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ABSTRACT 

One of the vital phases in the design flow of electronic artifacts is the phase 

called physical design. In this phase — which traditionally involves partitioning, 

placement and routing problems — circuit designs are transformed into layouts 

ready for fabrication. Whether designing PCBs, MCMs or even VLSI chips, a prob

lem that frequently arises is that of knowing if the layout will be routable. This is 

a classical problem of predicting routability/wireability that has been known since 

the early days of physical design. Unfortunately, quantifying the 'real' routability 

is a difficult task and hence the average wirelength based on the number of in-

tramodule connections has become a common measure of routability. At the other 

end of this overly simplified measure, people do the actual place and route steps 

to determnine the routability. 

In search of a more realistic way of quantifying the routability, a new method 

for measuring routability/wireability is proposed for use in general area routing 

problems. It focuses on MCM and dense PCB designs but can be extended to 

any general area routing problem. The routability is measured by extending the 

counting method of Pascal's Triangle where the number of potential routes of each 

net in the design can be obtained precisely. The method has made it possible to 

evaluate the number of potential routes in the presence of arbitrary obstacles as 

well as the possible limitations on the number of vias/bends to use. 

The theoretical development of the new method has resulted in two main algo

rithms called the EPTM and FEPT. Testing on several MCM benchmarks confirms 

what was intuitively believed that routes with 4 or less vias/bends are sufficient for 

general area routing problems in MCMs. It also uncovered the fact that increasing 
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the number of vias/bends in the routes doesn't always increase the potential of 

routability unless detours are introduced. Further testing on non-minimum recti

linear paths shows that detours do improve the routability when the number of 

vias/bends between detour points is 3 or greater. 
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CHAPTER 1 

INTRODUCTION 

In the area of physical design, there are three major steps commonly recog

nized as a traditional practice: partitioning, placement and routing. This design 

phase, whose primary goal is to produce a layout ready for fabrication, transforms 

the schematical circuit design into a data format representing the physical layout. 

Whether designing printed circuit boards (PCBs), multi-chip modules (MCMs) or 

integrated circuits (ICs), a problem that frequently arises is determining if the 

layout will be routable by the end of the phase. This is the classical problem 

of predicting routability/wireability that has been known since the early days of 

physical design. Routability, as the name suggests, is a measure of the percentage 

of connections that can successfully be routed given the placement of modules, the 

amount of wiring space and the set of connections to be made [7]. 

For accurate routability prediction, it is necessary to obtain a reasonable mea

sure that can be used during the early design phase which insures a realizable in

terconnection. However, due to the difficulty of quantifying the "real" routability 

measure, the average wire-length, or something similar, has been commonly used 

as a measure of routability. Most placement algorithms, for example, attempt to 

minimize wire-length based on the number of intra-module connections [7, 25, 24]. 

They achieve good routability this way by assuming that short connections will 

reduce congestion and will be easier to route than the long ones. In most cases, 

the interconnecting wires are assumed to be attached at the center of the modules 

and in the placement process, some other important objectives such as thermal 

distribution are usually also included. Positions are then obtained by permuting 
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the modules on a plane such that the average wire length is minimum. The average 

wire length in essence serves as a feedback to the placement algorithm. 

The most reliable, but not very helpful, method of measuring the routability is 

to actually perform the place-and-route steps. Without going through the actual 

place-and-route, the average wire length can only serve as a very rough estimate. 

In fact, it would be difficult, if not impossible, to actually derive the mathematical 

relationship between the average wire length and the measure of routability. 

In addition to providing feedback for improving the placement algorithm, a 

routability measure can also serve to feed forward information to routers. Rout

ing for MCMs and PCBs, for example, is usually carried out on a layer by layer 

basis [17, 18, 20]. Given a netlist, the routers attempt to connect the nets in the 

first layer or layer pair of the available routing space. Some of the nets may get 

routed and some may not. The unrouted nets will then be propagated to the ne.xt 

layer using a set of vias passing through the first layer. In a simplified example, 

consider a general area routing problem [17, 18, 19] where all terminals, i.e. the 

end points of the nets, occupy the first layer of the routing planes. These terminals 

are basically obstacles to all potential interconnects since any net propagated to 

the adjacent layer will have to use vias occupying the first layer. To some nets, 

the presence of the terminals alone could mean a blockage that prevents the router 

from completing the interconnects. In such a case, the router should simply ignore 

these helpless nets and defer processing to the next layer. If one can identify which 

nets do not have the potential for routing in each layer, then the routers can make 

use of this information for improving the routing process. 

This work searches for a realistic way of measuring the nets' routability rather 

than relying solely on the average wire length. The aim is to obtain the number of 

possible routes for a given interconnect data prior to carrying out the real routing 
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algorithms. It focuses on general area routing problems (GARPs) found in MCM 

and dense PCB designs [17, 18, 20|. Considerably new and flexible [17, 18, 20], 

GARPs possess a geometrical model which is significantly different than the tradi

tional channel-based routing problems [25, 26, 24]. The routing plane in GARPs 

can no longer be seen as a cluster of islands representing obstacles that only makes 

use of the region in between for routing. Instead, the entire plane is available for 

routing purposes and, in addition, the obstacles include the terminals and vias. 

The obvious difference in characteristic voids the potential applicability of a long 

list of prior works on routability predictions for use in GARPs (see Chapter 2). 

It is unfortunate that these works were founded mostly on the traditional routing 

methods and thus a new approach has to be established for GARPs routability 

measure. 

The technique proposed herein is based on a simple Pascal's Triangle method 

to determine the number of possible paths in the bounding box formed by two ter

minals. It was discovered when a combinatorial analysis was applied to calculate 

the distribution of possible routes that cross the conjugate diagonal of the inter-

connect's bounding box. Notably, it starts with a very basic characteristic that 

describes what is really happening when a pair of terminals is selected for the rout

ing process. When two terminals are to be connected in a rectilinear fashion, the 

number of minimum distance paths can be obtained using a combinatorial analysis. 

The analysis is simple and straightforward, especially in the absence of obstacles. 

However, routing in a clean bounding box is not a real life problem and even worst, 

the combinatorial analysis becomes increasingly difficult when more than one ob

stacle present inside the bounding box. Although the aim is to find the number of 

potential paths rather than the path/route itself, this clearly becomes a burden for 

advancing the use of the combinatorial analysis as a measure of routability since 
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the essence of routing problems is to find a path in the presence of obstacles. 

The new technique solves the above combinatorial problem using a counting 

method that has been used for finding the coefficients of the binomial distribution. 

It will be shown herein that the extension of the counting method is extremely 

useful in terms of the routability measure. When evaluating the number of possible 

paths, the technique accounts for possible blockages and includes the information 

in the counting method. This facilitates the possibility of considering arbitrary 

obstacles and precisely determines the number of potential routes between two 

terminals. 

A further development of the technique has made it possible to measure the 

potential routes when the number of vias allowed is limited. This basically measures 

the number of routes when one wants to limit the number of bends/vias to use. 

Not only can such routability be measured for the first time, but some modern 

general area routers, such as MCG [20] and V4R [17], do impose a limitation on 

the number of bends for algorithmic and technical reasons. Furthermore, the new 

technique has also been able to confirm the assumption on the number of bends 

that was believed to be generally sufficient for use in GARPs [17]. 

The rest of this writing presents the development of the routability measure. 

It comprises topics which appeared in two publications [21, 22] and is organized 

as follow. Chapter 2 discusses several previous works on routability and a short 

description on general area routing problems. In Chapter 3, the theoretical devel

opment of the new routability measure is presented. It starts with a discussion 

on routability within the bounding box. This includes the combinatorial analy

sis, the new routability measure and the scheme for evaluating a set of nets when 

their terminals occupy the same routing space. A scheme to allow fast evaluation 

but less comprehensive is also presented afterwards. At the end of the chapter, 
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the routability measure for the iaterconnects which are allowed to go beyond the 

bounding box is presented. In Chapter 4, the implementation issue is described 

and presented along with some experimental results. Finally, the conclusions and 

possible future works are discussed in Chapter 5. The appendices contain the de

tailed materials omitted in the earlier chapters which otherwise disturb the flow of 

discussion within. 
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CHAPTER 2 

BACKGROUND 

The topic of routability in physical design can be traced back as early as the 

1970s [1]. The term routability itself was often used in conjunction with the meth

ods of prediction for helping physical designers to estimate a realizable interconnect 

in the early stage of physical design. Routabilty was an interesting issue yet diffi

cult at that time and, unfortunately, it is still today [31]. Much of the difficulty is 

due the fact that routing problems which the routability attempts to measure are 

usually, by themselves, difficult. Therefore most of the works on routability predic

tions have used specific models which can be relevant to a certain methodology to 

which the routing techniques are applied. To represent regularly structured gate 

arrays, for example, a 2-D lattice model was used in [7] to allow stochastic-based 

analysis be used for routability prediction. 

Routing problems diverge but they share some common characteristics. The 

wires when routed, must connect certain points called terminals in a specified 

pattern, and they must satisfy some geometric constraints such as distance between 

one and another, number of bends, width of each wire, etc. The space in which 

wires are to be placed is called the routing region. In almost all practical problems, 

the routing region consists of one or more planes, called layers, with wires being 

allowed to pass between layers at certain points. Multilayer routing problems 

are usually NP-complete [10]. For this reason many of the theoretical works and 

many of the proposed techniques have concentrated on heuristic/approximation 

algorithms. These algorithms do not attempt to route within a fixed region, but 

instead they produce wirings that approach optimality in terms of the routing space 
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or the number of layers they use. In the placement problem, one can think of the 

terminals as being attached to modules which can move. As modules move, the 

terminal locations may change. The issue is to find placements for the modules and 

feasible realizations for the wires so as to minimize some geometrical quantity as 

well as to meet heat and electrical constraints. It can be easily recognized, however, 

that an interconnect realization obviously depends on the amount of wiring space 

that was allocated during the placement step and conversely the amount of wiring 

space to be made available is also dictated by the routability [7]. 

2.1 Works Related to Routability 

Although it seems difficult to conclude anything about routability of a design 

without attempting the actual place-and-route, models which identify parameters 

that predict routability have been developed in the context of traditional VLSI 

layout methodologies [23]. Roughly, the approaches taken in some related works 

on routability can be clcissified into two categories: one is stochastic-based wiring 

space estimation and the other is computational geometric-based algorithms. 

In the first category, initialized by works on wiring space estimation [1. 2], 

stochzistic models were used for predicting the probability of successfully routing 

the placement within the allocated space [3]. The important influence was the 

observation by E. F. Rent of an empirical relation between the number of the ex

ternal connections to sub-circuits existing in well placed and partitioned gate array 

designs. The relation has been known since as Rent's rule. On wiring space esti

mation, one of the earliest reports was by Sutherland and Oestreicher[l] in which 

simple guidelines were provided for selecting the dimensions of a printed circuit 

board by assuming that components are placed randomly. The stochastic model 
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on a 1-D placement of cells was reported by Heller, et al [3] for predicting the 

probability of successfully routing the placement within the allocated space. The 

2-D models are presented in [5, 6, 7, 8, 9], all represent the designs with regu

larly placed sub-circuits such as gate arrays or FPGAs. In [5], EI Gamal extended 

Heller's model into 2-D where a gate array chip is modeled as a 2-D array of points 

with wires emerging from a point with a Poisson distribution of known parameters. 

A wire travels between its source and destination with a trajectory determined by 

flipping a fair coin. The distance that a wire travels is a random variable drawn 

from a known distribution. In [6] Kurdahi and Parker present a folded version of 

a 1-D stochastic model to obtain the 2-D model. In [7], Sastry and Parker present 

wireability analysis in gate arrays using a grid of channel intersections whose di

mensions determine the estimate of the wiring space requirements. The routability 

theory for FPGAs was developed by Brown et al. [8] based on the probability of 

successful routing completion through the connection boxes and switch boxes. 

The second category is characterized by the idea of cut and capacity where the 

requirement of regularly placed sub-circuits is no longer necessary. A cut is a line 

segment connecting two visible end of features in the routing area and capacity 

of a cut is the maximum number of wires which can cross the cut. The flow of a 

cut is then defined as the number of wires passing across the cut. One can then 

say that a design is routable when flows never exceed the capacity of cuts. Here, 

the term flow implies that the wires crossing a cut were assigned previously by a 

pre-processing step. In [13], for example, the pre-processing step was done by a 

global router, and in [10] this was accomplished by a rough sketching process. 

Unlike the two routing environments above, GARPs are neither characterized 

by regularly placed objects nor any structure that can be easily represented by cut 

and capacity. GARPs utilize the entire plane for routing purposes with the excep-
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Figure 2.1: Routing Environments: (a) Channel Based Routing, (b) Island Based 
Routing, (c) General Area Routing. 

tion of some arbitrary obstacles whose sizes could be as small as those of terminals, 

thermal vias or distribution vias. Of course this also implies that larger size of ob

stacles should also be taken care of. Fig. 2.1 depicts the three routing environments 

in which the general area routing (Fig. 2.1c) cannot simply be represented using 

the other two (Fig. 2.1a and b). This results in the need for a new approach for 

measuring routability. For one, GARPs are not easily decomposed into a hierar

chical structure and thus the routability measure must approach into the routing 

plane in complete detail. Secondly, the measure must consider arbitrary obstacles 

of any size and any position in the routing plane. 

2.2 General Area Routing Technique for MCMs 

The routing phase follows the placement phase. Its characteristics depend 

greatly on the design and fabrication technology. Most physical design litera

ture [25, 24, 26] classifies routing problems into two categories: the global routing 

and the detailed routing. Part of the reason is that historically automatic routing 

techniques could handle only small problems due to the NP-complete nature of 

the routing problems. This forced designers to break up large problems into small 
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tractable pieces that the routers could handle. Technology also influences the way 

routing models was developed. The two-step routing, i.e. a global routing followed 

by a detailed routing, is usually applied to IC layout [28]. The use of channels 

and switch boxes in the IC designs of the 1970s has resulted in the use of various 

channel routing techniques along with global routers based on multi-commodity 

transportation problems or maze routers. 

A GARP, on the other hand, can be thought of as a combined global routing 

and detailed routing into one step. It produces detailed routing solutions directly 

from a given netlist and module placement [17, 20, 18]. This was driven mostly by 

the introduction of MCMs whose technology allows utilizing the entire plane for 

routing layout. GARP consists of a set of modules, a set of netlist and a multilayer 

routing plane [17]. In MCMs, the modules are bare dies mounted on top of a 

substrate by tape automated bonding, wire bonding or flip-chip bonding. Acting 

as a routing plane, the substrate consists of multiple signal routing layers. On 

some of these layers, obstacles may be present due to power/ground connections 

or thermal conducting vias. Terminals of the modules are brought to the routing 

layer to be interconnected according to the given netlist. The task of a general 

area routing problem is to complete connecting the terminals as specified in each 

net using the available routing layers in the substrate. In each routing layer, grid 

spacing is determined by the routing pitch which depends on the technology. The 

terminals spacing is usually several grids wide and are assumed to be inline with 

the grid. To connect wires between adjacent layers, vias are introduced which may 

be buried or stacked. A buried via connects wires only between two adjacent layers. 

A stacked via can connect wires from the top layer to several layers beneath. The 

terminals that need to connect routing wires not on top layer are using stacked 

vias. Manhattan routes or MRLP's can be established on each pair of the x-y 
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layers by using buried vias. 

A solution to the general area routing problem consists of routing information 

which includes a set of routing segments and a set vias connecting the segments. 

In addition, the measures of performance are also revealed. These include the 

total number of vias, the number of layers required to complete the routing, and 

of course the time to solve the problem. Much of this information can be obtained 

when routing process has been completed. However, much of the information has 

always been desired prior to the routing process specifically, it is important to 

know if a net or a set of nets will have the terminal positioned in such a way that 

the net is potentially routable. Or, from the router's perspective, which subset of 

the nets has the potential to getting routed. In the next chapter, the theoretical 

development of such a routability measure is discussed. 
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CHAPTER 3 

A NEW ROUTABILITY MEASURE 

This chapter presents the development of a new method of measuring routability 

for use in general area routing problems. The discussion starts with some observa

tions on how one can route a net when the available space is limited to the net's 

bounding box. Assuming a clean bounding box, the number of possible routes of 

a net can be calculated using a combinatorial analysis. The discussion continues 

with the introduction of the method for calculating the number of possible routes 

when there exists some arbitrary number of obstacles inside the bounding box. 

This method is further developed to include the ability to calculate the number 

of routes when number of vias is limited. An improvement over the technique 

for faster routability checking is then introduced. Toward the end of the chapter, 

the technique proposed in [20, 30] is adopted to handle cases where the routing is 

allowed to go outside the bounding box. 

3.1 Routability Inside a Bounding Box of a Net 

The bounding box of a net can be defined as the smallest rectangle enclosing 

the net's two end points [30]. The bounding box consists of evenly spaced grids 

where the route can go through or change directions. Routing starts at one end 

point of the net and always advances toward the other end point to form a path. 

This path consists of vertical and horizontal stubs/wires connecting the grids that 

the route goes through. The result is a minimum rectilinear path (MRLP) which 

is also known as a Manhattan route. 
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(a) (b) 

Figure 3.1: Single Layer Routing and XY Routing. 

There are two styles of routing techniques for MCM design, single-layer and x-y 

routing styles. The two differ in the way they support changing directions in each 

route. Fig. 3.1 illustrates the two styles for a small routing problem. The single-

layer routing style, as shown in Fig. 3.1a, places the wires for the entire route for 

the net on one routing plane. The x-y routing style, shown in Fig. 3.1b, performs 

the routing on a pair of adjacent layers at a time, with one layer for horizontal wires 

and the other used for vertical wires. When a route needs to change direction, the 

horizontal running wire and the vertical one are connected by a via. Through out 

this chapter only the x-y routing style is considered. 

In addition, it is assumed that the problems contain two-terminal nets only, i.e. 

the type of nets whose terminals are located at their two end points only. In many 

practical cases, however, some nets may contain more than two terminals. They 

are known as multi-terminal nets. In such cases they will be treated as a set of two 

terminal nets [20]. 

To begin with, let's observe a single 2-terminal net as shown in Fig. 3.2. The 

terminals are S (source) and T (target) located at (r, s) and {t,u) respectively. 
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As shown in the figure, there are two corners N W  and S E  which we will call the 

conjugate corners. There are also two imaginary Euclidean lines which are defined 

as the main diagonal and the conjugate diagonal. The former connects the two 

terminals and the latter connects the conjugate corners. 

NW 
r 

n -< 

V. 

S(r,s) 

m 

Figure 3.2: A Net and The Bounding Box. 

T(t,u) 

SE 

Given the locations of S  and T ,  many MRLPs can be established to connect 

the two terminals. One possible routing scheme (e.g. MCG [20]) is to trace the 

perimeter of the bounding box in both x and y directions from terminals 5 and 

T toward the two conjugate corners. When the traces intersect at the conjugate 

corners then there will be at most two MRLPs containing 1 via. In practical cases 

however, 1-via routes cannot always be established due to some obstacles that may 

be present on the perimeter. This forces the routing to avoid the obstacles by 

changing direction toward the inside of the bounding box. Consequently, assuming 
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Figure 3.3; Type of routes using 1 to 6 vias. 

the x-y routing style, one additional via must be introduced whenever the route 

needs to change direction. 

The number of vias used in a route determines the type of the route. Fig. 3.3 

depicts a list of possible route types based on the number of vias. They are 1-via 

route type through 6-via route type. No 0-via route was included in the list since a 

net from S(r, s) to T{t,u) can have 0-via route iff r = f or s = u. Fig. 3.3 suggests 

the following observations (again, by assuming the x-y routing style): 

• route types with odd (even) number of vias start and end at different (the 

same) layers. 

• route types with higher number of vias recursively contain lower via problems 

• the maximum number of vias that a route may have depends on how far 

apart the terminals are 

• the larger the number of vias, the closer the path to the main diagonal 
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This leads to a conjecture as follows. Routes with a low number of vias are more 

desirable but require the area around the conjugate corners to be clear from ob

stacles. 

In the next section, an analytical method is presented to answer to the following 

question. Given a net whose terminals are S and T, how many possible MRLPs 

a r e  t h e r e  f r o m  S  t o  T ?  

3.2 Rout ability by Combinatorial Analysis 

In the absence of obstacles, the number of possible routes of a net can be 

obtained using combinatorial analysis. Although the result does not seem to be 

applicable for practical purposes, the combinatorial analysis serves as an important 

basis for obtaining the new method of routability measure to be developed in the 

subsequent sections. Detailed proofs of the theorems presented in this section are 

discussed in Appendix A. 

Consider a net with two terminals as described earlier and shown again in 

Fig. 3.4. It is assumed that all grids inside the net's bounding box are available for 

routing purpose or, in other words, there is no obstacle inside the bounding box. 

One can then obtain the number of possible MRLPs using a combinatorial analysis 

as shown in the following theorem. 

Theorem 1 For a given net whose terminals are S{r, s) and T{t, u), let m = \t-r\ 

and n = |u — s|. The number of possible MRLPs connecting the two terminals is 

then given by 

This is also known as "the north-east paths" theorem. Proof of the theorem is 
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shown in Appendix A. 

NW 
r 

n < 

S(r,s) 

T(t,u) 

SE 
J 

m 

Figure 3.4: Routes inside the Bounding Box. 

The number given in the above theorem includes all of possible paths regardless 

the number of vias. This number can be enormous especially when the terminals 

are very far apart. It is often desirable to simply disregard the routes containing 

many vias. When one is interested in counting the MRLPs that change directions 

for only a certain number of times then the following theorem applies. 

Theorem 2 Given a net from S{r, s) t o  T { t ,  u ) .  L e t  m  =  \ t  -  r \  a n d  n = |u — 5|. 

The number of possible MRLPs containing v number of vias is given by 
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W i m ^ n )  =  <  

^((v-l) /2)  ((v-l) /2)  

(3.2) 

. ((u-2)/2) (u/2) + ) ((u-2)/2) 

Proof is also shown in Appendix A. q.e.d. 

The above theorem provides a generic formulation applicable to any net for any 

given number of vias that the MRLP could handle. Often, one is interested in only 

getting the formulations of the first few number of vias such as shown in Table 3.1. 

The table summarizes the above formulation for the first several values of v. 

Of course the number of vias that can be included in an MRLP also depends on 

how far apart the terminals are. The farther apart the terminals the more vias the 

MRLP can have. On the other hand, a net whose terminals are in line (r = i or 

s = u) can never have MRLP containing even a single via. Indeed, the value of v 

used in the above theorem should be set to a number no more than the maximum 

number of vias that the MRLP can have. The ceiling number of vias in an MRLP 

for a given net can be obtained as follows. 

Theorem 3 For a net with m > 0 and n > 0, the maximum number of vias that 

MRLP can have is given by 

f 
2m — 1, if m = n, 

V { m , n )  =  i  (3.3) 

2 X Min(m, n), otherwise. 

Proof of this theorem is also shown in Appendix A. q.e.d. 

This theorem leads to two consequences. First, a router should not probe a net for 

possible routes with vias greater than V{m,n). Second, V{m,n) indirectly reflects 
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V  W ^ { m ,  n )  Remark 

1 2 m > 1 & n > 1 

3 2(m — l)(n — 1) m> 2 k. n> 2 

5 i(m - l)(m - 2)(nl-)(n - 2) m > 3 & n > 3 

2 m + n — 2 

m > 2 & n > 1 

or 

m > 1 & n > 2 

4 ^(m — l)(n - l)(n + m — 4) 

m > 3 & n > 2 

or 

m > 2 & n > 3 

6 •^(m — l)(m — 2)(n - l)(n — 2)(ti + m — 6) 

m > 4 & n > 3 

or 

m > 3 & n > 4 

Table 3.1: Number of Possible MRLPs for Several Given Values of Vias 
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the number of possible MRLPs since it basically represents the size of the bounding 

box which in turn determines N{m,n). Later in this writing, the above theorem 

serves as a useful measure for speeding up the determination of net's routability. 

In spite of their theoretical beauty, Theorems 1 and 2 rule only when there is 

no obstacle inside the net's bounding box. In practice, obstacles will almost always 

be present inside the bounding box of a net. In fact, when the bounding box is 

free from any obstacles, there is no real need to find out how many MRLPs that 

the net can have. A good router would always route the net with the least possible 

number of vias. In the case of clean bounding box, this should be 1-via route type. 

On the other hand, the maximum number of vias given in Theorem 3 is probably 

a lot more useful in practice. Not only does it reflect the number of MRLPs, but 

it also needs less computation effort since no factorial calculation is involved in the 

equation. 

One may also be interested in finding the MRLPs that go through a certain 

point located inside the bounding box. Suppose that this intermediate point is 

I located at (i,;). The number of paths from S{r,s) to T{t,u) that go through 

can then be calculated using Theorem 1 as follows. 

N { t  —  r ,  u  —  s )  =  N { i  —  r , j  —  s )  x N { t  —  i , u  —  j )  (3.4) 

Or, if I is an obstacle then the number of MRLPs from 5 to T that don't go 

through I is given by 

iV^(f —  r , u ~ s )  =  N { t  —  r , u  —  s )  —  N { i  —  T , j  —  s )  x N { t  —  i , u  —  j )  (3.5) 

This formulation is useful especially when there is only a single obstacle present 

inside the bounding box. However, as the number of obstacles becomes larger, 

it will be increasingly diflBcult to apply the formulation due to the combinatorial 
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nature of the problem, not to mention if one wants to limit the number of vias that 

the net can have in the calculation. 

In the following sections, a more applicable method for calculating the number 

of possible MRLPs is presented. The method measures the routability of a net in 

the presence of an arbitrary number of obstacles. It is then developed further to 

include the ability to calculate the number of possible routes whose number of vias 

is limited. 

3.3 The Number of Possible Routes by Pascal Triangle 

Given a net from S(r, s) to T { t , u ) ,  one can calculate the number of possible 

MRLPs using Theorem 3.1 by setting m = \t — r\ and n = |u — s|. Without loss 

of generality, suppose now that the net is enclosed in a square bounding box, i.e. 

m = n, as shown in Fig. 3.5. Then consider the conjugate diagonal of this bounding 

box. In order to connect the terminals, it is clear that all possible MRLPs from S 

to T must cross the conjugate diagonal. By Theorem 1, these routes are distributed 

among the grids lying on the diagonal according to the coefficients of a binomial 

distribution. The number of MRLPs from S to the grids lying on the conjugate 

diagonal are shown in Fig. 3.5a which indeed corresponds to the coefficients of a 

binomial distribution. 

Algorithmically, the number of routes arriving at each grid of the conjugate 

diagonal can be obtained using the method that has been used for finding the 

coefficients of a binomial distribution, namely the Pascal Triangle Method. Let's 

refer to the method as the Traditional Pascal Triangle Method (TPTM) which 

is again applicable when the corresponding net contains no obstacle inside the 

bounding box. The TPTM is basically a 2-D counting method starting from (0,0) 



34 

1 il
l — — — — — 

1 

1 5 
1 

; 1 I 

1 4 10 
• 

: 1 2 \ 

1 3 6 10 : 1 
' 

1 2 3 

1 2 3 4 5 i : 1 JiS 1 1 1 ; 

1 I 1 1 1 B 1 1 0 0 

(a) (b) 

Figure 3.5: The Pascal Triangle Method. 

and advancing in the increasing order of the abscissas. The method states that 

the entry of {i,j) is equal to the sum of the entries of {i — l,j) and {i,j — 1). By-

d e f i n i t i o n ,  t h e  e n t r i e s  o f  ( 0 , j )  a n d  ( t , 0 )  a r e  e q u a l  t o  1 ,  V  i , j .  

Now, assuming that a net starts from 5(0,0), the entry representing 

found by TPTM is nothing else but the number of MRLPs from S to /. By 

Theorem 1, it is equal to And thus the entry found by TPTM at (m, n) is 

equal the total number of possible MRLPs from 5 to T. 

Definition 3.1 In TPTM, the number o/MRLPs arriving at grid {i,j) from the 

net's terminal of origin 5(0,0) is 

M { i J )  =  M { i  -  I ,  j )  +  M { i J  -  1) (3.6) 

where M{i,0) = M{0,j) = 1, V i , j .  

One important feature of TPTM is the fact that it can be easily extended for 

cases where obstacles are present inside the bounding box. The extended method 

is referred to as the Obstructed Pascal Triangle Method (OPTM). The basic idea 
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is to set an entry to zero if it corresponds to an obstacle in the bounding box. 

Fig. 3.5b depicts the new method for calculating the number of MRLPs from S to 

T in the presence of obstacles. The grids in gray represent the obstacles. 

Definition 3.2 Let 0{i,j) be a function that tells whether or not grid (i,j) inside 

the bounding box is occupied by an obstacle. 

, 1 if (i, 7) is free, 
0 { i , j )  =  {  (3.7) 

0 otherwise 

Adopting Definition 3.1, the OPTM considers each entry similarly. The only ad

dition is to consider if the entry corresponds to an obstacle. 

Definition 3.3 Let P{i,j) be an entry representing grid {i,j). It is located inside 

the bounding box of a net whose terminal of origin is S(0,0). The bounding box 

c o n t a i n s  a n  a r b i t r a r y  n u m b e r  o f  o b s t a c l e s  w h i c h  c a n  b e  i d e n t i f i e d  b y  0 { i , j ) .  I n  

OPTM, the entry representing grid (iij) is defined as 

P { i , j )  =  0 { i J ) [ P { i - l , j )  +  P { i , j  -  1)] (3.8) 

where P(i,0) = 0(i,0)P(i — 1,0) and P{0,j) = 0{0,j)P{0,j — 1), V i , j .  

The existence of an obstacle in grid (i, j) will block any MRLP that tries to pass 

through it. If grid {i,j) is not free, then no path will be able to pass through (i, j), 

consequently P{i,j) = 0. Otherwise the routes can simply pass the grid. The 

MRLPs passing the grid {i,j) is called as unblocked when P{i,j) # 0. 

Lemma 3.1 The entry P{i,j) given by Definition 3.8 is contributed by unblocked 

MRLPs from the previous entries, i.e. P{q,r) where q < i and r < j. 
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Proof: Suppose that grid { i , j )  is free and there exists an obstacle at grid { i  —  l , j )  

implying that 0{i,j) = 1 and 0{i — l,j) = 0. Applying Eq. 3.8 to grid {i — 1, j) 

results in P{i — 1, j) = 0 and consequently P{i,j) = [0 + P{i,j — !)]• In other 

words, only unblocked MRLPs can get through to q.e.d. 

Theorem 4 The number of possible MRLP5 of a net from S to T is given by the 

OPTM entry representing T. 

Proof: By Lemma 3.1, the entry of OPTM representing T corresponds to the 

number of unblocked MRLPs that arrive in T recursively from S. q.e.d. 

Algorithmically, the OPTM can then be described below. It is basically the 

same counting method as TPTM with additional features to handle obstacles. The 

entries of OPTM are represented in two arrays. They correspond to the columns 

of the net's bounding box, one for even numbered columns and another for odd 

numbered columns. 

Algorithm OPTM 

Input: terminals 5(r, s), T{t,u) and list of obstacles 

Output: P{ty u) the number of MRLPs 

Let: m = t — r\ n =• u — s\ p[0][n] = (1,0, ...,0); and 

p[l][n] = (1,0,...,0); I = r 

Begin 

; = 1 

While j <n 

p[i%2]\j] = 0{i,j) X p[ i % 2 ] [ j  -  1] 

j =j + 1 

End 
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i = i + I 

While i < t 

j = 0  

While j < n 

p [ i % 2 ] [ j ]  =  0 { i , j )  X [p[(i -  l ) % 2 ] { j ]  + p [ i % 2 ] l j  -  1]] 

j =j + l 

End 

i = i + I 

End 

P { t , u )  =p[i%2][Ti -  1] 

End 

In the final count, OPTM always includes all possible MRLPs that can be found 

regardless the number of vias. If one intends to calculate the number of possible 

routes and simultaneously wants to limit the number of vias up to a certain number, 

then the method needs to be extended further to include this capability. The 

method is presented in the next section. It's called the Extended Pascal Triangle 

Method (EPTM). 

3.4 Extended Pascal Triangle Method for Limited Allowed 

Vias 

In many cases, it is desirable to limit the number of vias that a route can have. 

In fact, routers (e.g. V4R[17], MCG [20]) do impose the limit for both algorithmic 

and technical reasons. In the earlier discussion, it was observed that routes with 

a large number of vias contain problems with a smaller number of vias. This 
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implicitly expresses that routing procedures involving a large number of vias are 

potentially more tedious than those with a smaller number. Another important 

reason for limiting the vias is yield consideration. When a via is introduced, a 

connection from the x running wire to the corresponding y running wire has to be 

established physically in the fabrication process [17]. The process requires quite a 

degree of precision which affects yield. From a signal integrity point of view, each 

via corresponds to a change in direction and thus introduces a discontinuity in the 

electrical model of the wire. Furthermore, introducing vias also means decreasing 

the routing space since vias occupy both x and y layers and thus prevent additional 

nets from utilizing the space. 

This section presents the development of a simple algorithmic method to include 

the ability for limiting number of vias when calculating the number of possible 

MRLPs. The end result is a realistic method for measuring routability of a net in 

the presence of obstacles based on a user defined maximum number of vias. 

Consider a net from (0,0) to a grid located at (i,j) as shown in Fig. 3.6. The 

net is to be routed using MRLP. Let w < V{i,j) be the number of vias that the net 

is allowed to have. According to Theorem 1, there are as many as N{i,j) possible 

routes arriving at the grid They consist of those are coming from the left 

and those from the bottom. Clearly, only a portion of these routes arrive at grid 

{i,j) with w vias. 

Lemma 3.2 The MRLPs with w vias on grid {i,j) consist of 

= [i»(i - I J )  + B-'(i - 1, j)] 0 ( i , j )  (3.9) 

B"(i. j) = [B-Ci, j - 1) + L'-HiJ - 1)] 0(i,j) (3.10) 

where L^{i,j) is the number o/MRLPs coming from left and B^{i,j) is the number 

o / M R L P s  c o m i n g  f r o m  b o t t o m  o f { i , j ) .  
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By definition, 

L ' " { i , j )  =  B ^ { i , j ) = 0 ,  V i , i < 0  

and 

L \ O J )  = 0 { Q J ) L ° i O ,j- l )  for j > 0  

0) = 0(i, 0)5°(i — 1,0) for i > 0 

Proof: Eq. 3.9 shows us the number of MRLPs with w vias which were coming from 

the left of grid {i,j). These routes consist of those already having w vias coming 

from the left of (i — 1, j) and those having w - I vias coming from the bottom of 

(z — 1, j). The latter turn right and end up with w vias. These MRLPs will pass 

the grid if there's no obstacle present. The Eq. 3.10 can be proven similarly, q.e.d. 

;• : I r- ; j 

^ -
: I 1—* : I : : 

(a) 

Figure 3.6: Example of 3-via MRLPs 

In the example shown in Fig. 3.6, a set of MRLPs containing 3 vias is considered. 

In Fig. 3.6a, there are 4 possible 3-via routes which are coming from the left of grid 

(z,j). These 3-via routes consist of those which already bend three times coming 

from the left of grid (i — 1, j) and those which bend twice coming from bottom of 

(b) 
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the grid {i — l,j). The MRLPs shown in Fig. 3.6b are basically the mirror of those 

in Fig. 3.6a. 

Lemma 3.2 is inherently recursive since considering u;-via routes requires also 

considering the ones with u; — 1 vias. This fact turns out to be quite useful since the 

routes will include all of MRLPs containing a certain number vias or less. When 

a limit on the number of vias is set, one often wants to obtain any routes as long 

as the number of vias doesn't exceed the limit. In practice [17, 20], each route 

is allowed to have vias from 0 up to 4 or 6. The following theorem follows from 

Lemma 3.2. 

Theorem 5 The number o/MRLPs at grid {i,j) containing v-or-less vias is given 

by 

+ (3.11) 
u)=0 

Proof: This is a direct calculation using Lemma 3.2. q.e.d. 

The impact of the above theorem is twofold. The main disadvantage is the fact 

that it needs to maintain a set of arrays whose length depends on the value of v. 

The larger the number of limiting vias, the longer the arrays and thus the more 

space we need. On the other hand, however, the theorem has its own advantage. 

Since it maintains the number of routes for each possible via (0, 1, ..., v) in an 

array, the final distribution of routes is automatically revealed. 

Algorithm EPTM 

Input: S(r,s), T(t,u) - termlncils of a Net, v - the maximum allowed vias, 

ObstacleListO - the list of obstacles. 

Output: u) - the number of MRLPs with 0 to u vias for net S — T 

Let m = t — r and n = u — s\ 
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L[Q][n][v] = ((0,0, ...,0) ...(0,0,...,0)); B[0][n][v] = ((1,0, ...,0) ... (1,0, ...,0)>; 

I[l][n][t;] = ((1,0,...,0) ...(1,0,...,0)); B[l][n]H = ((0,0, ...,0>... (0,0,...,0)); 

Begin 

Initialize: Staxt with i = r and j = I. 

Pascal: 

While J <n 

Let w = 0 

W h i l e  w  <  V  

l { 0 ( i , j )  > 0  

L[i%2]\j][w] = L[ii - l)%2]\j\[w\ + B[{i - \)%2]\j\[w - 1] 

B[i%2]\j][w] = S[i%2][j - l][iu] + L[i%2]\j - l]['u; - 1] 

Else 

L[i%2][7]['u;] = B[i%2][j][w] = 0 

End 

w = w + I 

End 

j = j + l 

End 

End 

Proceed: Continue with i = i + 1 

While i < t: 

Let j = 0 

This portion is the exact copy of the above Pascal procedure. 

i  =  I - t - 1  

End 

End 
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Solution: = SUM(L[i%2][n - 1][0, 5[i%2][n - l][0,...,u]) 

Another way of counting the MRLPs is presented in the following theorem. The 

emphasis is on dismissing the routes whose number of vias in grid (i,j) is u + 1. 

Theorem 6 Let N"{i — 1, j) and — 1) denote the number of v-

or-less-via routes in {i — i,j) and {i,j — 1) respectively. Let L"{i,j — 1) 

and B'"{i — be defined as in Lemma 3.2. The number of v-or-less-via MRLPs 

arriving at (i, j) is then given by 

i r { i , j )  =  i v ' ' ( i - i , j )  +  i v ^ ( z , i - i ) -

(3.12) 

Proof; The number of u-or-less-via routes in { i , j )  depends on the numbers of 

y-or-less-via routes in {i - l,j) and {i,j — 1). The routes in {i - l,j) contain 

y-via routes coming from the bottom. They will turn right to {i,j) and eventually 

become (y+l)-via routes. To get the right counts of D-or-less-via routes in (i, j), we 

need to exclude B^{i — l,j) u-via routes from the N^{i — l,j) u-or-less-via routes. 

Likewise, the routes in {i,j — 1), contain u-via routes coming from the left which 

eventually turn up to (z,j) and become {v + l)-via routes. To get the right count 

of u-or-less-via routes in {i,j), there are as many as L''{i,j — 1) routes that need 

to be excluded from the N^{i,j — 1) u-or-less-via routes. 

3.5 Implementation Issue 

The EPTM algorithm is probably best described through a small example such 

as shown in Fig. 3.7. The net is from S to T with three obstacles inside the 
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Figure 3.7: The EPTM Data Structure for A Single Net. 

bounding box. The terminals are identified in gray and the obstacles are drawn in 

solid black. In this example the MRLPs are allowed to only have up to three vias. 

The algorithm starts from S(0,0) in the first column and ends at r (4.4) at 

the 4"^ column. Each column of grids inside the bounding box is represented by 

an array of integers as shown in the top boxes. The array holds 

and Although Fig. 3.7 shows the arrays representing all columns of the 

bounding box, in practice the method only needs a pair of these arrays to have 

the EPTM running; one represents the even columns and another does the odd 

columns. 

In the first column, each entry of the array is obtained using Eqs. 3.9 and 3.10 

starting from grid (i, 0) advancing to grid (?, 4). The calculation continues for all 

entries in the next columns similarly. Final values of the entries that correspond 

to grid (4,4) will then represent the solution. The top boxes from left to right 
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• 

(a) (b) 

Figure 3.8: Possible Routes from S to T: (a) 3-via or less, (b) more than 3-via. 

in Fig. 3.7 show the entries as the algorithm proceeds The final entries indicate a 

total of six possible routes consisting of four 3-via routes, one 2-via route and one 

1-via route. Fig. 3.8 illustrates all of the possible routes for the same net. The ones 

containing 3-via or less is shown in Fig. 3.8a and the rest of the routes are shown 

in Fig. 3.8b. 

Having established the EPTM for measuring the routability of a net, the next 

step is to prepare a scheme for evaluating a set of nets when their terminals occupy 

the same routing surface. On the same routing surface, a terminal appears as an 

obstacle to a net when it resides inside the bounding box of the net. The goal is to 

measure the routability of each net in the presence of terminals that belong to the 

other nets. The scheme for calculating the MRLPs of the nets on the same routing 

surface is described below. 

To describe the scheme, consider the small example previously shown in Fig. 3.1. 

The terminal locations along with a data structure for use in measuring the routabil

ity is depicted in Fig. 3.9. There are 8 nets on the routing plane of size 7x7 grids. 

The nets consist of 5 nets going North East (NE nets) and 3 nets going North West 
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(NW nets). These nets are stored in two different linked lists, the NE Net List and 

NW Net List, respectively. Terminals are sorted column wise and kept in a linked 

list called the Terminal List. An index is also used to identify the Terminal List 

according to the column number. This index is called Column Index. 
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Figure 3.9: Data Structure for a Multi-net Problem. 

The NE nets and NW nets are processed separately using a list called the Active 

List for bookkeeping. The Active List contains the instantiation of EPTM data 

structure and the EPTM algorithm. When processing the NE nets, the Terminal 

List is scanned from left to the right to see whether the terminal is 

(a) a source terminal of an NE net, 

(b) a target terminal of an NE net, or 

(c) something that belongs to an NW net. 

When a source terminal of an NE net is encountered then an EPTM instance 

is prepared and added to the Active List. If a target terminal of an NE net is 
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encountered, then the instance of the corresponding net is scheduled for deletion 

from the Active List to be placed in a result list. The Active List grows and shrinks 

while scanning the Terminal List is progressing. Any terminal encountered will be 

used to update the EPTM instances in the Active List. To some nets, the terminal 

may appear as an obstacle. In this case, the EPTM will act accordingly to the 

instances representing these nets. By the end of the Terminal List, EPTM will 

finish processing all of the NE nets and obtain the results. 

Processing the NW nets is conducted similarly. Scanning is performed to the 

same Terminal List in the opposite direction It goes from right to the left during 

which only the NW nets are scheduled for processing in the .Active List. By the end 

of this scanning, the EPTM will obtain the solutions to the NW nets. Combining 

both solutions to NE and NW nets, a list of routability for each of the nets in 

question will be completed. 

Algorithm Multinets EPTM 

Input: NetList, MaxVias 

Output: List of the numbers of possible routes for all nets. 

Let: TerminalList = sorted list of terminals of NetList, ActiveNetList = NULL. 

Begin NE Processing 

Foreach Terminal in TerminalList 

Foreach Eptmlnstance in ActiveNetList 

UpdatePascalNE (Eptmlnstance, UsingCoordinateOf(Terminal)); 

End 

Switch Terminal 

In Case Terminal is Source of an NE Net Then 

Eptmlnstance = CreateEptmInstance(NetOf(TerTniTia/), MaxVias); 
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PutIntoActiveNetList(NetOf(Termma/), Eptmlnatance); 

End 

In Case Terminal is Target of an NE Net Then 

Eptmlnstance = DeIeteFromActiveNetList(NetOf(rerminaZ)); 

PutIntoSolutionList(NetOf(rermma/), Eptmlnstance)] 

Destroy (Eptml ns tance); 

End 

End 

End 

End 

Begin NW Processing 

This part is similar to NW Processing. The only different is that 

scanning TerminalList is in reverse direction for the NW Nets. 

End 

The above algorithm requires an EPTM instance when scanning hits a source 

terminal. The procedure shown below creates an instance of EPTM for the net 

that the terminal belongs to. 

Algorithm Create EPTM Instance 

Input: 5(r, s) and T{t,u) - terminals of Net, 

V - MaxVias, the maximum allowed vias 

Output: Eptmlnstance - an EPTM instance of S — T 

Begin Let boimding box width m = t — r, and height n = u - s; 

L[0][n][t;] = ((0,0,...,0>... (0,0, ...,0)); 5[0][n][t;] = ((1,0,...,0)... (1,0,..., 0»; 

L[l][n][v] = ((1,0, ...,0) ...(1,0,...,0)); J5[l][n|[t;] = ((0,0, ...,0)... (0,0, ...,0)); 
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Current position: Ic = 0, and Jc = 0; 

End 

When scanning hits an obstacle or a terminal, all of the instances in the Active 

List need to be updated. Updating procedure depends on the direction of scanning. 

The one that updates the NE nets is shown below and its mirror will be used for 

updating the NW nets. 

Algorithm EPTM Instance NE Update 

This is Eptmlnstance 

Input: {x, y) - an obstacle/terminal 

Output: Updated Eptmlnstance 

Variables: See Create EPTM Instance 

r, s, «, u, m, n, Ic, Jc, ^[0][n][t;], 5[0][n][i;], Z,[l][n][v], B[l][n][u]. 

Begin Update 

From {Ic,Jc) to (a:,y), update the arrays Z/[0], B[0] ajid L[l], B [ l ]  

alternately as follow: 

Let i = Ic and j = Jc 

While i < X — r 

While j <n or y - 3 depending on i 

Let w = 0 

W h i l e  w  <  V  

L\i%2]\j][w] = L[{i - l)%2Mw] + B[ii - l)%2]\j][w - 1] 

B[i%2\\j\[w\ = B[i%2]\j - l][ii;] + L[i%2]\j - l][u; - 1] 

L[i%2][j][n)] = B[i%2]\j][w] = 0 

w = w + 1 
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End 

j = j + l 

End 

J = 0 i = i + 1 

End 

Let Ic = X — r and Jc = y - s 

End 

Net # OPTM 

EPTM (i; = = 6) 

Net # OPTM 0 1 2 3 4 5 6 Total 

1 15 0 0 1 6 4 3 1 15 

2 57 0 0 2 5 9 9 12 37 

3 13 0 1 2 4 3 1 2 13 

4 2 0 0 1 0 1 0 0 2 

5 4 0 2 2 0 0 0 0 4 

6 88 0 0 1 1 10 9 15 36 

T 
t 25 0 0 3 3 9 6 4 25 

8 0 0 0 0 0 0 0 0 0 

Table 3.2: OPTM and EPTM Solutions to The Example Problem. 

Table 3.5 shows the solution to the example problem. There are two types of 

solutions in the table. The OPTM lists the MRLPs regardless of the number of 

vias, and the EPTM lists the MRLPs with 0 to 6 vias. 
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3.6 Fast Routability Checking 

EPTM has large space and time requirements since it calculates the exact 

number of possible routes by considering all available grids in the net's bound

ing box. To overcome this problem, the Fast Extended Pascal's Triangle (FEPT) 

method [22] is proposed. It evaluates the number of possible routes based on vir

tual grids formed by skipping, if possible, the majority of the original grids. The 

virtual grids divide the net's bounding box into steps large enough to hold routes 

with the specified maximum number of vias. For example, in order for a net to 

contain 3-via routes, it needs only 2 steps virtual grids. The result is a scheme for 

routability checking which determines whether or not there are potential routes. 

Let d be width/height of the virtual grid which basically represents number of 

points that the FEPT skips in the original grid. Also, let 0^{i,j) and be 

functions that tell whether or not an obstacle exists from grid points { i  —  d + l . j )  

to (z, j) and from grid points {i,j - d-l-1) to respectively. The step changes 

the EPTM's Eqs. 3.9, 3.10 and 3.11 to the following; 

m i , J )  =  [ L ' ( i  -  d . i )  +  B r \ i  -  d , j ) ]  O ^ l i J )  (3.13) 

-d) + irJ - <!)] OS(iJ) (3.14) 

N'A'J) = i, W(i.J) + (3.15) 
w=0 

Using this approach, the FEPT is algorithmically very similar to the EPTM. The 

only difference is that FEPT requires some additional book-keeping for tracking 

the obstacles within a certain range of grid points. This will certainly increase the 

overhead time. On the other hand, there is time and space saving when large por

tion of the grids inside the bounding box can be skipped. This allows a significant 

reduction in total space and calculation time required. 
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Figiire 3.10: The FEPT Progress for A Single Net. 

A small example shown in Fig. 3.10 describes the FEPT algorithm. Using a 

skip d = 2, in this example, only the grids shown in light-gray will be considered. 

They are referred to as virtual grids which, in this case, allow the MRLPs to have 

only up to three vias. The algorithm starts from 5(0,0) in the first column and 

ends at r(4,4) at the last column which requires only 3 steps of calculation instead 

of 5 when using EPTM. Note also that, like EPTM, this method works as well for 

non-square bounding boxes. 

As shown earlier in EPTM, the FEPT also uses two arrays to hold 

and representing the even and odd columns of the net's bounding 

box. In addition, they also hold Cj and Rji the real columns and rows of the 

bounding box. The top boxes from left to right in Fig. 3.10 show the entries as 

the algorithm proceeds. The final entries indicate that there exists a total of three 

possible routes consisting of one 3-via routes, one 2-via route and one 1-via route. 
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The choice of d is important in order for the FEPT to correctly determine 

whether or not a net is potentially routable. The obvious choice is d = 1 which 

basically turns the FEPT into EPTM. To guarantee that the FEPT performs 

correctly, a conservative approach was taken. The value of d is initially set to the 

largest possible value such that the number of virtual grids permits the routes to 

be performed for a given allowable via. In this case Theorem 3 is useful for helping 

choose the initial d value. Eq. 3.3 from the theorem states that the maximum 

number of vias is given by 

f 

2m — 1, if m = n, 

V{m,n) = ' (3.16) 

2xMin(m, n), otherwise. 

From the equation, the initial skip value d for a required maximum allowed number 

of vias t; > 0 can be obtained simply by 

(3,17) 
V 

This will guarantee that the bounding box of the net in question has enough virtual 

grids to include the routes containing v vias. 

In order for the FEPT to accurately determine the routability of a net, an 

iterative approach is used. Starting with the initial value of d, if FEPT returns 

an unroutable flag then decrement d and perform again the algorithm. This is 

repeated as long as d > 1 until FEPT finds the number of potential routes. When 

d — 1 and FEPT still returns unroutable flag, then the net in question is indeed 

unroutable. 

The iterative approach adds more overhead to FEPT especially when dealing 

with unroutable nets. In the case of unroutable nets, the FEPT will have to 

complete the iteration until d = 1. This makes the EPTM more efficient than 
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FEPT. When dealing with unroutable nets, EPTM basically can be thought of as 

FEPT with d= I straight all of the time. Intuitively, many nets will be unroutable 

when the allowed number of vias is set to low, i.e. 0, 1, or 2. This is quite obvious 

since there are not many routes available in these types. Clearly, FEPT becomes 

very inefficient for dealing with these settings since it may start with a very large 

d and has to go through the iterations down to d = 1. 

To anticipate the potential problems, FEPT also incorporates a strategy that 

speeds up detecting the number of routes containing lower numbers of vias. The 

strategy applies to 0-via, 1-via and 2-via route types. The routability of the 0-via 

route type is easy to detect since the terminals should be in a straight line with 

absolutely no obstacle in between. Detecting 1-via routes is also straight fonvard 

since an obstacle lying on the perimeter of the bounding box will block one of the 

only two possible 1-via routes. The 2-via route type can also be easily detected 

since any obstacle inside the bounding box will reduce 2 possible routes passing 

through the grids on the opposing sides of the bounding box perimeter. 

When dealing with the multi-net problem, the algorithm of FEPT is very similar 

to EPTM. However, scanning the Terminal List is repetitive in FEPT. This applies 

to both processing the NE nets as well as the NW nets. To describe the algorithm, 

refer to the data structure of a small netlist shown in Fig. 3.11. The same figure 

was earlier shown in Fig. 3.9. Using an Active List for bookkeeping similar to 

the EPTM, the NE nets and NW nets are processed separately. The Active List 

contains the instantiation of the FEPT data structure and the FEPT algorithm as 

shown in Fig. 3.10. When processing the NE nets, the Terminal List is scanned 

from left to the right. If a source terminal of an NE net is encountered then an 

FEPT instance is added to the Active List with the largest possible value of d. If a 

target terminal of an NE net is encountered, then the instance of the corresponding 
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Figxire 3.11: FEPT Data Structure for a Multi-net Problem. 

net is scheduled for deletion from the Active List to be placed in a result list. This 

is true when FEPT determines the net is routable. Othenvise, the net will be 

marked unfinished and the corresponding d is decremented. The Active List grows 

and shrinks while the scanning of the Terminal List is progressing. Any terminal 

encountered will be used to update the FEPT instances in the Active List. By 

the end of the Terminal List, scanning is repeated until each net is moved to the 

Result List or determined to be unroutable. Processing the NW nets is conducted 

similarly by scanning the same Terminal List in the opposite direction. Combining 

both solutions will result in a list of potentially routable as well as absolutely 

unroutable nets. 

Algorithm Multinets FEPT 

Input: NetListQ cind MaxVias - maximum allowed vias 

Output: RoutabilityListQ - the numbers of possible routes for all nets in the NetListQ 

Let: 



TerminalListQ = sorted list of terminals of NetListQ 

ActiveNetListO = EMPTY 

NActiveNe = the niunber of NE Nets 

NActiveNw = the number of NW Nets 

Begin NE Processing 

Repeat 

Foreach Terminal in TerminalListQ 

Foreach Feptlnstance in ActiveNetListQ 

UpdateFeptNE(Fepi/ns<aTice, UsingCoordinateOf(TerTnmaZ)); 

End 

If NetOf(TermtnaZ) is not yet CHECKED for routability 

Switch Terminal 

In Case Terminal is a SOURCE of an NE Net 

If this is the first round of Repeat 

Set SKIP value of NetOf(Termzna/) using MaxVias 

End 

Feptlnstance = CreateFeptInstance(NetOf(TermzTia/), 

SKIP, MaxVias); 

PutIntoActiveNetList(NetOf(Ter7Tiina/), Feptlnstance)-, 

End 

In Case Terminal is Target of an NE Net 

Feptlnstance = DeleteFromActiveNetList(NetOf(rermtna/)); 

If Feptlnstance is ROUTABLE 

Put solution of Feptlnstance in RoutabilityList[] 

Set NetOi{Terminal) CHECKED 

Destroy Feptlnstance 
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Decrement NActiveNe 

Else 

Decrement SKIP value NetO{{Terminal) 

Destroy Feptlnstance 

End 

End 

End 

End 

End 

While NActiveNe > 0; 

End 

Begin NW Processing 

This part is similar to NE Processing. The only different is that 

scanning TerminalListQ is in reverse direction for the NW Nets. 

End 

Similar to the EPTM, when scanning hits an obstacle or a terminal, all intersecting 

instances in the Active List need to be updated. In addition when it hits a source 

terminal, a new FEPT instance must be created and initialized for the nets that 

the terminal belongs to. The two procedures are shown below. Note that NW 

updating is merely the mirror of NE updating. 

Algorithm Create FEPT Instance 

Input: 5(r, s) 2md T { t ,  u )  -  terminals of Net, d  -  SKIP value for Net, and 

V - MaxVias, the maximum allowed vias 

Output: Feptlnstance - an FEPT class instance of S — T 
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Begin 

Bounding box virtual width m  =  f { t , r , d ) ,  and virtual height n  =  f ( u , s , d )  

L[0][n][t;] = ((0,0,0)... (0,0,..., 0)); 5[0][n][t;| = ((1,0,..., 0) ... (1,0,..., 0)); 

L[l][n][t;] = ((1,0,...,0)... (1,0, ...,0)); 5[l][n]M = ((0,0, ...,0) ...(0,0, ...,0)); 

IhO[n] = (1,1,..., 1) - Immediate horizontal obstacle Flag 

IvO[Tn] = (1,1,..., 1) - Immediate vertical obstacle Flag 

/i[2] = (r, 0) - The actual coordinate 

Current positions: Ic = 0, Jc = 0 

End 

Algorithm Update NE FEPT Instance 

This is Feptlnstance 

Input: {x, y) - an obstacle/terminal 

Output: Updated Feptlnstance 

Variables: See Create FEPT Instance 

m, n, /c, Jci u, d, IhO[n], IvO\m] 

L[0][n][t;], B[0][n][i;], L[l][n][t;], B[l][n][i;] 

Begin Update 

Check if (x,y) is aligned to current or future {Ic,Jc) 

Update IhOW and IvO^ 

Update the arrays li[0], B[0] and L[l], jB[1] alternately as follow: 

Let j = Jc and i = Ic 

W h i l e  i  <  F l o o r ( ( x  - r ) / d )  

While j  < n or Floor((y - s ) / d )  depending on i  

Set w = 0 

While w <v 



L\i%2]\j\[w] = IhO\j] X {L[{i - l)%2]\j]M+B[{i - l)%2][j][w -

B[i%2][j][w] = IvO[i] X {B[i%2][j - l][ii;] + L\i%2]\j - l][u; - 1]) 

VJ = w + 1 

End 

j =j + l 

End 

; = 0  

Ui%2] =Ix[!(i%2)] +d 

2 = i -l- 1 

End 

I c  =  Floor((i - r ) / d )  

J c  =  FIoor((i/ -  3 ) / d )  

End 

Net # 

V = 1 V = 2 V = 3 V = 4 

Net # d Nd Rd d iVd Rd d Nd Rd d Nd Rd 

1 1 1 0 1 1 1 1 1 7 1 1 11 

2 1 1 0 1 1 2 3 1 1 2 1 2 

3 1 1 1 1 1 3 2 1 3 1 1 10 

4 1 1 0 1 1 1 1 1 1 1 1 2 

5 1 1 2 1 1 4 1 1 4 1 1 4 

6 1 1 0 1 1 1 3 1 1 1 2 12 

7 1 1 0 1 1 3 1 1 6 1 1 15 

8 1 1 0 1 1 0 1 2 0 1 2 0 

Table 3.3: FEPT Solutions to the Example Problem. 
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Table 3.6 presents the FEPT solutions to the example netlist shown in Fig. 3.11. 

For several allowed numbers of vias (u = 1 to 4), the FEPT tries to find the solutions 

Nd times and concludes that there exist possible routes when using a skip value 

d. Each net whose value is greater than zero will be potentially routable using 

V or less route types. Otherwise, it is simply unroutable. 

3.7 Outside Bounding Box Routability 

When a route is allowed to go beyond the bounding box then its routability 

depends very much on how the router solves the detour problems. A detour can be 

simply defined as the steps of moving away from the destination. Unlike an MRLP 

which always advances toward the destination, a detour is not a always prefered 

choice for routing. This section describes the support for the EPTM and FEPT to 

deal with the routes travelling outside the net's bounding box using the technique 

presented in [20] and [30]. 

Routing in the regions outside a net's bounding box is sometimes required. 

However, since this type of routing will result in a path whose length is not minimal, 

its usage should be limited [20]. For instance, consider a net whose terminals 

happen to be in a straight line. Here, even a single obstacle lying inside the 

bounding box (meaning that the obstacle is located in between the two terminals), 

will dismiss the possibility of finding any MRLP connecting the terminals. One 

possible solution is to route the net in another layer where there is no obstacle 

present in between the terminals. However, this is not always considered to be an 

acceptable solution, e.g. in a situation where the net is the last one to route on a 

layer. In such a case, whenever possible, finishing the route in the current layer will 

always be desired. If it is considered to be inefficient to defer routing to another 
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Figure 3.12: Detours for Outside Bounding Box Routes. 

layer, then going outside the net's bounding box is a justified solution. 

A scheme of routing outside the bounding box is shown in Fig. 3.12 where 

detours begin at one of the terminals. This is the basic technique used in [20] 

and [30]. As shown in the figure, a net from S{r,s) to T{t, u) is to be routed in the 

presence of two obstacles .4 and B. Clearly, no MRLP connecting the terminals is 

available and the OPTM/EPTM/FEPT will certainly return with zero routability. 

However, if a route is allowed to go outside the bounding box then there is an 

excellent possibility that the net will become routable. The approach is basically 

to detour the route from the original terminal 5(r, s) to a point located somewhere 

outside the original bounding box, e.g. S'{r',s'). This forms a new bounding box. 

The MRLP firom this new point to T{t,u) can then be found. The new point is 

refered to as the detour point. In Fig. 3.12, one can visually inspect that there are 

indeed more possible MRLPs from S' to T. 

In addition to 5', there is another point S"{r",s") in Fig. 3.12 which can also 

serve as a valid detour point. Toward T{t,u), the point S"{r",s") will also create 
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a new bounding box for potential MRLPs. However, one can visually recognize 

that S"{r",s") will not improve the net's routability, and thus S'{r',s') is a better 

choice over S"{r",s"). The choice of a detour point seems to be straightforward. 

Nevertheless, a specific criteria is required for algorithmically choosing the detour 

point. In this case, Theorem 3.1 becomes useful as shown below. 

Suppose now that all obstacles are temporarily omitted. By using Theorem 1, 

one can then calculate the routability to T from either S' or 5". For the example 

shown in Fig. 3.12, it turns out that there are more possible MRLPs available from 

S' than from S" (i.e. 50 versus 1 respectively, using Eq. 3.5). And thus S'{r',s') 

is considered to be a better choice for the detour point. The exact routability. 

however, can only be measured using the OPTM, EFTM or FEPT from S'{r',s') 

to T(t,u). In this case OPTM returns 16. 

Applying Theorem 1 for determining the detour point is numerically quite ex

pensive due to the factorial computations involved in the equation. A simpler rule 

of thumb can be easily derived. When comparing detour routes, one can intuitively 

determine that a detour point which ends up with a larger bounding box will have 

more possible MRLPs. And thus, the choice is characterized by the size of the new 

bounding box. The following lemma shows analytically the support for this. 

Lemma 3.3 Given a net whose terminals are S{r,s) and T{t,u) with two detour 

point located at d grids away from S, i.e. S'{r, s — d) and S"{r — d,s), respectively. 

Let m = \t — r\ and n = |u — s(. The number of possible MRLPs from S' to T is 

greater than that of from S" iffm>n. 

Proof: By Theorem 1, the number of possible MRLPs from 5' to T is given by 

iV(m, n + d) — N{m,n) and from S" to T is given by N{m + d,n) — N{m,n). 
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Suppose that N{m, n + d) ~ N{m, n) > N{m + d, n) — N{m, n). This is equal to 

(m + n + d\ fTn + d + n\ 
^  ) > [  n  )  

which by simple algebra is equal to 

{ m  +  d ) { T n  +  d  —  1) • • • (m + l)m! ^ { n  +  d ) { n  +  d  - 1) • •  •  { n  +  l)n! 
_ > _ 

It is true iff m> n. q.e.d. 

When the detour points have the same distance from the original terminal, the 

lemma basically recommends selecting the one that enlarges the width (rather 

than the length) of the original bounding box. 

For cases where the detours are not equal in distance, one can apply the fol

lowing lemma to select which detour point to use. 

Lemma 3.4 Given net whose terminals are S{r,s) and T{t,u) with two detour 

point located at S'{r,s — e) and S"{r — d,s), respectively. Let m = \t — r\ and 

n = |u — 5|. The number of possible MRLPs from S' to T is larger than that of 

from S" if V{m, n + e) > V{m + d,n). 

Proof: The maximum number of vias reflects the number of MRLPS. The larger 

V(m, n + e) the larger the bounding box from S' to T. Thus the net has more 

possible MRLPs. q.e.d. 

Recall that V(m, n) is the maximum number of vias as shown in Theorem 3 which, 

again, is given by 

V{m, n) = < 

2m — 1, if OT = n, 

2 X Min(m, n), otherwise. 
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Compared to Theorem 1, Lemmas 3.3 and 3.4 provide a simpler and quicker 

way to compare the routability of a net relative to another. By combining the two, 

the following theorem will be useful for choosing one of two detour points. 

Theorem 7 Given a net whose terminals are S{r,s) and T{t,u). Suppose that 

t h e r e  exist two possible detour points located at 5'(r, s — e) and S"{r — d.s), respec

tively. Let m = \t — r| and n = \u — s|. The detour point S'{r,s — e) will result in 

more possible MRLPs than S"(r — d, s) if 

• m > n especially for d — e. 

•  V { m ,  (n  +  e))  >  V { { m  +  d ) ,  n )  i n  g e n e r a l .  

Proof: From Lemmas 3.3 and 3.4. q.e.d. 

The above theorem by itself is an accurate assessment. However, the assump

tion that was made to support the theorem is actually contradictory to the logic 

of having the detour in the first place. It was argued earlier that the need to route 

outside the bounding box was mainly due to the obstacles whose existence pre

vents the routes from having even a single MRLP. In contrast, the advice given in 

the above theorem was based on the combinatorial analysis which suggests simply 

omitting the obstacles. In response to this fact, one should only use the theorem 

for choosing a detour point relative to another possible detour point. The accurate 

measure of routability still has to rely on the OPTM, the EPTM or the FEPT. Nev

ertheless, some experiments in Chapter 4 are devoted to examining how effective 

the theorem is for some test cases. 

The concept of detours is also applicable to the terminal on the other end of 

the net. Furthermore, detours can also be applied to both terminals. In any case, 
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Theorem 7 will provide assistance in choosing the detour point. Then the OPTM, 

the EPTM or the FEPT is used for measuring the routability. 
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CHAPTER 4 

EXPERIMENTAL RESULTS 

The EPTM and FEPT have been implemented in a Unix environment using 

C++ and tested on three industrial MCM designs commonly used as benchmarks 

in various MCM router publications [17, 20, 18]. In addition, tests on a number 

of randomly generated examples have also been performed. The results for the 

EPTM are presented to quantify the routability of nets when the type of routes 

is varied. Test results on the FEPT are shown with emphasis on the run time 

improvement while maintaining accurate measurements. Tests on measuring the 

routability outside the net's bounding box were conducted by generating detour 

routes of the nets found to be unroutable by EPTM/FEPT. The complexity of 

the proposed method both in terms of time and space are also discussed in this 

chapter. 

4.1 Test Data 

There were three industrial MCM designs used in the test which initially were 

provided by the Microelectronics and Computer Technology Corporation (MCC). 

These designs are MCCl-75, MCC2-75, MCC2-45 whose two numbers after the 

dash represent the routing pitch. For example MCCl-75 uses 75-micron pitch. 

Footprints of the two MCC designs are shown in Fig. 4.1. MCCl consists of 6 

chips, 765 I/O pins with a total of 802 nets, 799 of which are signal nets, two power 

and one ground net. Some of the nets are 3 to 7-pin nets as shown in Table 4.1. 

The power and ground nets are not considered as part of routing problem since 
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Terminals per Net 

Total 

2-terminal 

Equivalent 2 3 4 5 6 7 72 176 205 Total 

2-terminal 

Equivalent 

No. (pwr) (pwr) (gnd) 

of 608 87 50 3 6 45 1 1 1 802 1244 

Nets 

Table 4.1: Net Count for MCCl. 

they are tied directly to the power and ground planes. There are 2496 pins total, 

2043 of which are signal pins. The I/O pins are distributed around the perimeter of 

the substrate. Two chip footprints are used in MCCl-75; 550 x 550 mils with 448 

pins and 330 x 330 mils with 272 pins. The routing pitch of MCCl is 75-micron. 

The substrate size is 45 x 45 mm^ which is equal to a grid size of 599 x 599. 

(a) MCCl (b)MCC2 

Figure 4.1: Footprints of the MCCl and MCC2 MCMs (not to scale). 

MCC2 is a 6 X 6 inch^ substrate with 37 Honeywell VHSIC gate array chips and 

18 connectors. The chips are 1.5 x 1.5 an^ with 4 mil pitch leads. The connectors 
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Terminals per Net 

Total 

2-terminal 

Equivalent 2 3 4 Total 

2-terminal 

Equivalent 

No. 

of 6698 415 5 7118 7541 

Nets 

Table 4.2: Net Count for MCC2. 

are placed around the perimeter of the substrate. There are 7118 nets and 14659 

pins excluding the power and ground nets. There are not many multi-terminal 

nets in MCC2. Table 4.1 shows the detailed net count. Two routing pitches are 

available for the MCC2 design, 75-micron and 45-micron or equivalent to 2032 x 

2032 and 3386 x 3386 grid size, respectively. 

The other set of test data was generated randomly based on the MCCl-75 

design. set of 10 random designs was prepared and will be referred to as MCCl-

R. The nets of each new random design were created by randomly connecting pairs 

of terminals whose locations were taken from MCCl-75. The detailed algorithm 

for generating these random designs is presented in Appendix D. 

4.2 Experimental Setup 

Two types of test were conducted. First, the data was tested for routability 

inside the bounding box only. Both EPTM and FEPT were applied to the test 

data. Each net was only allowed to have as many as 6 vias in the test. The results 

reveal the number of unrouted nets for each via from 0 to 6. These nets were 

unroutable merely due to the presence of the terminals that belong to the other 

nets on the first routing plane. It is clear that all nets have to go through the first 
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layer pair although some of them will be routed in different layers. 

On the MCC data, the EPTM can definitely identify which nets are potentially 

routable and which are unroutable for a given maximum number of vias to use. 

The maximum allowed number of vias sets the limit of route types to use when 

evaluating the routability. This means that the number acquired during the eval

uation will include all routes with vias from zero up to the given limit. Intuitively, 

one would expect the quantity of unroutable nets to drop as the maximum allowed 

number of vias increases. So the test was conducted by varying this number. This 

insures that the number of unroutable nets found by EPTM is a fair evaluation 

for any given limit. The EPTM also quantifies the number of nets which are po

tentially routable for each type of routes. Furthermore, it precisely quantifies the 

number of possible routes in each net for all vias from zero up to the given limit. 

Testing for FEPT was conducted on the same MCC data set. The emphasis 

is on run-time issues and detection of the number of potentially routable nets for 

each designs. Thus comparing FEPT and EPTM in terms of the number of possible 

routes that they found for each net is irrelevant. 

The FEPT evaluates the same measures as the EPTM. For multinet testing such 

as the MCC data, the numbers of unroutable, as well as the number of potentially 

routable nets, found by FEPT should match those found by EPTM. The exception 

is that the number of possible routes found for each potentially routable net is valid 

for the virtual grid size at which it ends up finding the solutions. Recall that FEPT 

finds the solution iteratively. It starts with the largest possible virtual grid size for 

the given maximum number of vias. If no solution is found it then decreases the 

size of virtual grids for reevaluation. It continues the iterations and stops when 

solutions are found. Therefore the number of possible routes found for each net 

basically represents a subset of the actual solutions that may exist for the given 
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limit of vias. Here, FEPT does not precisely measure all possible routes available in 

each net. However, if a net is routable, FEPT is guaranteed to correctly determine 

that it is potentially routable. This is reasonably sufficient to determine whether 

or not such routes exist for the net in question. For routability checking, finding 

all the potential routes of a routable net is not necessary. 

FEPT is also guaranteed to correctly classify unroutable nets. When FEPT 

finds an unroutable net, the accuracy matches the EPTM. This is true since FEPT 

declares a net to be unroutable only after it evaluates the net down to the original 

grids. The emphasis of the FEPT test, however, is on the evaluation time. So, 

tests were conducted to observe FEPT run-time improvement over EPTM. 

The test results for both EPTM and FEPT also reveal a number which is 

considered to be acceptable for the limit of the allowed vias. This was obtained 

by observing the percentage of unroutable nets as the limit of allowed vias shifted 

from a low to high number. Quantifying the number of potentially routable nets 

for various route types also reveals which route types are effective for dealing with 

general area routing problems. 

To further confirm the test results with a more varied set of data, the random 

data was used. The test performed using the random data is the same as the one 

with the MCC data to reveal the same type of outputs. However only the statistical 

results were gathered, such as the average of unrouted nets, etc. 

In the second test, the unrouted nets from the first test were then tested for 

outside bounding box routability. A pair of detour points were selected for each 

unroutable net and then the FEPT was applied to measure the routability of each 

detour net formed by the detour points. The additional nets formed by the original 

terminals and the detour points are considered as routable. The test was performed 
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on all detour nets in the presence of all terminals including those from the routable 

nets. Further details on the outside bounding box routability test is presented in 

Section 4.5. 

4.3 Test Results of EPTM 

The EPTM test results for the MCC data are shown in Table 4.3. The list 

shows the number of unrouted nets when the maximum allowed number of vias is 

varied from 0 to 6. The maximum allowed number of vias sets the limit of route 

types to use when evaluating the routability. This means that at 6 vias limit, 

all route types using 0 via up to 6 vias are evaluated. Fig. 4.2 shows the plot 

of percentage of unrouted nets for a varied maximum number of vias. Fig. 4.3 

shows a similar plot for the random data set for the minimum, the average and the 

maximum percentage of unrouted nets for the random data. For comparison, the 

plot for the original MCCl-75 is also included in Fig. 4.3. 

The test results reveal that the number of unroutable nets drops significantly 

when the maximum allowed number of vias is increased from 0 up to 4. Beyond 

4-via routes, only about 5% of nets were left unroutable. As the number of vias 

continues to increase, the percentage of unroutable nets does not seem to change 

very much. This suggests that, in this case, the general area routing problem could 

be solved by using 4-via route type or even less. The results confirm what was 

believed in [17] that 4-via route type is enough for most practical purposes in 

MCMs. 

The results also uncover the fact that more than 70% of the nets in MCCl and 

more than 95% of the nets in MCC2 are unroutable by 1-via routes. Thus a router 

should never try to find MRLPs for these nets using the 1-via Route type. The 



71 

vias MCCl-75 MCC2-75 MCC2-45 

0 1244 7540 7540 

1 978 7213 7186 

2 327 4348 3615 

3 64 757 354 

4 50 368 354 

5 50 368 354 

6 50 368 354 

Table 4.3: Unrouted Nets of MCC Benchmarks for Several Allowed Number of 
Vias. 

100 
MCC 1-75 
MCC2-75 
MCC2-«5 

3 s B 

a 

2 3 5 Q 4 S 1 

Allowed Number of Vias 

Figure 4.2: Percentage of Unroutable Nets of MCM Benchmarks for Several Al
lowed Number of Vias. 
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Figure 4.3: Percentage of Unroutable Nets of Random Designs for Several Allowed 
Number of Vias. 

same rule applies to more than 20% of the nets in MCCl and more than 40% of the 

nets in MCC2 when using 2-via routes. Since EPTM identifies the routability of 

each net, the router could actually use this information to exclude the unroutable 

nets from processing with a certain type of routes. For a router such as MCG [20], 

this information is very valuable for improving the routing process. 

Table 4.4 presents the population of potentially routable nets for each route 

type when the maximum allowed number of vias is set to 6. Note that this is 

not a distribution of nets over the types of routes since each net may use more 

than one type to find the routes. Interestingly the majority of nets are potentially 

routable when the number of vias is greater than 3. A plot of similar tests for the 

MCC-R data is shown in Fig. 4.4. The plot is the average number of nets which are 

routable using the route types under 10-via. This shows further the relationship 

between route types and the number of potentially routable nets. Clearly, route 
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types 4-via, 5-via and 6-via dominate the population and more interestingly, the 

routability decreases as the number of vias increases beyond 6 vias. 

Route Types 

Netlist Total Nets 0-via 1-via 2-via 3-via 4-via 5-via 6-via 

MCCl-75 1244 0 266 883 1098 1100 1071 1072 

MCC2-75 7541 1 327 3135 6514 6432 6511 6242 

MCC2-45 7541 1 354 3925 7185 7185 7168 6160 

Table 4.4: Number of Potentially Routable Nets. 

100 
Potentially Routable 

A' 

Route Types 

Figure 4.4: Potentially Routable Nets of MCC-R at Various Route Types. 
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4.4 Test Results of FEPT 

Test results of the FEPT for the MCC data are shown in Table 4.4. The number 

of unroutable nets shown in the table are the exact numbers that EPTM found for 

each allowable via. The ^ fept  shown in Table 4.4 is the FEPT run time in seconds 

to complete evaluating all nets of the MCC data set. In terms of run time, FEPT 

improves significantly over EPTM. Note that from Eq. 3.11, the EPTM runs slower 

as the number of allowed vias increases. When the maximum allowed vias is set 

to 6, the EPTM took 35 seconds to complete evaluating MCCl-75. It took more 

than 20 minutes and more than 55 minutes to process MCC2-75 and MCC2-45, 

respectively. All timing evaluation was done on a Pentium II 400/100 machine 

running Linux OS Kernel 2.0.36. 

Max 

Vias 

MCCl-75 MCC2-75 MCC2-45 Max 

Vias Unroutable tpEPT Unroutable tpEPT Unroutable t f E P T  

0 1244 0.36 7540 15.27 7540 16.03 

1 978 0.74 7213 25.33 7186 26.50 

2 327 1.53 4348 46.06 3615 62.06 

3 64 7.55 757 1263.69 354 1602.31 

4 50 3.13 368 450.77 354 720.00 

5 50 2.23 368 326.20 354 518.17 

6 50 1.79 368 234.60 354 370.55 

Table 4.5: F!EPT Solutions to MCC Benchmarks for Several Numbers of Allowed 
Maximiun Vias. 

The run time profile of both EPTM and FEPT for MCCl-75 is shown in Fig. 4.5. 

Clearly, the FEPT takes advantage of the speed-up strategy described earlier when 



EPTM —K 

4 6 

Allowed Number of Vias 

Figure 4.5: Run Time Profile FEPT versus EPTM for MCCl-75. 
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Figxire 4.6: MCCl-75 nets that requires FEPT to have d= I. 
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checking some lower via route types as seen for 0, 1, and 2 vias. This explains the 

increase in the FEPT curve for 3 vias. As shown in the EFTM results, most of 

the nets are unroutable when the allowed number of vias is low. This forces FEPT 

to reach d = 1 before it declares the nets unroutable. The number of nets which 

require FEPT to use d = 1 for several allowed vias is shown in Fig. 4.6. For 0 

to 2 allowed vias, the curve indicates the need for the FEPT to use the speed up 

strategy since all nets require rf = 1. For 3 vias and beyond, only a small portion 

of the nets require rf = 1 which includes those that are unroutable as expected. 

This justifies the use of virtual grids for detecting potentially routable nets. 

4.5 Test Results of Outside Bounding Box Rout ability 

Output from EPTM or FEPT consists of nets which are potentially routable 

including, sometimes, those which are absolutely unroutable using MRLP scheme. 

The latter may still have the chance for routing if they are allowed to wander outside 

the bounding boxes. In order to observe the routability outside the bounding box 

it is necessary to find detours for these nets. This was obtained using Detour 

Generation that takes the output of FEPT and creates a list of detour nets for the 

unroutable nets. The strategy for the Detour Generation is shown in Fig. 4.7. The 

original net is from S to T and it is obviously unroutable when using MRLP in 

the presence of A and B. The idea is to find the neighboring terminals outside the 

bounding box of 5 — T such as C, D, E and F. It then finds the detour points si. 

s2, tl and t2 and selects a pair based on Theorem 7. The details of the algorithm 

are presented in Appendix E. 

The steps for testing the outside bounding box routability are shown in Fig 4.8. 

First, the unroutable nets found by the FEPT were fed into Detour Generation to 
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Figure 4.7: Detour Generation. 

obtain tiie detour information. The result is a set of detour nets and a set of nets 

connecting the original nets to the detour nets. These nets go into another run of 

FEPT for observation of their routability. Only detour nets get processed in the 

second pass of FEPT since the segments connecting the detour net to the original 

nets must be routable. The FEPT evaluates the detour nets in the presence of 

detour points and terminals from all nets of the original design. 

FEPT 

Potentially Routable Nets 

FEPT FEPT 

Unrou tble Nets 

Detour 

Generation 
DetoiU' Nets 

FEPT 

Figure 4.8: Steps for Testing Detour Routability. 

The test results are shown in Figs. 4.9, 4.10 and 4.11. They were obtained from 

the output of the previous tests of FEPT on MCCl-75, MCC2-75 and MCC2-45 

using the maximum allowed number of vias was set to 4. At this setting the leftover 

nets were 50, 368 and 354 for MCCl-75, MCC2-75 and MCC2-45, respectively. 
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Figure 4.9: Outside Bounding Box Routability of MCCl-75 4-via Leftover. 
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Figure 4.10: Outside Bounding Box Routability of MCC2-75 4-via Leftover. 
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Figure 4.11: Outside Bounding Box Routability of MCC2-45 4-via Leftover. 

The plots describe the number of nets which are still unroutable after a detour 

is introduced. The curves show the improvement on the routability when the 

maximum allowed number of vias between detour points increases. Consequently, 

the total number of vias allowed in the detour nets is 2 more than what is shown in 

the plots. This is due to the 2 additional detour points. These results also suggest 

that the detour increases the potential for routing the previously unroutable nets 

when 3 or more vias are added for routing. 

4.6 Complexity Analysis 

In this section, space and time complexity of both the EPTM and FEPT are 

analyzed. When evaluating a single net, the algorithmic complexity of both EPTM 

and FEPT depends on the distance between the terminals as well as the maximum 
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number of allowed vias to use. 

Suppose that m and n are the width and the height of the net's bounding box, 

respectively. The space complexity is roughly obtained as follows. In EPTM, a net 

requires two 2-D arrays of length n representing the column inside the bounding 

box. Each array is a 2-D structure of v width. This yields two arrays of size 

(f + 1) X n, representing the odd and the even columns, respectively. Thus, the 

space complexity of the EPTM is 

0 (2(y  +  l )n)  

where v is the maximum number of allowed vias. The time complexity of EPTM 

is 

0 { { v  +  l ) m n )  

When EPTM runs, each column of the bounding box requires (u -f 1) x n calcula

tions. This is progressing in n steps to get the result. 

The FEPT has an advantage over EPTM when the virtual grids are successful. 

The best scenario for the FEPT is when it finds solutions in the first iteration. The 

space complexity in this case is given by 

0(2{. + l)j) 

where d  is the skip value of the virtual grids given by Eq. 3.17. The time complexity 

at this best scenario is 

0 { { v  +  l ) - ^ )  

Although in practice the time complexity of FEPT is data dependent. The worst 

case scenario that the FEPT could expect is to find the fact that the net turns out 

to be unroutable. In this Ccise, FEPT must iterate the process for d times. This 
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turns the time complexity of FEPT to 

0{{v  +  1)2)  

where z = Zto 
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CHAPTER 5 

CONCLUSION 

A new method of measuring routability has been presented in this dissertation. 

The method has made it possible to measure the routability of nets in the presence 

of arbitrary obstacles. As far as the author is aware, it is the first in the area 

of physical design that such a measure can be performed for general area routing 

problems. The heart of the dissertation by virtue is the discovery of the applicabil

ity of Pascal's Triangle for counting the number of possible Minimum Recti-Linear 

Paths (MRLPs) between two terminals of a net. This includes extension of Pascal's 

Triangle to obtain 

• the number of possible MRLPs between two terminals, 

• the number of possible MRLPs between two terminals containing routes with 

a certain number of allowed vias, 

• fast evaluation of the possible existence of MRLPs between two terminals 

containing routes with a certain number of allowed vias. 

The method has gone through several theoretical developments that result in sev

eral algorithms for measuring the routability. The Obstructed Pascal's Triangle 

Method (OPTM) was the first version beyond the classical Pascal's Triangle that 

considers the presence of arbitrary obstacles for calculating the number of MRLPs. 

The Extended Pascal's Triangle Method (EPTM) extends the OPTM by adding 

the ability to limit the number of vias in the MRLPs during the measurement. 

Both OPTM and EPTM precisely determine the number of MRLPs with the ex
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pense of large space and time during the calculation. The FEPT improves the 

timing performance by searching for, whenever possible, a subset of solutions by 

skipping the majority of grids between the two terminals. 

Testing of the routability measure has been conducted on several popular MCM 

benchmarks. The tests were arranged to observe the routability of multinets prob

lems focusing on the top layer of the routing planes. The results have shown 

that both EPTM and FEPT have been able to identify the nets which are poten

tially routable and those which are unroutable when the MRLP scheme is used. 

Both have the ability to measure the potential routes using a restricted number of 

bends/vias. In addition, EPTM identifies precisely the number of possible routes 

for each of the potentially routable nets. On the other hand, FEPT offers a faster 

evaluation on the existence of MRLPs. 

Observing the number of routable/unroutable nets, the EPTM and FEPT con

firm that a maximum 4-via MRLP is sufficient for most nets to be potentially 

routable in MCM general area routing problems. The results also uncover that 

increasing the number of vias does not improve the routability unless detours are 

introduced. Testing outside the bounding box for routability has also shown that 

detours do improve routability when the number of vias between detour points is 

3 or greater. 

Beyond the nets routability measure there is a lot left for future investigation. 

The next topic is to incorporate the interaction among the potentially routable nets 

so that the measure can be used further for predicting the layout routability. The 

routability which includes the interaction between nets remains an open question 

for general area routing problems since the interaction depends largely on the way 

the router solves the routing problems. Although numerous routers are available 

in physical design and some are devoted to routing nets in a general area fash
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ion, tlie selection of the nets competing for the same routing grids is still largely 

based on heuristics. They are in some way analytically difficult to characterize. 

Therefore, it is naturally sensible to turn to a probabilistic approach to deal with 

the net interaction. A very preliminary idea of using this approach is presented in 

Appendix C. 
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APPENDIX A 

DETAILED COMBINATORIAL ANALYSIS OF MRLP 

T(t,u) I 

A 

S(r,s} 

I r 

001 moo 

Figure A.l: An MRLP and It's Binary Sequence Representation 

A.l Proof of Theorem 1 

The MRLP connecting a net from S{r,s) to T{t,u) can be viewed as a binary 

sequence of length m+n, where m = |t —r| and n = |u —s|. This sequence contains 

m Os and n Is. Theorem 1, which is also known as "the north-east paths" theorem, 

states that the number of possible MRLPs for a net is given by 

Proof: 

Each MRLP is a binary sequence of length m + n. Thus the number of possible 

MRLPs is equal to the number of combinations containing m Os and n Is out the 

m + n binary sequence. q.e.d. 
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A.2 Proof of Theorem 2 

Not all of the available MRLPs are desirable for routing purposes and thus 

finding a way to count the MRLPs that contain a certain number of vias/bends 

is a valuable proposition. Let W^{Tn,n) denote the number of MRLPs connecting 

S(r, ,s) and T{t,u) containing v number of vias (v > 0). Again m = — r| and 

n = |u — s|. Theorem 2 states that 

The goal is to find the number of sequences containing v  transitions. As shown in 

Chapter 3, it was observed that (a) if v is odd then the binary sequences start with 

0 and end with 1 and vice versa, (b) if v is even then the binary sequences start 

with 0 and end with 0 and vice versa. 

Case 1 { v  is odid): 

Consider the sequences that start with 0 and end with 1, (000....01..11). In each of 

these sequences, right before reaching the trailing Is, there is a single last transition 

from 0 to 1. The intermediate spaces in the leading Os serve as the place for the 

remaining u - 1 transitions. There are {v - l)/2 0 to 1 that can be placed in the 

m — 1 available spaces between the Os. There are 

ways to choose these places. To fill in these places, the Is sequence needs to be 

broken down into {v — l)/2 parts which can be done in 

if V is odd. 

W ^ { m ,  n )  =  <  (A.2) 

Proof; 
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ways. And thus there will be 

m - 1 
u- l  

2 

sequences that start with 0 and end with 1. 

The same reasoning applies to the sequences that start with 1 and end with 0. 

Case 2 {v is even): 

Consider a sequence (0...0). There are always at least 2 transitions, i.e. a leading 

0 to 1 transition and an ending 1 to 0 transition. The number of transitions from 

0 to 1 will be u/2. To create 1 to 0 transitions, there are m — 1 spaces in between 

the Os sequences that need to be filled with v/2 parts of Is. This can be done in 

ways. Except for the last one, there are { v  -  2)/2 parts of 1 spaces transitions from 

1 to 0. To break the train of is into {v — 2)/2 parts can be done in 

ways. The same reasoning applies when the sequences are (1...1). So finally the 

number of MRLPs containing v number of vias {v even) is 

q.e.d. 

A.3 Proof of Theorem 3 

When calculating W ^ { m ,  n )  there is a maximum value of v  which depends on 

the value of m and n. In other words, the maximum number of vias that the net 
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can have depends on how far apart the terminals are. Theorem 3 states that the 

maximum number of vias that a net can have is given by 

2 m  — 1, if m = n, 

V { m , n )  =  <  (A.3) 

2xMin(m,  n) ,  o therwise .  

Proof: 

Similar to the earlier proofs, each MRLP can be viewed as a binary sequence of 

length m + n which contains m Os and n Is. 

Case 1 { m  =  n ) :  

If m = n then the maximum number of transitions happens when 0 and 1 alternate 

in the sequence. The sequence that starts with 0 will end with 1 and vice versa. 

Consider now the sequence that starts with 0. In this sequence, each of the Is 

represents 2 transitions except for the last 1 which represents only 1 transition. 

Thus the number of transitions in this sequence is 2n — 1 = 2m — 1. Similarly with 

the sequence that starts with 1. 

Case 2 { m  ^ n ) :  

Consider m  >  n .  The maximum number of transitions is obtained when each of 

the is is in between Os. In this case each of the Is represents 2 transitions or in 

other words the maximum number of transitions is equal to 2n. If n > m then the 

maximum number of transitions is 2m. So if m ^ n then the maximum number of 

transitions is 2xMin(77i, n). q.e.d. 
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APPENDIX B 

CALCULATION OF MINIMUM RECTILINEAR PATHS 

This chapter extends the applicability of OPTM/EPTM to solve various the

oretical problems. They are all combinatoric and contain cases of finding MRLPs 

between two points involving some additional points in between. These problems 

are not related directly to the physical design. However, they are theoretically 

interesting to show the applicability of OPTM/EPTM to problems that are ana

lytically difficult. 

As shown in the Appendix A, combinatorial analysis can easily be used to solve 

simple routability problems, such as 

• Finding the number of MRLPs between two points 5(r, s )  and T { t ,  u ) .  

• Finding the number of MRLPs between two points 5(r, s) and T { t ,  u )  that 

g o  ( o r  d o n ' t  g o )  t h r o u g h  I { i J )  w h e r e  r  <  i  < t  a n d  s  <  j  <  u .  

• Finding the number of MRLPs between two points 5(r, s) and T(t,u) con

taining V bends. 

However, the analytical approach becomes increasingly difficult as the number of 

points involved Increases. This is obvious when the number of points to consider 

between S and T is two or greater. 

The OPTM and EPTM have some room for extensions to cover the problems 

that seem to be difficult for the combinatorial analysis. These problems include 

• Finding the number of MRLPs between two points that go through several 



90 

intermediate points and avoid some other intermediate points. 

• Similar to the above but consist of a certain number of bends. 

B.l The Two-Way TPTM 

The TPTM presented in Chapter 3 calculates the number of MRLPs using the 

traditional Pascal's triangle. The method calculates the Pascal's triangle entries in 

one direction starting from S and finishing in T. When the calculation is completed, 

the entry that corresponds to T reveals the number of MRLPs from S to T. Suppose 

now that another TPTM is applied in reverse direction from T to S and the entries 

are combined with those from 5 to T. The result is a 2-D entry representing the 

number of MRLPs from S to T that go through every grid in between. 

T(t,u) 

S(r,s) 

Figure B.l: The Two-Way TPTM 

A small example shown in Fig. B.l describes a technique which will be referred 

to  as  Two-Way TPTM.  I t  needs  0 (2mn)  ca lcu la t ions  to  comple te ,  where  m =  [ t—r |  

and n = |u — s(. The entries in white represent 5 to J" TPTM and those in grey 
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T(t,u) 

Sa5^y;:;b;-;5=: 
1 K..C] 1 1 vssr-l 1 V.K:;: 
^  v . |  1  vu; j  1  \s , . |  1  V 

1 

S(r,s) 

Figure B.2: The Two-Way OPTM 

represent T  t o  S  TPTM. Recall that this is similar to applying Eq. 3.4 to every 

grid point inside the bounding box S — T. Multiplying the two entries representing 

a particular grid point will yield the number of MRLPs that pass through the 

grid point. The TPTM can actually be applied from both directions up to the 

e n t r y  r e p r e s e n t i n g  t h e  g r i d  p o i n t  i n  q u e s t i o n .  I n  t h i s  c a s e ,  i t  w i l l  n e e d  o n l y  0 { m n )  

calculations. This is clearly not an efficient approach to replacing Eq. 3.4. However, 

it will be more useful when there are some avoidance involved in the calculation, 

such as shown in the next section. 

B.2 The Two-Way OPTM and The Two-Way EPTM 

Similar to Two-Way TPTM, the Two-Way OPTM will result in an array of 

solutions containing the number of MRLPs passing through each unblocked entries 

between 5 and T. Using this technique, the number of MRLPs that go through a 

certain point while avoiding some other points can be easily be obtained. A small 

2 ^ 
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example similar to the previous one is shown in Fig. B.2. The entries in black are 

the ones to avoid. Extending Two-Way OPTM, the Two-Way EPTM will yield a 

similar result with the additional restrictions on the number of bends/turns to use. 

The MRLPs will contain bends/turns ranging from 0 to where v is the limit of 

bends/turns set for each direction. 
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APPENDIX C 

EXPECTED ROUTABILITY PREDICTION 

Chapter 3 laid the theoretical foundation for calculating the number of possible 

routes of a net in a general area routing environment. When dealing with a multinet 

layout, the proposed method results in a valid measurement for those which are 

absolutely unroutable. In other words, the nets which were found to be unroutable 

will not find any MRLP in the presence of terminals of the given netlist. For other 

nets, which were found to be potentially routable, their realization remains to be 

seen as to whether they are really routable. This of course depends on the kind 

of router that will be used for routing the nets in question. In real layouts, any 

net which is not in a straight line will need a realization that adds blockage to the 

routing plane. For example, a 1-via route type will need 1 via blockage at one of the 

conjugate corners plus some segments along the perimeter. To successfully layout 

a net, it is necessary to consider the competition among potentially routable nets 

sharing the same routing space. Selection has to be managed in a such way that 

some optimal criterion can be obtained. This depends absolutely on the router. 

Numerous routers are available in physical design and some of them are de-

I I I 

SI 

I -#• 
S2 S2 

Figure C.l: Route Interactions of Two Simple Nets. 
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voted to routing nets in a general-area fashion. Most of these routers employ 

heuristic techniques due to the NP-complete nature of the problem. Therefore, it 

is extremely difficult to analytically characterize these routers. In this sense, it is 

natural to turn to a probabilistic approach in order to predict the routability. 

C.l Nets Interaction. 

Fig. C.l shows the three views of possible routes of two nets 51 - T \  and 

S2 - T2. Obviously, both nets are potentially routable. Each has two possible 

routes as no blockage appears in the bounding box. Independently, there will be 

a total of four possible routes. However, when routing the two nets on the same 

plane, it will be necessary to consider one invalid combination of the routes, that is 

when both nets go through grid point A. For this reaison, it is important to include 

the effect of routing that one net may have on others. One possible solution to the 

net interaction is to put a probabilistic measure on the grids shared by the two 

nets. In this case, grid point A is considered. 

C.2 Probabilistic Obstruction and Expected Pascal's Tri-

From Eq. 3.8, recall that Pascal's Triangle entry which corresponds to grid (i, j) 

is given by 

angle 

P ( i , j )  =  0 { i , j )  (F(i +  P ( i , j  -  1)1 (C.1) 

where 

0 { i , j )  =  <  
1 if (i, j) is free, 

(C.2) 
0 otherwise 
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These equations assume that there is a deterministic obstruction at grid point { i , j )  

which is represented by 0{i,j). In the above example, the obstruction at grid A is 

not deterministic. When considering net 51 — Tl, grid point A will be occupied 

by net 52 — T2 with a certain probability. 

Then each entry representing each grid inside the bounding box 51 - Tl can be 

considered as a random variable with a certain probability. The number of possible 

routes at terminal Tl can then be obtained by calculating the expected value of 

t h e  r a n d o m  v a r i a b l e  r e p r e s e n t i n g  T .  

Using this approach, the direction of predicting routability for general area 

routing problems can be foreseen. However, further research needs to be done to 

set up random variables representing grid points and to validate the dependency 

among nets. 
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APPENDIX D 

RANDOM NETLIST GENERATION 

Shown below is the algorithm for generating a random netlist from a known 

netlist. The algorithms retain the coordinates of all terminals. However, the pairs 

that forms the nets are switched randomly. This algorithm was used for generating 

random data set for testing the EPTM. 

Algorithm: Randomize Netlist 

Input: A two-terminal netlist. 

Output: A new netlist containing nets formed by random pairs of terminals 

from the input netlist. 

Let: SList = TList = NULL. 

Begin 

Foreach Net of nets in NetList 

Append first terminal of the Net to SList', 

Rn = GetARandomNuTnber[0 : 1]; 

If Rn > 0.5 Then 

Append the second terminal of Net to TList, 

Else 

Prepend the second terminal of Net to TList, 

End 

End 

Result: Create a new netlist by putting in pair a terminal in SList and 

a terminal in TList of the same order. A net can not have terminals 

with equal coordinate. If they do then repeat the randomization. 

End 
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APPENDIX E 

DETOUR GENERATION 

Detours are used by the EPTM/FEPT for measuring the routability outside 

the bounding box. The algorithm for generating the detour is presented below. In 

general, the algorithm searches for a set of detour points (see Section 3.7) located 

away from the terminals. It then selects a pair of detour points based on Theorem 7. 

The input to the algorithm is a netlist containing all nets including those which 

were found to be unroutable. The output is a list of detour nets for the unroutable 

nets. 

The detour strategy is described in Fig E.l. The net i s  S  —  T  whose bounding 

box is shown in dark grey. Clearly the net is unroutable due to the existence 

of obstacles A and B. To generate a detour, the algorithm first determines the 

neighboring obstacles which directly block the terminals outside the bounding box. 

As shown in Fig E.l, terminals C, D, E, and F are the closest neighbors to S and 

T .  

Obviously, si, s2, tl and t2 are available as detour -points for the net in question. 

Their relative positions to S and T will be used to refer as the type of detour points: 

• type si is below S  

• type s2 is next to S  

• type t l  is over T  

• type t 2  is next to T  
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(b) 
Figure E.l: Detour selection based on Theorem 7. 
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Figure E.2: Data Structure for a Detour Generation. 

Along with the original terminals, the above detour points will have 7 possible pairs 

which are available for detour. In this case, the algorithm will only choose between 

two, i.e. S — si - tl - T and S — s2 — t2 — T. In Fig E.l, the bounding boxes 

enclosing the detours si — and s2 —12 are drawn light grey. Based on Theorem 7, 

s i  —  i l  i s  t h e  o b v i o u s  c h o i c e  f o r  d e t o u r  f o r  t h e  n e t  S  —  T .  

The data structure for the detour generation is similar to the one used for the 

EPTM and FEPT. It is shown in Fig. E.2 along with the terminal locations of a 

small netlist. The nets going North East (NE nets) and North West (NW nets) are 

stored in two different linked lists, the NE Net List and NW Net List, respectively. 

Terminals are sorted by column and kept in a linked list called the Terminal List. 

An index is also used to identify the Terminal List according to the column number. 

This index is called Column Index. 

The NE nets and NW nets are processed simultaneously using two lists called 

ActiveE List and ActiveW List for bookkeeping. In the first pass, the Terminal 
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List is scanned from left to right to see whether the terminal is 

(a) a source terminal of an NE net, or 

(b)  a  ta rge t  t e rmina l  o f  an  NE ne t ,  o r  

(c) a source terminal of an NW net, or 

(d) a target terminal of an NW net. 

A blockage located to the North or to the South of the terminal can be directly 

obtained from the Terminal List and thus detour points of type si and tl can also be 

determined easily. When scanning hits (b) or (c), the net that the terminal belongs 

to will be placed in the ActiveE List or ActiveW List, accordingly. Subsequent 

encounters with any terminal in the scanning process will need to check for the 

nets' vertical positions in the ActiveE and ActiveW Lists. A match in vertical 

position means that the terminal is a blockage. This can used to determine the 

detour point of type s2 or t2. The detour point is type t2 if the corresponding net 

is in ActiveE List and it is type s2 if the corresponding net is ActiveW List. At 

the end of scanning the Terminal List, all nets in ActiveE List will have all the 

detour points except type s2 and all nets in ActiveW List will have all the detour 

points except type t2. The second pass of the algorithm will determine the rest of 

the detour points by scanning the Terminal List from right to the left. Once they 

are all completed. Theorem 7 is applied to choose the detour that travels through 

si — t\ or s2 — t2 for each net. 

Algorithm: Multinet Detour Generation 

Input: NetList containing unroutable nets. 

Output: A new netlist containing detour nets. 

Let: TerminalList = sorted list of terminals of NetList; 
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ActiveNEList = NULL; ActiveNWList = NULL. 

Begin NE Scanning 

Foreach Terminal in Terminal List 

Foreach TargetTerminal in ActiveNEList 

If VerticalPositionOf(Terminal) equals VerticalPositionOf(TargetTerminal) 

Then Set detour point t2 in the NetOf(TcirgetTerminaI); 

End 

End 

Foreach SourceTerminal in ActiveNW List 

If VerticalPositionOf(Terminal) equals VerticalPositionOf(SourceTerminal) 

Then Set detour point s2 in the NetOf(SourceTerminal); 

End 

End 

Switch Terminal 

In Case Terminal is Source of an NE Net Then 

Set detour point al in the NetOf{TargetTerminal); 

End 

In Case Terminal is Target of an NE Net Then 

Set detour point <1 in the NetOf(TargetTerminal); 

PutlntoActiveNEList (NetOf(TerTnina/)); 

End 

In Case Terminal is Source of an NW Net Then 

Set detour point si in the NetOf(T£irgetTerminal); 

PutIntoActiveNWList(NetOf(Termina/)); 

End 

In Case Terminal is Target of an NW Net Then 

Set detour point t\ in the NetOf(TargetTerminal); 

End 
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End 

End 

End 

Begin NW Scanning 

This part is similar to NE Scanning. The only different is that scanning the 

Terminal List is in reverse direction to find detour points s2 of NE nets and 

t2 of NW nets. 

End 

Results: Use Theorem 7 to select detour of each unroutable nets, write the results 

and append the routable nets. 
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