /2 J, first..nonJkey). Note that 
the plane is not bisected by the x-coordinate of the point stored in the root, 
but by a lir.e in the middle of the x-domain. Applying this scheme described 
for the root recursively to all subtrees and bisecting each time the area asso
ciated with the record defines the PST data structure. Figure C.2 gives an 
example of a set of points and the conesponding PST. 

It is easy to see that the tree's depth is bounded by log2 first..non_key, when 
each coordinate is unique: the number of bisectors cannot he higher than the 
number of distinct x-coordinates. 

The operations on PSTs interesting for the purpose of the routing algorithms 
are the following procedures: 

1. insert a new point in the data structure; 
2. delete a point from the data structure; 
3. enumerate all points (x, y) given x 0 , x I and y17 such that x 0 ::::; x ::::; XI 

and y ::::; YI· 

insart and delete are necessary because the routing configuration changes 
continually; enumerate is used to detect conflicts. The procedures are rather 
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Figure C.2: A col/eetion of points in the plane and the biseetion lines for the 
PST organization (a); the corresponding PST (b). 

easy to implement and all three have a logarithmic time complexity [McC85]. 
Here, only one aspect of the proeedmes is looked at in more detail in order to 
be able to present the modifications of the next section. Each procedure has 
a recursive implementation with the two parameters lower ....x and upper ....x , 
apart from other ones including the pst node for which it is called. They 
indicate the inclusive lower bound and exclusive upper bound of the range of 
x-coordinates associated with the current pst node. The first call is always 
made with the values 0 and first-non..key. Given lower....x and upper....x, 
middle....x = L(lower....x+upper....x)/2J is computed and recursive calls with the 
ranges [lower _x, middle....x) and [middle....x, up per ....x) are performed for the two 
sub trees. 

The deepest level of recursion is reached (supposing that it is necessary to go 
that deep) when upper ....x = lower ....x + 1. The recursion will never go deeper 
because of the uniqueness of the x-coordinates. 

The procedure enumerate has an application in the following problem. 

Interval intersection: Given a set S of closed intervals [x;, y;] and 
a query interval I = [a, b], report all intervals in S intersecting I. 

Suppose that the intervals [x;, y;] are mapped on points (x = y;, y = x;) and 
stored in a PST. Then, the intervals to be reported correspond to the points 
a ~ x ~ last..key, y ~ b. The enumerate operation finds these points and 
therefore also the intervals. 
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C.2 The Modified Priority Search Tree 

The conflict detection problem for segments on the same grid line is exactly the 
interval intersection problem mentioned above. The conflict detection for per
pendicular segments can he clone using a data structure consisting of multiple 
PSTs. It won't he discussed here: the interested reader is referred to [Asa86]. 
In the following, the "x-coordinate" should purely he seen as an aspect of the 
PST, not of the nocles in the representation of the routing. It can refer both 
to the x-coordinate as well as to the y-coordinate of a node, depending on the 
application (e.g. horizontal or vertical segments ). There is no asymmetry. 

The problem in using PSTs for conflict detection lies in the prohibition of 
having duplicate x-coordinates in the set of points stored in a PST. In the 
routing approach of PACKER and CRACKER many segmentscan have their 
end points on the same position and duplicate x-coordinates are unavoidable. 
In [McC85] some ideas are given for "stretching" the x-domain such that points 
with the same x-coordinate are spread over a group of neighboring positions. 
This transformation has the disadvantage that the maximum degree of multi
plicity should he known in advance. 

In the implementations of PACKER and CRACKER this has notbeen clone. 
Instead, a third field segment-id has been added to the record pst. Each 
point stored originates from a node connected to a segment and each segment 
has a unique segment_id (e.g. pointer value) so there are no problems of 
identification in the case of duplicate coordinates. 

Consicier the parameters lower..x and upper..x of the procedure insert, when 
trying to insert a point that has the same x-coordinate as another point which 
is already in the PST. Without knowing the details of the insert procedure, 
one can imagine that it recursively goes down the PST until it fincis the right 
node on which it performs some operations. Somewhere in the recursion it 
might happen that upper..x = lower..x + 1. and that the recursion still neecis 
to go deeper. Suppose e.g. that upper ..x = 6 and lower ..x = 5 and therefore 
middle..x = 5. The ranges for the next level of recursion become: [5 , 5) and 
[5, 6) . The first range is empty and therefore useless, but the second one is not 
(it contains the x-coordinate with value 5). This makes it possible to store the 
new point . 

Any degree of multiplicity of the x-coordinate can he coped with in this way. 
However, instead of bifurcating, the tree locally degenerates into a linear list. 
During this process, the depth of the tree can exceed log2 first...non...key. 
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Figure C.3 shows how a PST changes when a point is multiply inserted in the 
data structure. 

Not only the procedure insert, but also delete and enumerate can operate 
on the newly defined tree, without much modification with respect to their 
original descriptions. 

The condusion of this appendix is that one can use the original PST even when 
duplicate x-coordinates occur in the data set , provided that one is prepared 
to accept possible local degenerations of the binary tree into linear lists. This 
choice has been made in PACKER and CRACKER; it is not a bad choice as 
it won't happen very often that an x-coordinate has multiple occurrences. 
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[5,6) 

[0,2) [4,6) [6,9) 

{b) 

(c) 

Figure C.3: The multiple addition of point (5, 5) into a PST: the original 
PST (a); the situation aft er the first addition (b}; the situation aft er the second 
addition (c). Note: the point has been chosen in such a way that it directly is 
inserted at a leaf of the PST; in genera!, the insert procedure has to reorganize 
a PST in a more complicated way. 
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STELLINGEN 

behorende bij het proefschrift 

Local Wire Routing by Stepwise Reshaping 

door Sabih H. Gerez 

1. Het is mogelijk om locale bedradingsproblemen op te lossen met behulp 
van een algoritme dat zich uitsluitend bedient van locale transformaties. 

Dit proefschrift. 

2. De "priority search tree", een datastructuur voor de opslag van punten 
(x, y) met gehele coördinaten, blijft bruikbaar voor een verzameling pun
ten met meervoudige voorkomens van dezelfde x-coordinaat, mits men 
aanvaardt dat de boomvorm locaal het karakter van een lineaire lijst 
krijgt. 

Dit proefschrift. 

3. Het is jammer dat het elegante kanaalbedradingsalgoritme van Burstein 
en Pelavin in de praktijk niet altijd goede resultaten oplevert . 

M. Burstein and R. Pelavin. Hierarchical Channel Router. Inte
gration, The VLSI Journal, 1:21-38, 1983. 

S.H. Gerez. Experiences with Burstein's Hierarchical Router. Inter
na! Report, U niversity of Twente, Faculty of Electrical Engineering, 
September 1986. 

4. De door Radhakrishnan et al. voorgestelde tabellarische methode voor 
het ontwerpen van "pass-transistornetwerken" uit een functionele speci
ficatie, is, hoewel de auteurs anders beweren, niet zonder meer bruikbaar 
als de te realiseren functie "don't-carewaarden" bevat . 

D. Radhakrishnan, S. Whitaker, and G. Maki. Formal Design Pro
cedures for Pass Transistor Switching Circuits. In IEEE Custom 
Integrated Circuits Conference, pages 139-144, 1984. 

D. Radhakrishnan, S. Whitaker, and G. Maki. Formal Design Pro
cedures for Pass Transistor Switching Circuits. IEEE Journal of 
Solid State Circuits, SC-20(2):531-536, April 1985. 

5. Alle functies f die een reëel getal op een ander reëel getal afbeelden en 
voldoen aan de eigenschap J(f(x)) =-x, zijn discontinu. 
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6. Men moet niet de uitkomst van de discussie over de vraag of kunst
matige intelligentie al dan niet mogelijk is afwachten, voordat men de 
wenselijkheid van intelligente machines aan de orde stelt. 

7. Het is een populair gebruik om een computerprogramma, bij gebrek aan 
beter, een naam te geven beginnend met "Y A" : yacc (Yet Another "Com
piler" Compiler), YASC (Yet Another Silicon Compiler), YACR (Yet 
Another Channel Router), YALE (Yet Another Layout Editor), etc. Het 
is te voorspellen dat deze trend zal uitlopen in een programma met de 
naam YAYA (Yet Another "Yet Another"). 

S.C. Johnson. Yacc - Yet Another Compiler-Compiler. Technica} 
Report 32, Bell Laboratories, Murray Hill, New Jersey, 1975. 

D.E. Krekelberg, G.E. Sobelman, and C.S. Jhon. Yet Another Sili
con Compiler. In 22nd Design Automation Conference, pages 176-
182, 1985. 

J. Reed, A. Sangiovanni-Vincentelli, and M. Santomauro. A 
New Symbolic Channel Router: YACR2. IEEE Transactions on 
Computer-Aided Design of Integrated Circuits, CAD-4(3):208- 219, 
July 1985. 

Anonymous. YALE: Yet Another Layour Editor. Spirit VLSI De
sign System, Release 2.0, lCD, Enschede, The Netherlands, 1988. 
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