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ABSTRACT 

A new multilayer, general-area, multichip module(MCM) routing algorithm. 

called MCG, is introduced. The algorithm differs from other MCM routers in the 

way that the routes interconnecting the nets are constructed. Some routers per

form the routing net-by-net and others extend the routes piece by piece during the 

routing process. The MCG router takes a more global approach by constructing a 

small number of candidate routes for each net, building a compatibility graph for 

the candidate routes and reducing the graph to yield a routing solution. Due to this 

unique way of performing the routing, the MCG router offers several outstanding 

features. First, it performs the routing of the nets simultaneously. Therefore it is 

not subject to the net ordering problem. Second, it can give the designer the flex

ibility of selecting the topology of routes for the nets to be routed, which is almost 

impossible for other algorithms. Third, it offers a natural way to incorporate the 

electrical constraints into the routing process, which is absent or hard to handle in 

other algorithms. The timing constraint can be incorporated easily by constructing 

the candidate routes of the net according to the requirements of the design; and 

the compatibility test of the candidate routes can be used to estimate the crosstalk 

between the routes from different nets, which make the crosstalk estimation more 

sophisticated than the other techniques. Compared with other MCM routers, the 

MCG router produces better quality routing solutions in terms of number of layers, 

number of vias, total wire length and routing density. In addition to the applica

tion in the area of MCM routing, the MCG algorithm can also be applied to high 

density PCB routing problems. 
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CHAPTER 1 

INTRODUCTION 

The integrated circuit (Ie) has evolved from small scale integration (551) in the 

1960's to today's very large scale integration (VL5I). The number of transistors 

on a single chip has grown from 30 to more than 3 million. The performance of 

the Ie's has been increasing at an exponential rate together with the decreasing 

of their cost. All of these rapid improvements in integration technology have been 

made possible by the improvements of the various techniques involved in design 

and fabrication of VLSI chips. 

However, the fast speed of improvement in performance of the IC's has not been 

matched by the packaging and interconnection technologies. In conventional pack

aging technology, bare dies are packaged into plastic or ceramic packages. These 

packages are then mounted onto printed circuit boards (PCBs). The interconnec

tion between chips is made on the boards. It has been shown that the interconnect 

density on PCBs is at least one order of magnitude lower than the interconnect 

density at the chip level. Therefore, the interconnection length between the chips 

is long, which means long propagation delays. For high performance systems, long 

propagation delays are unacceptable. 

A higher performance packaging and interconnection approach is needed to 

meet the requirements of high performance systems. One alternative approach is 

the multichip module (MCM) technology, which eliminates the single chip package 

by mounting the bare chips (dies) directly onto the routing substrate. The inter

connections between the chips are routed on this common substrate. The pitch size 

of the substrate in MCM technology is much smaller than that of PCBs, so a much 

higher density of interconnection wires can be achieved. Since the chips typically 

occupy only one tenth of the area of single chip packages, they can be easily placed 

closer together in an MCN!. This provides for both higher density assemblies as 
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well as shorter and faster interconnects. 

The MCM technology offers advantages over the conventional PCB technology 

in the following ways: 

1. System size and weight are greatly reduced due to the elimination of the 

single-chip package. 

2. Multichip packaging contributes to reduced interchip signal delays because 

of the much shorter length of the interchip connection, which helps to increase the 

clock speeds of the system, hence improve the performance of the system. 

3. MCMs can provide reduced power consumption. Typically, a large portion of 

the total power consumption of a chip is due to the off-chip drivers. These drivers 

are typically large, since they are required to charge or discharge the large capaci

tive loads presented by interchip connections. The sizes of off-chip drivers can be 

reduced, since the loads to be driven are smaller in MCMs. These modifications at 

the chip level can lead to considerable reduction in the overall power consumption. 

\Vhile MCMs provide a number of significant advantages over conventional 

packaging, they also introduce some difficulties in design, manufacturing and test

ing. Physical design is a very significant part of the system design process. Broadly 

speaking, physical design is the process of laying out the components of a system 

and establishing electrical connections between them, subject to various physical, 

electrical and thermal constraints. 

VLSI and PCB physical design algorithms have been a very important field of 

research in the past 20-30 years. These algorithms have contributed significantly 

to the rapid improvements of VLSI chips and the systems. 

Even though the steps in the physical design cycle of MCMs are similar to 

those in the PCB and IC design cycle, the design tools for PCBs and ICs cannot 

be directly used for MCMs. This is mainly due to the fact that MCM layout 

problems are different from IC layout or PCB layout problems. The existing PCB 

design tools cannot handle the dense and complex wiring of MCMs. On the other 
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hand, IC layout tools are inadequate to solve the MCM layout problems due to 

the fact that they have different geometrical and eiectrical constraints. As a result. 

the lack of CAD tools for MCMs is hindering further development. In order to 

maximize the benefit of using MCMs, CAD tools developed specifically for y!CMs 

are needed. In fact, a number of CAD vendors and researchers at universities 

are now involved in developing N!CM-specific approaches and design tools. Some 

progress has been achieved in the area. 

The physical design cycle of an MCM has been divided into three steps: 

1. Partitioning: The first task is to partition the given circuit into subcircuits. 

such that each subcircuit can be fabricated on a single chip and the number of 

sub circuits is less than or equal to the number of chips that the MCM can carry. 

2. Placement: The placement step is concerned with mapping the chips to the 

chip sites on the MCM substrate. The placement affects the efficiency of the next 

step - routing. 

3. Routing: After the chips have been placed on the chip sites, the next phase 

of the MCM physical design process is to connect these chips as specified by the net 

list. The objective of minimizing routing area in IC design is no longer valid in the 

MCM routing environment. Instead, the objective of MCM routing is to minimize 

the number of layers, because the cost of an MCM depends on the number of 

layers used. Due to the fact that the interconnection wires involved in MCMs are 

much longer than that of IC's, crosstalk between the wires becomes an important 

consideration which is not of as much concern in IC layout. The MCM routing 

problem can be viewed as a truly three-dimensional problem because the number 

of layers used for routing can range from only a few to as many as several tens. 

The goal of this research was to develop a new algorithm for the MCN! rout

ing problem and provide the mechanism for the incorporation of the electrical 

constraints into the routing process. The new routing algorithm named MCG 

(Multi-candidate Compatibility Graph) has been shown to be able to produce high 

quality routing solutions for some of the very challenging MCN! benchmarks. and it 
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has the ability to offer several outstanding features such as the flexibility to choose 

topoiogies for the nets and a natural way to incorporate the eiectricai constraints 

into the routing process~ which are crucial to the success of the routing algorithm. 

And this work can also be applied to high density PCB routing problems. 

Prior routing algorithms proposed for MCMs are discussed in the next chapter. 

The details of the new routing algorithm are described in Chapter 3. Chapter 4 

presents the test results of the algorithm on a number of MCM examples including 

the industrial benchmarks from MCC (Microelectronics and Computer Technology 

Corporation). One of the benchmarks contains 37 VHSIC gate arrays, over 7000 

nets, and over 14000 pins. The test results have shown that the newly developed 

algorithm can produce better routing solutions than the other algorithms. A new 

layer balancing algorithm which distributes the nets uniformly among the layers 

is introduced in Chapter 5. Finally~ the conclusion and discussions of future work 

are presented in Chapter 6. 
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CHAPTER 2 

BACKGROUND 

U nIike the VLSI routing environment where the routing area is naturally de

composed into channels and switchboxes, the MCM routing environment consists 

of the entire multilayer substrate beneath the chips with the exception of some 

obstacles such as thermal vias, distribution vias, etc., which make the MCM rout

ing problem truly three-dimensional. The objective is minimization of the total 

number of layers since the cost is directly related to the number of layers used. 

Also minimization of the total number of vias and the total wire length is required. 

In addition~ electrical constraints such as crosstalk effect, which are usually ig

nored in VLSI routing, must be taken into consideration because of the length 

of interconnects in MCMs. In general, the VLSI routing tools are inadequate for 

MCM routing. Meanwhile, most existing PCB routing tools cannot handle the 

MCM routing problem because of the higher packaging density of MCMs. As a 

result of the above, there is a need for new routing algorithms to meet the specific 

requirements of the MCM routing problem. 

The overall quality of a routing solution can be measured in terms of the number 

of layers, the number of vias. the total wire-length, and the satisfaction of electrical 

constraints such as timing constraints and crosstalk avoidance. The number of 

layers, the number of vias and the wire-length affect the cost and performance of the 

package. Vias tend to degrade the performance of the system since they introduce 

discontinuities. In addition~ long interconnects cause delay problems which may 

result in violation of the timing constraints. The delay model of the transmission 

line can be used to estimate the time-domain response of the interconnects. The 

crosstalk effect can be addressed by limiting the parallel length of two signal wires 

which run next to each other in the same layer or in adjacent layers. 

In the following sections, we discuss previously proposed algorithms including 
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the 3-D Maze router, the M2R router. the SLICE router, the V4R router. the 

V 4CMRA fOuter, the SURF router and the layer assignment before routing ap

proach. Their characteristics, merits and drawbacks are discussed. 

2.1 3-D Maze Router 

The Maze routing algorithm was first introduced by Lee in L961 [28]. The 

algorithm can be used to find an optimal path between two points in a rectangular 

grid while avoiding the obstacles along the way. It is basically a breadth first search 

algorithm. It has been widely used in the global routing phase in single-chip VLSI 

routing. 

The 3-D Maze routing algorithm [181 extends the Maze routing algorithm from 

planar space to three dimensional space to fit the MCM routing environment. It 

is relatively easy to implement and commonly used by commercial routing tools. 

However, it suffers from several problems. First, the algorithm routes net-by-net, 

so the quality of the whole routing solution is subject to the ordering of the nets, 

and there is no known effective algorithm for determining a good ordering for the 

nets. Second, the computation time is long due to the need for searching all of the 

available grid points and it has large memory requirements to store the information 

about the entire 3-D routing grid. Third, it tends to use a large number of vias 

because some nets are routed using many different layers. Finally, the methodology 

of routing net-by-net makes global optimization difficult, if not impossible. 

M2R was developed by Cho, et al. [61 [35]. It first uses a few layers to uniformly 

redistribute the closely positioned pins to relieve the congestion around the chips. 

It then routes the signal nets in additional layers using a combination of single-layer 

and x-y routing. The single-layer routing approach places the wires for the entire 
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route for the net on one routing plane: the x-y routing approach routes the nets 

on two adjacent layers at a time, with one iayer used for horizontal wires and the 

other used for vertical wires. The critical nets are routed on single-layers and the 

less critical nets are then routed on x-y layer pairs. The routing is performed on 

a net-by-net basis and the order of the nets is determined by a linear combination 

of the estimated congestion, net length and priority. The routing technique used 

is called the density algorithm. The basic motivation of the density algorithm is 

to find the shortest path for the net, while avoiding routing it through congested 

areas by forcibly introducing a detour in the path. 

In cases where the the spacing of the pins of the chips is different from the 

spacing of the grid points in the signal distribution layers, pin redistribution can be 

used to match the pin and grid spacing. While in other cases the pin redistribution 

may help to reduce the number of layers and number of vias. The routing algorithm 

of M2R is still a version of maze routing. Hence, it is subject to the problems of 

maze routing. 

2.3 SLICE Router 

SLICE was developed by Khoo and Cong [26J. The SLICE router performs the 

routing on a layer by layer basis, with primarily planar (single-layer) routing in 

each layer. In the planar routing process, SLICE tries to connect as many nets as 

possible in the layer. It scans the whole routing region column by column from 

left to right. In each adjacent column pair, the nets which have one terminal on 

the left hand side and the other one on the right hand side of the current column 

pair is considered to assign a path which extends from the left column to the right 

column on the condition that paths from different nets do not cross each other. 

It calculates a maximum weighted non-crossing matching to select paths among 

all the possible paths for the nets under consideration to maximize the number of 

connections. The planar routing process is repeated until the rightmost column on 
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the layer is reached. After routing on one layer is finished. the nets which cannot 

be routed in the current layer are brought down to the next layer. This process 

repeats until all the nets are routed. 

SLICE is 6 times faster and uses 29% fewer vias, compared with the 3-D Maze 

router on the MCC benchmarks. Because the planar routing cannot route enough 

nets, SLICE still uses a two-layer maze router after each planar routing phase to 

route the unrouted nets, so as not to use too many layers. Thus, it suffers some 

of the problems that the maze router faces such as long computation time, large 

memory requirement and additional vias. 

2.4 V 4R Router 

The V 4R router was also developed by the authors of SLICE, Khoo and Cong 

[24] [25]. Unlike SLICE, which mainly performs the routing in a single-layer, V4R 

takes the x-y routing approach. For each layer pair, the router divides the rout

ing region into channels and processes channel by channel from the left to the 

right. Inside each channel, the router extends the routes of the nets under con

sideration by assigning them to appropriate horizontal or vertical tracks. It uses 

some optimization techniques, such as maximum weighted matching and ma.ximum 

weighted k-cofamily, to maximize the track assignment. Once the rightmost chan

nel is reached, unrouted nets are propagated to the next layer pair and the process 

is repeated until all nets are routed. One impressive characteristic of V4R is that 

it only allows four or fewer vias for each two-terminal net. The authors state that 

the four-via routing offers sufficient flexibility to complete the route, and yet avoid 

using too many vias. 

V4R, like SLICE, is independent of net ordering. It runs 3.5 faster, uses 9% 

fewer vias, 2% less wire length and fewer routing layers than SLICE on the MCC 

benchmarks. The problem with V4R is that it is difficult to incorporate the elec

trical constraints into the optimization process. Also, it will be shown that the 
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number of vias, the total wire length, and the number of layers can be further 

reJuct:!J. 

2.5 V4CMRA Router 

V 4CMRA was developed by Miyoshi et at. [32], in an attempt to bring crosstalk 

consideration into a V 4R-type of router by limiting the parallel length of two lines 

running next to each other. It quickly produces competitive results with the price 

of sacrificing the optimal track assignment. Its track assignment is based on the 

predetermined ordering of nets and it is not an easy task to determine a good net 

ordering. Also, it is not clear how well it will perform in cases where all layers are 

densely routed since the optimal track assignment approach was eliminated. Al

though, they have incorporated crosstalk avoidance measure by limiting the length 

of parallel lines, this is a simplistic manner for dealing with crosstalk and does not 

guarantee an optimal noise tolerant design [17]. 

2.6 SURF Router 

SURF was developed by Staepelaere et al. [42] [10]. It performs the routing 

in three phases: the global routing, the local routing and the transformation from 

topological sketches to geometrical layout. In the global routing phase, it uses 

hierarchical top-down partitioning to iteratively cut the whole routing region into 

small areas called bins until the routing problem inside each bin can be handled 

by the local router. During the partitioning, it produces rough routes for every net 

simultaneously. The local router processes a bin at a time and generates efficient 

topological sketches, called Rubber-band sketches, based on the rough routes of 

the nets. If the rough route of a net to be routed is not confined inside a single bin. 

it only generates a partial sketch for the net, and the partial sketch is extended 

in the processing of other relevant bins to form a total sketch. After all the bins 
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are processed, the Rubber-band sketches are finally transformed into a geometrical 

layout of the wires. 

SURF allows arbitrary angle interconnects and variable width and spacing for 

the interconnection wires. It is difficult, however, for SURF to handle electrical 

constraints because only very simplistic electrical models can be applied to topolog

ical sketches and it is the final geometrical topology which determines the electrical 

properties. It has been reported that SURF is only effective in deposited thin-film 

MCMs where the number of layers for single distribution is usually small (2 layers 

in most cases). The effectiveness of using this router to solve multilayer general 

area MCM routing problems remains unknown. 

2.7 Layer Assignment Before Routing 

One method for MCM routing is first to assign the nets to a specified number 

of layers or layer pairs and then perform the routing in each layer or each layer pair 

[21] [5] [39]. The layer assignment is based on the geometrical locations of the nets, 

and the goal is to minimize the overall interference between the nets. This objective 

can greatly reduce the complexity of the original routing problem since the problem 

of routing on each layer or each layer pair is much smaller. The main problem with 

this method is that the number of layers to be used in the layer assignment must 

be predetermined. There is no good algorithm to estimate the number of layers 

needed. Another problem is that it does not guarantee the routability of the nets 

because the information contained in the geometrical locations of the nets is far 

from enough to tell us which way the nets can be routed. 

2.8 Summary 

The majority of the routing algorithms described above perform the routing 

in such a way that the route for a given net is extended incrementally piece by 
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piece without knowing the whole shape of the route before the completion of the 

routing process. Thus, it is difficult to address eiectricai constraints with any level 

of sophistication during the routing process. Then the designer has to relay on the 

post-routing electrical analysis followed by rip-up and re-route. This process may 

iterate many times, which leads to long turn-around times. 

One possible way to solve the above problem is the constrained multilayer rout

ing. It first generates a two-dimensional route for each net individually without 

considering the other nets. The route can be generated based on the design rules 

and optimization models such as minimum-length Steiner trees [22] and A-search 

trees [41] [5]. After this initial phase, the routes are assigned to different layers to 

solve the conflicts among the routes. This method can produce maximum perfor

mance, but at the same time, may cause too many layers to be used to resolve the 

conflicts and increase the cost. It is usually used to route the critical nets such as 

clock nets to guarantee higher performance and it is hard to use for general nets. 

It is desirable to know the shape of the route for the net beforehand without 

the need to increase the number of layers. In the next chapter, a new multilayer 

MeM routing algorithm will be introduced which has been shown to be able to 

produce high quality routing solutions, while providing the flexibility for integrating 

electrical characteristics into the routing process. 



CHAPTER 3 

THE MCG ROUTING ALGORITHM 

Given a net, there exist thousands of possible routes which could interconnect 

the terminals of the net. Only a small portion of the possible routes are acceptable 

(not necessarily optimal) by some standard, which we call candidate routes. The 

candidate routes for one net may not all be compatible with candidate routes for 

all the other nets in terms of geometrical and/or electrical constraints. Only a 

subset of all the candidate routes may co-exist in the space available for routing. 

An algorithm is needed to find this subset. The goal of this research was to de

velop an efficient routing algorithm based on the consideration of the compatibility 

of a set of candidate routes, which allows a more global approach than the algo

rithms described in the previous chapter. In addition, this approach will allow the 

incorporation of more accurate delay models and crosstalk models. 

In the following discussion of the algorithm, a formal description of the problem 

formulation is given in Section 3.1. An overview of the algorithm is presented in 

Section 3.2. The remaining sections will discuss the ways to construct the can

didate routes, handle multi-terminal nets, construct and reduce the compatibility 

graph (which is used to find the compatible subset of the candidate routes), and 

some post-routing processing techniques used to improve the quality of the routing 

solutions. 

3.1 Problem Formulation 

The MCM routing problem consists of a set of chips, C, a set of nets, N, a set 

of I/O terminals, P, and a multilayer routing substrate for the signal distribution. 

The chips are mounted on the top of the substrate. The pins (pads) of the chips 

and the I/O terminals are brought down to the first signal distribution layer using 
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distribution vias. It is assumed that a Manhattan grid is superimposed on each 

routing layer. The separation of grid points is determined by the design ruies. 

The goal of the router is to complete the interconnection of all the nets using the 

signal distribution layers in the substrate. The output of the routing problem is 

a set of line segments and vias. The vias are used to connect two line segments 

in adjacent layers and to distribute the pins and the terminals to proper layers 

where routing can be performed. The former are called interconnection vias and 

the latter are called distribution vias. The distribution vias can be stacked vias. 

that is they can be stacked on top of each other to let the wire cross a number 

of layers. However, the use of vias should be limited because of the impedance 

discontinuity they introduce in the signal paths. The number of layers required for 

the routing, which is not predefined before routing, should also be minimized to 

decrease the manufacturing cost. The wire length used for interconnection of the 

net should be equal (or as close as possible) to the lower bound of the wire length 

for the net [26] to avoid long propagation delays in the signal paths and to allm". 

increased routing density. Finally, the crosstalk among the routes of different nets 

should be addressed in such a way that it is guaranteed that the signal lines will 

not be falsely triggered. 

3.2 Overview of the MeG Routing Algorithm 

The routing is performed on two adjacent layers (x-y layer pairs) at a time, 

with all horizontal wires running on one layer and all vertical wires on the other 

layer. Adjacent wires on different layers are connected by vias. On each layer pair. 

the router first generates a small number of candidate routes for each net and then 

performs the compatibility test for every pair of candidate routes which results in 

a compatibility graph. Finally, the compatibility graph is reduced to yield a subset 

of routes which are fully compatible with each other. This process may be repeated 

a few times to route as many nets as possible on the given layer pair. Once no 

more nets can be completed on a given layer pair, the next layer pair is used. 



until all the nets are routed. After the routing is completed. some post-processing 

techniques, which include jog removal amI Steiller poillL illserLion can be used to 

further improve the quality of the routing solutions in terms of the number of vias 

and the wire length. 

For convenience, this algorithm is referred to as the MeG routing algorithm. 

which stands for multi-candidate compatibility graph routing algorithm. 

Although the primary focus has been on routing on x-y layer pairs, the MeG 

router is not confined to x-y routing. The MeG routing algorithm is flexible enough 

to perform single-layer routing with only minimal modification. 

3.3 The Candidate Routes 

In this section, the topologies used for the construction of the candidate routes 

are discussed. 

Several terms must be defined before the description of the types of candidate 

routes are presented. The bounding box for a net is defined as the smallest recti

linear box containing all terminals in the net. Assume a grid point in the routing 

area is labeled as (row-coordinate, column-coordinate). The upper, left corner is 

labeled (O,O), the row-coordinates increase from top to bottom, and the column

coordinates increase from left to right. Given a two-terminal net, the terminal 

closest to the left and top is called the source terminal and referenced by (xs, Ys). 

The other terminal is referred to as the target and referenced by {xt, yd. Start

ing from any grid point (x, y), (x, yJeft) is the leftmost point reachable prior to 

reaching the border of the routing grid or an obstacle such as a via. In the same 

way, (x, y.right) is defined as the rightmost point reachable from (Xt, yt} in the 

row x, (x_up, y) is the top-most point and (xJiown, y) is the bottom-most point 

reachable from (xt, yt} in the column y. Given a point (xp, YP), yp_left, yp_right. 

xp_up and xp_down can be found as illustrated in Fig. 3.1. Assume the route can 

only be rectilinear. A route is represented by a series of points such as { (xs, Ys), 
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(Xt, yd, (X2' Y2), ... (Xn, Yn), (Xt, yt} }. The point (Xi, yd i < n is a turning point 

of the route, which represents a jog in singie-iayer routing and a via in x-y layer 

pair routing. There are n jogs or vias in this example route. 

There are two possible relative locations for the source and target terminals: 

one is that the source terminal is located at the top-left corner of the bounding box 

and the target terminal is at the bottom-right position: another is that the source 

terminal is located at the bottom-left corner of the bounding box and the target 

terminal is at the top-right position. In the following discussion, only the former 

case is discussed since the later case is the mirror image of the former. Therefore. 

without loss of generality, it is assumed that for the source terminal (x&, Y&) and 

the target terminal (Xt, Yt) x& <= Xt and Y& <= Yt· 

Obstacles ~r (x_up,y) 
I 

I i (x,y) (x,y right) 
·-----------1----------=·· 

(x,y_left) j \ 

I 
(x_down,y) : ____ Obstacles 

Figure 3.1: Routing Grid and Obstacles 

3.3.1 Type-O Routes 

This type of route is defined as connecting two terminals of a given net without 

any vias. Type-O routes obviously can only occur if the two terminals are on the 

same horizontal or vertical lines and there are no obstacle in between. Only one 
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such route may exist for a given two-terminal net. An example of a type-O route 

is shown in Fig. 3.2. 

Algorithm Type-O..Routes 

Inputs: (xs, Ys) and (xt, Yt) - terminals 

Outputs: TypeORoute - possible type-O route 

Begin 

routeNumber = 0 

If Xs == Xt 

Ify IIJ·ight >= Yt 

TypeORoute = { (XII' YII), (Xt, yd } 
rout eN umber = 1 

EndIf 

Else If Ys == Yt 

If xs_down >= Xt 

TypeORoute = { (XII' YII), (xt,Yd } 

routeN umber = 1 

EndIf 

EndIf 

End 

(Xs,Ys) .... __________ A (Xt, Yt) 

Figure 3.2: Type-O Route 

3.3.2 Type-l Routes 

Type-l routes use only one via to connect the two terminals of a given net. 

This type of route can be constructed along the bounding box perimeter. At most 

two such routes exist. An example of a type-l route is shown in Fig. 3.3. 



Algorithm Type-l.-Routes 

Inputs: (x", y,,) and (Xt, Yt) - terminals 

Outputs: TypelRouteD - possible type-l routes 

Begin 

routeNumber = 0 

If xs_down >= Xt 

If y" >= ytJejt 

TypelRoute[routeNumber] = 

{(xs,y,,),(Xt,Y,,),(xt,Yc) } 

routeNumber = routeNumber + 1 

EndIf 

Endlf 

If y".fight >= Yt 

If x" >= Xt_Up 

TypelRoute[routeNurnber] = 

{(xs,y,,),(xs,yc),(xt,yc) } 

routeN umber = routeN umber + 1 

EndIf 

EndIf 

End 

(Xs,Ys) ---------, 

Figure 3.3: Type-l Route 

(Xt, Yt) 
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3.3.3 Type-2 Routes 

Two vias are used to connect the two terminals of a given net using type-2 

routes. An example of a type-2 route is shown in Fig. 3.4(a). Assuming the length 

and width of the bounding box of the two-terminal net are m and n respectively. 

there are at most (m + n - 2) possible type-2 routes. The construction of type-2 

routes is illustrated in Fig. 3.4(b). 

Algorithm Type-2...Routes 

Inputs: (x." Ys) and (Xt, yt} - terminals 

Outputs: Type2RouteD - possible type-2 routes 

Begin 

routeNumber = 0 

If YtJejt <= ysyight 

For YP = YtJejt to ys_right 

If the grid points from (xs, yp) to (Xt, yp) are unoccupied 

Type2Route[ routeN umber] = 

{ (xs, Ys), (xs, Yp), (Xt, Yp), (Xt. yd } 

routeNumber = routeNumber + 1 

EndIf 

EndFor 

EndIf 

If Xt_Up <= xs_down 

For Xp = Xt_Up to xIS_down 

If the grid points from (xp,Ys) to (xp,yd are unoccupied 

Type2Route[routeNumber] = 

{(xs,ys),(xp,Ys),(xp,Yt),(xt,yd} 

routeN umber = routeN umber + 1 

EndIf 

EndFor 

EndIf 



End 

(Xs,YS) 

L-___ e 

(Xt,Yt) 

(a) An Example of Type-2 Route 

(Xs.YS) (Xs,YsJight) 
L------

1
--,--,-'1 
I I I I 
I I I I 
I I I I 
I I J I . 
I posslblel candidate routes 
I I I I 
I I I I 
I I I I 
--_I __ I __ I ______ ~ 

(Xt, Ycleft) (Xt,Yt) 

(b) Construction of Type-2 Routes 

Figure 3.4: Type-2 Route and Its Construction 

3.3.4 Type-3 Routes 
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Type-3 routes use three vias to connect the two terminals. The routes are 

limited to be constructed within the bounding box of the net and have length 

equal to the Manhattan distance between the terminals. An example of a type-3 

route is shown in Fig. 3.5{ a). There are at most 2 x (m -1) x (n -1) possible type-3 

routes. The type-3 routes are constructed by first selecting a point, (xp, yp), either 

between (x" + l,y,,) and (x,,_down,y,,) or between (x",y" + 1) and (x",y,,_right), 

and then attempting to find type-2 routes between the point (xp, yp) and the target 

(Xt, Yt) as shown in Fig. 3.5{b). 

Algorithm Type-3...Routes 

Inputs: (x", y,,) and (Xt, yd - terminals 

Outputs: Type3RouteO - possible type-3 routes 

Begin 

routeN umber = 0 

For YP = y" + 1 to ysyight 



Type2RouteO = Type-2...Routes((xs, Yp), (xt, yd) 

For i = 0 to number-<>Ltype-:Lroutes.iound - 1 

Type3Route[routeNumber] = { (xs, Ys), Type2Route[i] } 

routeN umber = routeN umber + 1 

EndFor 

EndFor 

For xp = Xs + 1 to xsJiown 

Type2RouteO = Type-2...Routes( (xp, Ys), (Xt, Yt)) 

For i = 0 to number-<>Ltype-2Joutes..found - 1 

Type3Route[routeNumber] = { (xs, Ys), Type2Route[i] } 

routeNumber = routeNumber + 1 

EndFor 

EndFor 

End 

(Xs,Ys) 

(Xt,Yt) 

(a) An Example of Type-3 Route 

(Xs,Ys) 
.... --,-r-r .. 

: : : (Xcup, Yt) 
I I I , 
r~-~------------

I I I L _______________ I 

I 
I 

possible candidate routes I 
• 

(Xt,Yt) 

(b) Construction of Type-3 Routes 

Figure 3.5: Type-3 Route and Its Construction 
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3.3.5 Type-4 Routes 

Four vias are used to construct type-4 routes. These routes are of minimum 

length and constructed within the bounding box. The type-4 routes are constructed 

by selecting a pair of points with either the first point, (xP~Yp). between (x s+ l.Ys) 

and (xs_down, Ys) and the second point. (xq, Yq), between (Xt_up. Yt) and (Xt - 1, yd 

or the first point, between (xs,Ys + 1) and (xs,Ys.Iight) and the second point. 

between (xt,Yt1eJt) and (xt,Yt -1). Then the algorithm attempts to find type-2 

routes between the point (xP,yp) and the point (xq,Yq)' An example of a type-of 

route and the construction of type-4 routes are shown in Fig. 3.6. 

Algorithm Type-4-Routes 

Inputs: (xs, Ys) and (xt, ytl - terminals 

Outputs: Type4RouteD - possible type-4 routes 

Begin 

routeN umber = a 
For YP = Ys + 1 to Ys.Iight 

For Yq = YtJejt to Yt - 1 

If YP < Yq 

Type2RouteD = Type-2-Routes((xs, Yp), (Xt, Yq)) 

For i = 0 to number -DLtype-2JoutesJ"ound - 1 

Type4Route[ routeN umber] = 
{ (xs,Ys)~ Type2Route[iJ, (xt,Yd } 

routeN umber = routeN umber + 1 

EndFor 

Endlf 

EndFor 

EndFor 

For Xp = Xs + 1 to xs_down 

For Xq = Xt_UP to Xt - 1 

If Xp < Xq 



Type2RouteO = Type-2-Routes( (x p, Ys), (Xq, Yt)) 

For i = 0 to number..oLtype-2-foutes.iound - i 

Type4Route[routeNumber] = 
{ (xs, Ys), Type2Route[i]~ (xt, yd } 

routeNumber = routeNumber + 1 

EndFor 

Endlf 

EndFor 

EndFor 

End 

(Xs,Ys) (Xs,Ys) 
... 

(Xt,Yt) 

(a) An Example of Type-4 Route 

....--,-r-r .. 
I I I 
I I I possible candidate routes 
I I I 
r -t- -1- - - - - - T - r-I 
L_I_J ______ l._L_1 

1 1 1 
1 1 1 
I I 1 

t __ J.._L._' __ e 

(Xt, YCleft) (Xt,Yt) 

(b) Construction of Type-4 Routes 

Figure 3.6: Type-4 Route and Its Construction 

3.3.6 Type-5 Routes 

3.5 

Type-.5 routes use five vias to construct minimum length routes inside the 

bounding box of the net. This type of route is constructed by selecting a point, 

(x p, Yp), inside the bounding box, and then attempting to find type-2 routes from 

(xs, Ys) to (xp, Yp) and from (x p, yp) to (Xi: yd. An example of a type-.5 route and 

the construction of type-.5 routes are shown in Fig. 3. i. The use of type-.5 routes 
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is limited because they use more vias than other types. To further reduce vias. 

type-5 routes can be omitted entireiy. 

(Xs,Ys) (Xs,Ys) 
... 

(Xt,Yt) 

.... --r-r-r .. 
: : : possible candidate routes 
I I I 
rl--1----r-r-1 
L_L...! ____ L_L_I (Xcup,Yt) 

I I' • 
, " I 
L_L_L ____ ' , I' , 
I--~-I-----I 

I 
I • 

(Xt,Yt) 

(a) An Example of Type-5 Route (b) Construction of Type-5 Routes 

Figure 3.7: Type-5 Route and Its Construction 

Algorithm Type-5...Routes 

Inputs: (xs, Ys) and (Xt, yd - terminals 

Outputs: Type5RouteD - possible type-5 routes 

Begin 

routeNumber = a 
For xp = Xs + 1 to Xt - 1 

For yp = Ys + 1 to Yt - 1 

Type2RoutelD = Type-2-Routes((xs, Ys), (xp, Yp)) 

Type2Route2D = Type-2-Routes((xp, yp), (Xil yd) 

For i = a to numbeLoLtype-2Joutes..foundl - 1 

For j = a to number ..oLtype-2Joutes..found2 - 1 

Type5Route[routeNumber] = 

{ Type2Routel[i], Type2Route2[j] } 



routeNumber = routeNumber + 1 

EndFor 

EndFor 

EndFor 

EndFor 

End 

3.3.1 Type-X Routes 
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This type of route uses less than four vias to connect two terminals of the given 

net. These routes are allowed to go outside of the bounding box. Therefore, they 

are not of minimal length. The type-X routes are constructed by selecting a pair 

of points with the first point, (xp, Yp), either between (xs_up, Ys) and (xsJiown, Ys) 

or between (xs,ysJ.e!t) and (xs,ysyight) and the second point, (xq,yq), either 

between (Xt_UP, yc) and (Xt_down, yd or between (Xt, ytJ.eft) and (Xh Ytyight) and 

p 
t--------1 Q 

(Xs,Ys) 

(Xt, Yt) 

p 
~-------~ 

(Xs.Ys) 

Q 

(Xt,Yt) 

p 
~--. 

1--._-...., Q 

(Xs,Ys) 

(Xt,Yt) 

pt----~ 

(Xs,Ys) 

Q 

(Xt,Yt) 

Figure 3.8: Examples of Type-X Routes 
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then attempting to find type-2 routes between the point (x p, Yp) and the point 

(Xq, Yq). Examples of type-X routes are shown in Fig. 3.lS. 

Because type-X routes are not guaranteed to have minimum length. they are 

only used in the final phase of routing after the routes with minimum length have 

been considered. The length of type-X route can be reduced by limiting the range 

of the points (xp,yp) and (xq,Yq)' 

Algorithm Type-X..Routes 

Inputs: (xs, Ys) and (Xt, Yt) - terminals 

Outputs: TypeXRouteD - possible type-X routes 

Begin 

rou teN umber = 0 

For xp = Xs_UP to xs_down 

For Yq = yt.left to Yt_right 

TypelRouteD = Type-LRoutes((xp, Ys), (xt, Yq)) 

For i = 0 to number..oLtype-Lroutesl"ound - 1 

TypeXRoute[routeNumber] = 

{ (xs, Ys), TypelRoute[i], (xt, Yt) } 

routeNumber = routeNumber + 1 

EndFor 

EndFor 

EndFor 

For xp = Xs_UP to xs_down 

For Xq = Xt_UP to Yt_down 

If Xp == Xq 

TypeORoute = Type-O-Route((xp,Ys), (xq,yd) 

If number _oLtype-OJoutesl"ound == 1 

TypeXRoute[ routeN umber] = 
{(xs,Ys),(xp,Ys),(xq,Yt),(xt.yd} 

routeNumber = routeNumber + 1 



EndIf 

EndIi 

Type2RouteD = Type-2-Routes((xp, YII), (Xq , yd) 

For i = 0 to number-DLtype-2...routes.lound - 1 

TypeXRoute[routeNumber] = 

{ (XII' YII), Type2Route[i], (Xt, yd } 

routeNumber = routeNumber + 1 

EndFor 

EndFor 

EndFor 

The code below is the mirror image of the above code 

End 

3.3.8 Type-Z Routes 
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The types of routes previously discussed are all simple in topology and easy 

to construct. Other types of candidate routes can be constructed although an 

exhaustive description will not be included. However, in some cases it is necessary 

to find a route for the given net no matter the number of vias and the wire length. 

Hence, the type-Z routes are used, which actually have no fixed topology and no 

restriction on the number of vias and wire length. Such a route can take any 

shape as long as it connects the terminals of the given net. The use of the type-Z 

routes are very limited because it is time consuming to construct and they tend to 

use more vias and extra wire length. Type-Z routes are based on the line-probe 

algorithm [31]. In most designs these routes will not be used at all in x-y routing. 

And they will be used only if it results in the elimination of an entire layer pair. 

The line-probe algorithm searches the path from the source to the target by 

generating a series of line segments which do not pass through any obstacle. The 

line segments generated start from the source terminal and are kept in a list. The 
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operation of generating line segments is repeated until a line segment in the list 

reaches the target or no more line segment::; can be generated. The path can be 

formed by retracing the line segments in the list from the target to source. The 

line segments are generated from the escape points on the existing line segments 

in the list. Every grid node on the line segment is an escape point which generates 

a new perpendicular line segment. Initially, there is only one escape point. the 

source terminal. The algorithm is guaranteed to find a path if one exists. Fig. 3.9 

shows an example of a net routed by the line-probe algorithm. 

Algorithm Type-Z.Boute 

Inputs: (xs, Ys) and (Xt, yd - terminals 

Outputs: TypeZRoute - a possible type-Z route 

Begin 

newLineList = line segment generated form (xs, Ys) 

While newLineList is not empty 

insert every line segment in newLineList into lineList 

For each line segment s in lineList 

If s reaches (x h yd 
pathExist = TRUE 

exit while 

EndIf 

EndFor 

set newLineList empty 

For each line segment s in lineList 

For each escape point e on s 

newLine = generateNewLine( e. s) 

insert newLine into newLineList 

EndFor 

EndFor 

EndWhile 

If pathExist = TRUE 



TypeZRoute = retrace(lineList) 

Else 

a path cannot be found 

EndIf 

End 
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The procedure generateNewLine generates a new line segment v,,.hich is perpen

dicular to line segment s and passes through the escape point e. The procedure 

retrace traverses the list of the line segments and produces a type-Z route for the 

net. The procedure only produces one type-Z route. If more than one type-Z route 

is needed, the procedure can be modified to find multiple type-Z candidate routes. 

if they exist. 

~---r---~---~---~---~---~---~--~---~ 
I I I I I I I I I I 
I I I I I I I I I I 

~--... - -~ - --;...-- -~ - --:- --. - --!- -- -:----! 
I I I I I I I I I I 
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® Escape Point 

• Obstacles 

• Source or Target 

Figure 3.9: A Net Routed by Line-Probe Algorithm 
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3.4 Multi-Terminal Nets 

The types of routes described above are only for two-terminal nets. Although 

most nets are two-terminal nets, it is also necessary to handle multi-terminal nets. 

The candidate routes for multi-terminal nets can be generated by a minimum

length Steiner tree algorithm [22] or an A-search tree algorithm [41], [5]. However. 

these algorithms are very costly to implement, hence only suitable for a few critical 

nets. For other non-critical multi-terminal nets, the technique used is based upon 

the traditional minimal spanning tree approach. For each multi-terminal net, the 

minimal spanning tree is determined. For a t terminal net, the minimal spanning 

tree will contain t - 1 edges. The t terminal net is then decomposed into the 

corresponding t - 1 two terminal nets. In the routing algorithm these routes are 

then treated as two terminal nets with the property that they are never seen as 

obstacles to other nets that arose from the same multi-terminal net. This effectively 

allows the insertion of Steiner points for some nets during the routing process, and 

thus can reduce the total wire length of multi-terminal nets below that of the 

minimal spanning tree. It is still possible to insert more Steiner points during the 

post-processing phase which follows the routing process. The decomposition of 

the multi-terminal nets occurs during initialization. Therefore, for the purpose of 

discussing the details of the routing algorithm. it is assumed that all nets have two 

terminals. 

3.5 The Compatibility Graph and Its Reduction 

The candidate routes of one net may not be compatible with candidate routes 

of other nets due to geometrical and/or electrical constraints. Therefore. a com

patibility test is performed, which results in the compatibility graph. This graph is 

then reduced in polynomial time to yield a subset of the candidate routes which are 

fully compatible. The candidate routes can be constructed as discussed in earlier 

sections. However, it is not reasonable to consider all the possible candidate routes 
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even using the simple topologies. Therefore, the number of candidate routes for 

each net. must be restricted. Let c be the predetermined number. A maximum 

of c candidate routes will be allowed for each net (Selection of the value for c is 

discussed in the next chapter). 

Now let us define the route compatibility graph (RCG). An RCG is a graph 

G = (V, E) where V is a set of vertices representing candidate routes and E is 

a set of edges such that edge eii exists if and only if routes Vi and Vi cannot be 

routed on the same layer in single-layer routing or on an x-y pair of layers in x-y 

layer pair routing due to either geometrical or electrical constraints. Two vertices 

Vi and Vi in the graph are considered compatible if no edge (Vi, Vi) exists in G. As 

a result, the corresponding routes can be compatibly routed on the same layer or 

same x-y layer pair. If E = 0 (the empty set), then all the routes corresponding 

to the vertices in the graph can be compatibly routed on the same layer or same 

x-y layer pair. However, the possibility of having such a graph originally is very 

small. The graph, however, can be reduced to obtain a graph with no edges (a 

null graph). A selected vertex can be deleted from the graph, which means it will 

not be considered as a candidate route any more. Then all the edges incident to it 

are also removed. This process is repeated until no edges exist in the graph. All 

the routes corresponding to the remaining vertices are compatible with each other. 

The problem with this approach is how to select the vertex to be deleted so that 

as many vertices as possible remain because our goal is to find the largest subset 

of the candidate routes that are compatible. This problem is an NP hard problem. 

Theorem: The problem of finding the largest compatible subset of candidate 

routes is NP hard. 

Proof: Let G1 = (Vb Ed be the complement of G. G1 has the same set of 

vertices and two vertices are connected in G 1 if and only if they are not connected 

in G. There is an edge incident to two vertices, if their corresponding routes are 

compatible. The subset of such compatible routes corresponds to a clique in G I. 

Finding the largest compatible subset of candidate routes is equivalent to finding 
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the clique with largest size in G l . So the problem is NP hard [30]. 

Because of the NP hardness of the problem, an approximation algorithm is 

needed to find a good solution within reasonable computation time. A simple 

heuristic technique has been taken to find the desired subset. The technique is 

first to find the vertex with largest degree in the graph, delete it. then update the 

graph, repeat the process until no edges remain. Each time when the vertex with 

largest degree is deleted, more edges are eliminated from the graph than would be 

for any other vertex. This hopefully will delete several edges and retain as many 

vertices as possible. This simple technique has been very effective. The results of 

testing the algorithm are given in the next chapter. 

After the reduction, all the routes corresponding to the remaining vertices can 

be compatibly routed on the same layer or the same x-y layer pair. It is possible that 

multiple candidates remained for some nets. In this case, only one candidate route 

needs to be selected for each of these nets. The selection can be either arbitrary or 

be decided based on priority, number of vias, other electrical considerations, etc. 

For the nets with no candidates remaining, they can be routed on the next 

layer or next layer pair. Since not all the possible candidate routes are used in 

the construction of the graph and the technique used in the graph reduction is not 

guaranteed to find the largest subset of candidate routes, there may exist some 

candidate routes for these nets which are not included in the subset that was found 

and are actually compatible, hence the nets can be routed in the current layer or x-y 

layer pair. Therefore, another iteration is tried in the same layer or x-y layer pair to 

get as many nets routed as possible before another layer or pair of layers is added. 

We construct candidate routes for unrouted nets. build the compatibility graph, 

reduce it, and route additional nets (previously routed nets become obstacles). The 

process can be repeated until all nets are routed or no more nets can be routed. 

If there are still some nets unrouted after this process, another layer or layer pair 

must be added. The unrouted nets are then propagated to the new layer(s), and 

the routing process is repeated until all the nets are completed. 



Routing Algorithm Based On Compatibility Graph 

Inputs: 

netN umber - number of net 

NetD - the net list 

c - number of candidate routes allowed for each net 

Outputs: 

RouteD - routing solution 

Begin 

Construct_Candidate..Routes 

Build_Compatibility _Graph 

Reduce_Compatibility _Graph 

Select..Route 

End 

Procedure ConstrucLCandidate...Routes 

Inputs: 

netN umber - number of net 

NetD - the net list 

c - number of candidate routes allowed for each net 

Outputs: 

VertexDD - vertices associated with candidate routes 

Begin 

For i = 0 to net Number - 1 

If Net[i] is not routed 

CandRouteD = construcLcandidate..routes(Net[i], c) 

For j = 0 to nurnber..of..routes_constructed - 1 

Vertex[i][j].route = CandRouteUJ 

EndFor 

Else 

Vertex[i][O].route = the previously routed route of Net[i] 

EndIf 
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EndFor 

End 

46 

The vertices are grouped by nets. The vertices in Vertex[i] are all associated 

with candidate routes for r-iet[i]. For convenience. we refer to them as the vertex

group of Net[i]. 

Procedure Build_Compatibility _Graph 

Inputs: 

Vertex 0 0 - vertices with associated candidate routes 

Outputs: 

Begin 

G(V, E) - the compatibility graph 

V - the vertices in G 

E - the edges in G 

Begin 

V = all the vertices in VertexOD 

For each vertex Vi in G 

For each vertex Vj in G 

compatible = compatibleTest(vi.route, vj.route) 

If not compatible 

add edge (Vi, Vj) into E 

EndIf 

EndFor 

EndFor 

End 

In the compatibility test. if the two routes to be tested are from the same 

multi-terminal net, they obviously are compatible. 

Procedure Reduce_Compatibility _Graph 

Inputs: 

G(V, E) - compatibility graph 



Outputs: 

Gprime - reduced graph with no edge 

Begin 

While there exist edge in E 

For each vertex v in V 

compute degree of v 

EndFor 

find Vmax with maximum degree 

delete Vmax and all the edges incident to Vmax from G 

EndWile 

End 
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In the procedure Reduce_Compatibility_Graph, there may exist multiple ver

tices with maximum degree. Ties will be broken by the number of vertices re

maining in the vertex-group. Since it is best to route as many nets as possible, 

the vertex in the vertex-group with more remaining vertices is selected and then 

deleted. 

Procedure Select..Route 

Inputs: 

Gprime - the reduced graph 

Outputs: 

RouteD - the routes which can be routed compatibly 

Begin 

For i = 0 to net Number - 1 

If Net[iJ.status = UNROUTED 

If there exists vertex in the vertex-group of Net[iJ 

Net[i].status = ROUTED 

Route[i] = select one route from the group 

EndIf 

EndIf 



EndFor 

End 
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If there is no vertex remaining in the vertex-group, the algorithm will attempt 

to route the net in the next iteration. If there are one or more vertices in the 

vertex-group, one and only one should be selected to be the actual route for the 

net. The selection can be arbitrary or can be decided by certain rules such as 

electrical characteristics of the route. All the selected routes will become obstacles 

in the future iterations. 

The algorithm described above performs the routing in such a way that the nets 

are routed simultaneously instead of routing net-by-net, hence it is not subject to 

the problem of ordering of the nets; and the candidate routes are constructed as a 

whole instead of extending the routes piece by piece, which makes the incorpora

tion of timing constraints (delay models) easy by simply constructing the candidate 

routes for the nets according to the requirements of the design; and the compat

ibility test of the candidate routes can be used to estimate the crosstalk between 

the routes from different nets instead of between the line segments of the routes, 

which make the crosstalk estimation more sophisticated than the other technique. 

In general, the algorithm offers some unique features such as taking a more global 

approach to handling the routing problem and it is easy to incorporate the electri

cal constraints into the routing process, which is absent or hard to handle in other 

algorithms. It gives the designer the flexibility of selecting the topology for routes 

for the nets, which is almost impossible for other algorithms. 

3.6 X-Y Layer Pair Routing 

X-y layer pair routing performs the routing on two adjacent layers at a time; 

with all horizontal wires running on one layer and all vertical wires on the other 

layer. Adjacent wires on different layers are connected by vias. On each layer 

pair, the routing algorithm described in the previous section is used to produce the 
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routing solution. 

Due to the iterative nature of the algorithm, different types of routes can be 

used as the candidate routes in different iterations. The preferred types can be used 

in the initial iterations and the use of alternative types can be delayed until the 

preferred options have been exhausted. Among the types of routes described before. 

the preferred types are type-O and type-l routes because they use the minimum 

number of vias and minimum wire length. However these two types of routes are 

not always available. Even if they do exist, the number of such routes is very 

small; there are at most only one for type-O route and two for type-l routes. More 

candidates are certainly needed for the algorithm to produce high quality results. 

On the other hand, the type-2 routes only use one extra via and still uses minimum 

wire length. Also, it is easy to find more type-2 routes. Therefore, type-D, type-l 

and type-2 routes are selected to be the candidate routes in the initial iterations 

of the algorithm. This process is called Phase 1 of the routing process. 

After Phase 1, we use type-3, type-4 and type-5 routes as the candidate routes 

for Phase 2 of the routing process. The types of routes used in Phase 2 are still 

inside the bounding box with minimum wire length. They use a few more vias to 

interconnect nets. Since type-3 routes use fewer vias than other types of routes, 

the candidate routes are first constructed using type-3 routes. For a given net, if c 

candidate routes are found, no more routes will be constructed. Otherwise, type-4 

routes are constructed. If there are still not enough candidate routes, type-.j routes 

may be used for candidates. If we do not want to introduce too many vias into the 

routing solution, the step where type-5 routes are constructed can be omitted. 

Phase 3 of the routing process uses type-X routes as candidate routes. Since 

this type of route is not confined to the bounding box of the net, the route can 

virtually go anywhere on the plane; thus it may introduce additional wire length 

and increase the total wire length of the routing solution. However, we can reduce 

the wire length by limiting the size of the extended bounding box. 

Each of the three phases can have a number of iterations. One phase can 
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be run until no more additional nets can be routed. before going into the next 

phase. However, it may not be efficient practically, because after a few iterations 

the additional nets routed in the subsequent iterations diminishes greatly. A lot of 

time may be spent without getting many additional nets routed with this approach. 

Therefore, a number f can be specified so that the current phase stops if the 

additional nets routed is less than f. The suggested range of f is 0.5 - 1.0% of the 

total number of nets. 

Phase 1 of the Routing Process 

Begin 

Repeat 

For each net 

Construct c candidate routes using type-O, 

type-l and type-2 routes 

EndFor 

Build compatibility graph 

Reduce the graph 

Select routes 

Until number of additional nets routed < f 

End 

Phase 2 of the Routing Process 

Begin 

Repeat 

For each net 

Construct c candidate routes using type-3 

If number of routes constructed < c 

Construct the rest candidate routes using type-4 

EndIf 

If number of routes constructed < c 

Construct the rest candidate routes using type-.j 



EndIf 

EndFor 

Build compatibility graph 

Reduce the graph 

Select routes 

Until number of additional nets routed < E 

End 

Phase 3 of the Routing Process 

Begin 

Repeat 

For each net 

Construct c candidate routes using type-X route 

EndFor 

Build compatibility graph 

Reduce the graph 

Select routes 

Until number of additional nets routed < E 

End 
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If there are still some nets that are unrouted after the three routing phases, 

another layer pair is added, the unrouted nets are propagated to the new layer 

pair, and the routing process is repeated until all the nets are completed. If the 

number of unrouted nets is very small (less than 1 % of the total number of nets) 

after three routing phases, type-Z routes can be used to route them on the current 

layer pair instead of using another layer pair. Thus, a pair of routing layers may be 

saved at the expense of a few additional vias and extra wire length. The reduction 

in the number of layers may well justify the cost of the vias and extra wire. This 

optional process is called Phase 4. 

Phase 4 of the Routing Process 

Begin 



If number of unrouted nets < 0.01 x net Number 

For i = 0 to netN umber - 1 

If Net[i].status = UNROUTED 

Route[i] = type-Z...RouteO 

If type-Z route found 

Net [i] .status = RO UTED 

EndIf 

EndIf 

EndFor 

EndIf 

End 

3.7 Single-Layer Routing 

Single-layer routing is even more difficult than x-y routing since all the wire 

must be laid out on the same plane and one wire could possibly block the way 

of a number of other routes. So single-layer routing is not a common practice in 

MCM routing. However there may exist some cases where single-layer routing is 

useful, such as, some critical nets are preferred to be routed on a single plane due 

to electrical considerations. 

The MCG algorithm described in Section 3.5 is general enough to perform 

single-layer routing. The difference between single-layer and x-y routing is the 

compatibility test since the routes compatible on the x-y layer pair may not be 

compatible at all on a single-layer (plane). The other issue in single-layer routing 

is the construction of candidate routes. In x-y layer pair routing, type-O, type-I, 

type-2, type-3, type-4, type-.S and type-X routes are used and type-Z routes are 

only used to route a few nets if it reduces the total number of layers. These types 

of routes can still be used in single-layer routing. The single-layer routing can also 

be performed in the same way as x-y layer pair routing. However, some types of 
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routes, e.g. type-X routes, may not be as useful as in the case of x-y layer pair 

routing, because after tyve-O thwugh Lype-5 routes have been tried the chance of 

finding type-X routes is very small on the single-layer(plane}. On the other hand. 

the type-Z routes, which are rarely used in x-y layer pair routing, may be more 

useful than type-X routes because they are much more flexible. 

The algorithm for finding type-Z routes described in Section 3.3.8 must be 

modified for single-layer routing. First, the search area should be restricted because 

it is unnecessary and inefficient to search the whole plane. A rectangular area. 

which may be a little larger than the bounding box of the net, can be specified 

to be the platform for searching. Second, the algorithm described in Section 3.3.8 

finds only one type-Z route if it exists. For the purpose of constructing candidate 

routes, more than one such route is certainly needed. To find multiple type-Z 

routes, the retracing part of the algorithm needs to be changed and the searching 

part untouched. In retracing, the list of line segments should be traversed multiple 

times and each time a different set of line segments is used to construct the route. 

The process of single-layer routing is similar to the process of the x-y layer pair 

routing with three phases. Phases 1 and 2 are the same while Phase 3 is different. 

In Phase 3 of the single-layer routing process, we use type-Z routes as candidate 

routes instead of type-X routes. Therefore, there is no Phase 4 in single-layer rout

Ing. 

Phase 1 of the Routing Process 

Same as in Section 3.6 

Phase 2 of the Routing Process 

Same as in Section 3.6 

Phase 3 of the Routing Process 

Begin 



Repeat 

For each net 

Construct c candidate routes using type-Z routes 

EndFor 

Build compatibility graph 

Reduce the graph 

Select routes 

Until number of additional nets routed < f: 

End 

3.8 Post-Routing Processing 
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After all the nets are completed by the routing process, some post-routing 

processing techniques can be used to further improve the quality of the routing 

solution in terms of the number of vias and wire length. These techniques include 

jog removal, Steiner point insertion, etc. 

(Xs,Ys) (Xs,Ys) 
• 

D~ /D 
Obstacles 

(Xt,Yt) (Xt,Yt) 

(a) Before Jog Removal (b) After Jog Removal 

Figure 3.10: Type 1 Jog and its Removal 
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3.8.1 Jog Removal 

Jog removal is a simple technique to eliminate extra vias and make the intercon

nection shorter. Two types of jogs are easily identified and they can be removed by 

changing the path of the route. Figs. 3.10 and 3.11 show the jogs (vias) removal. 

Obstacles ------.. 

CJ 

(Xs.Ys) (Xs.Ys) 

(Xt, Yt) (Xt, Yt) 

(a) Before Jog Removal (b) After Jog Removal 

Figure 3.11: Type 2 J0:! and its Removal 

3.8.2 Steiner Point Insertion 

Before the routing process, multi-terminal nets are split into several simple 

two-terminal nets which are routed independently during the routing process. Af

ter all the nets are routed, it is found that the routes which interconnect the 

multi-terminal net may not be in optimal positions because there is no interaction 

between the two-terminal nets during the routing process. For example, two wires 

may run parallel without knowing about each other's existence. These cases will 

be identified after the routing process, and a Steiner point can be introduced in the 

proper position. Then one of the routes involved is changed and re-routed through 

this Steiner point. Thus, the parallel wires in the same net will be eliminated. The 
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selection criterion for the route to be changed is the reduction of vias and wire 

length. The route which can eiiminate more vias and use less wire for the net is 

selected. Fig. 3.12 shows the route of a three-terminal net before and after Steiner 

point insertion and re-routing. 

P3 

P2 

PI 

(a) Before Insertion 

Steiner Point 
"-

"-

P2 

"
"-

" 

• P3 

(b) Mter Insertion 

Figure 3.12: An Example of Steiner Point Insertion 

3.9 Summary 

PI 

In this chapter, the MeG routing algorithm was discussed in detail. Various 

types of routes used to construct the candidate routes were defined. The com

patibility graph for the candidate routes and its reduction was discussed. The 

algorithm enables us to perform the routing simultaneously and incorporate the 

electrical constraints easily. 

The algorithm is very effective and it yields high quality routing solutions. The 

experimental results and analysis will be presented in the next chapter. 
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CHAPTER 4 

EXPERIMENTAL RESULTS AND ANALYSIS 

The MCG routing algorithm was implemented on a Sun Microsystems worksta

tion (Sparc-lO) using the C++ language. The algorithm was tested on a number 

of examples, which include the three industrial designs provided by MCC [19]. 

The test results for these examples are given and compared with the performance 

of other routers introduced in Chapter 2. The complexity of the algorithm both in 

terms of time and space is analyzed. In addition, some implementation issues, such 

as the data structures used and the selection of the number of candidate routes. 

are also discussed. 

4.1 Test Examples 

The test examples include three standard industrial benchmarks provided by 

MCC and test data used by the authors of M2R. 

4.1.1 MCC Benchmarks 

The MCC benchmarks include three designs namely MCCl-75. MCC2-i5 and 

MCC2-45, which were provided by the Microelectronics and Computer Technology 

Corporation (MCC). The last two digits represent the routing pitch. For example, 

75 means 75-micron. These designs were used as MCN! routing benchmarks for the 

4th ACM/SIGDA Physical Design Workshop because they are real designs from 

industry instead of artificial examples, and they are large in size which provide very 

challenging tests for MCM routing algorithms. They are available via anonymous 

ftp from mcnc.org in the directory pub/benchmark/PDWorkshop93/benchmarks. 

These designs have been widely accepted as test benchmarks for MCM routing 
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and were used as test examples in a number of research papers including those 

presenting SLICE~ V 4R, V 4CMRA. 

1. MCCI 

This design consists of 6 chips, 765 I/O pins, 799 signal nets, two power nets 

and one ground net. There are 2496 pins total, 2043 of which are signal pins. There 

are numerous 3 to 7 terminal nets. The power and ground nets are not routed on 

the x and y layers, but are tied directly to the power and ground planes. There 

are two chip footprints: 550 x 550 mils with 448 pins and 330 x 330 mils with 272 

pins. The SUBSTRATE footprint distributes the I/O pins around the perimeter 

of the substrate. Table 4.1 gives a net count for MCC!. The first column shows 

the number of terminals of the net, and the second column shows the number of 

nets that have the specified number of terminals. The routing pitch for MCC1 j:. 

75-micron. 

Table 4.1: MCC1 Net Count 

No. of Terminals No. of Nets 

in the Net 

2 608 

3 87 

4 50 

5 3 

6 6 

7 45 

72 (power) 1 

176 (power) 1 

205 (ground) 1 

I Total No. of Nets I 802 
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2. MCC2 

This routing example models a next generation supercomputer on a 6 x 6 inch 

substrate with 37 Honeywell VHSIC gate arrays and 18 high density connectors. 

The chips are 1.5 x 1.5 cm with 35 mil TAB leads on a 4 mil pitch. The connectors 

are placed around the perimeter of the substrate. The net list contains 7118 signal 

nets and 14659 pins. Table 4.2 gives a net count for MCC2. The net list does not 

include the power and ground nets, and there are not many multi-terminal nets 

in the design. There are two routing pitches for MCC2, 75-micron and 45-micron. 

respectively. We refer to them as MCC2-75 and MCC2-45. 

Table 4.2: MCC2 Net Count 

No. of Terminals No. of Nets 

in the Net 

2 6698 

3 415 

4 5 

I Total No. of Nets I 7118 

Table 4.3: Characteristics of the MCC Benchmarks 

Example No. of No. of No. of Size of Grid Size 

Chips Nets Pins Substrate (mm2
) 

MCCl-75 6 802 2496 45 x 45 .599 x 599 

MCC2-75 37 7118 14659 152.4 x 152.4 2032 x 2032 

MCC2-45 37 7118 14659 152.4 x 152.4 3386 x 3386 

Table 4.3 gives the characteristics of all the MCC designs. From the table, we 

can see that MCC2 is a very large design which has a large number of chips, nets 

and pins and a very large routing area. So it is a challenging test example for the 



60 

routing algorithms and some algorithms do fail to route it due to their inability to 

handle such large routing problems. 

4.1.2 Test Data of M2R 

This set of examples came from the authors of [35]. Although these data are 

randomly generated and not real designs, they can be used to compare the results 

in the case of single-layer routing. There are two examples in the set; one has 

100 nets and a 60 x 60 routing grid and the other has 200 nets and a 120 x 120 

routing grid. They are referred to as M2R-100 and M2R-200, respectively. Table 

4.4 gives the characteristics of the examples, and Table 4.5 lists the net count of 

the examples. 

Table 4.4: Test Examples of M2R 

I Example I No. of Nets I No. of Pins I Grid Size 

M2R-100 100 303 60 x 60 

M2R-200 200 505 120 x 120 

Table 4.5: M2R Net Count 

No. of Terminals No. of Nets 

in the Net M2R-100 M2R-200 

2 48 127 

3 16 41 

4 21 32 

5 15 0 

I Total No. of Nets I 100 200 
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4.1.3 Flip-Chip Example 

To test the algorithm's ability to handle the flip-chip bounding technology. 

another example was generated from MCC!. Flip-chip bounding is a relatively 

new technology to mount the chip on top of the substrate. Flip-chip bonding uses 

small solder balls on the I/O pads of the chip to both physically attach the chip and 

make the required electrical connections. This procedure is also called face-down 

bonding. The location of the I/O pads are on one face of the chip instead of being 

around the perimeter of the chip. We generated the flip-chip example by manually 

moving the locations of all the pads of the chips in MCC1 from the perimeter of 

the chips to inside the footprint of the chips. All the other specifications of MCCl 

remained the same. This test example is referred to as FLIP. 

4.2 Test Results for X-Y Layer Pair Routing 

In this section, the test results of the x-y layer pair routing are presented. The 

main examples are the MCe benchmarks. And the results are compared with that 

of other routers, including the V4R, SLICE, V4CMRA, and 3D-Maze algorithm 

that were introduced in Chapter 2 and a commercial Router X. 

Router X is a PCB/MCM router from a major commercial CAD vendor. which 

is a grid based router using sophisticated multi-pass routing, including maze rout

ing, rip-up and re-routing, shove-aside routing, etc. These techniques were devel

oped and refined over a number of years. It is considered to be a state-of-the-art 

industrial PCB/MCM router. (Note that X is not the real name of this router. 

The real name cannot be disclosed due to contractual agreements [27].) 

First, the equation for determining the lower bound of the total wire length for 

the nets is given. This lower bound can be computed as in [25]. The equation for 

computing this lower bound, b( i), for the wire length of net; is 

? 
b(i) = max{m(i), iMST(i)} (4.1 ) 
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where m(i) is 1/2 the perimeter of the smallest bounding box containing all termi

nals of neti~ and MST(i) is the iength of the minimai spanning tree for neii. The 

2/3 factor is derived from the fact that in Manhattan routing the wire length of 

the minimum spanning tree is at most 1 1/2 times the wire length of the minimum 

Steiner tree [22J. The lower bound on total wire length.B, is given by 

B = L b(i) (4.2) 
iEN 

4.2.1 Test Results for MCCI 

MCC1 was tested in two different settings; one is without the power and ground 

nets and the other is with the power and ground nets. Although it is specified that 

power and ground nets are not routed on the x and y layers, but are tied directly 

to the power and ground planes, some other research papers accidentally routed 

the power and ground nets with the signal nets on the x-y layer pair. For the 

convenience of comparison, the power and ground nets were also routed with the 

signal nets on the x-y layer pair. The test example for MCC1 without the power 

and ground nets is referred to as MCC1(w/o P&G) and the other as MCC1(P&G). 

Table 4.6: Routing Results for MCCl(w/o P&G) 

No. of Layers No. of Vias Total \Nire Length 

4 4797 371959 

MCC1(w/o P&G) 

Table 4.6 gives the routing results for the the MCC1(w/o P&G) by the MCG 

router before using the post-processing techniques. The first column shows the 

total number of layers used by the MCG router. The second column shows the 

total number of vias used by the MCG router, which includes both the number 

of stacked vias used for bringing the terminals to their proper routing layers and 



63 

the number of vias used for connecting the net. The third column shows the wire 

length used by the MeG router. 

Table 4.7 shows the results of applying the technique of jog removal for 

MCCl(w/o P&G). It lists the total number of vias and total wire length both 

before and after the processing and the percentage of improvement. The total 

number of vias is 2.19% fewer and the total wire length is 0.65% less after the jog 

removal, which means the technique does help to improve the quality of the routing 

solution. 

Table 4.7: Test Results of Jog Removal on MCCl(wjo P&G) 

No. of Vias Wire Length 

Before After % Improved Before After % Improved 

I 4797 4694 2.19% 371959 369555 0.65% 

Table 4.8 shows the results of applying the technique of Steiner point insertion 

for MCC1(w/o P&G). It lists the total number of vias and total wire length both 

before and after the processing and the percentage of improvement. The total 

number of vias is 0.32% fewer and the total wire length is 1.29% less after the 

Steiner point insertion. Although the improvement is small, the quality of the 

routing solution is better than before. 

Table 4.8: Test Results of Steiner Point Insertion on MCCl(wjo P&G) 

No. of Vias Wire Length 

Before I After I % Improved Before I After J % Improved 

4694 4679 0.32% 1371959 1367214 1 1.29% 

Table 4.9 shows the percentage of nets routed on each layer pair for M CC 1 (w / 0 

P&G) by the MCG router. We can see from the table that most of the nets (more 
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than 89%) are routed on the first layer pair, which is an indication of the high 

routing density achieved by the MeG router. 

Table 4.9: Percent Completed Routes After x Layers 

I Example I 1-2 1 3-4 1 

I MCC1(w/o P&G) 189.47% 1100.00% 1 

Table 4.10 shows the via usage (excluding the stacked vias used to bring the 

terminals to their routing layers) for MCC1(w/o P&G) by the MCG router. We 

can see from the table that more than 73% of the nets use 2 or fewer interconnection 

vias to complete the routing and only a very small percentage (.5.71%) of the nets 

use 4 interconnection vias. Furthermore, no more than 4 interconnection vias are 

used for the nets. The last column shows the average number of interconnection 

vias used for net connection. The average number of vias per net is 2.13, which 

shows that the MCG router uses a very small number of interconnection vias to 

complete the routing. 

Table 4.10: Via Usage of Test Results for MCC1(w/o P&G) 

Number (percentage) of Nets That Use Avg. Vias 

o Vias I 1 Vias I 2 Vias I 3 Vias 1 4 Vias per Net 

13(0.24) 1234(18.81) 1678(54.50) 1258(20.74) 171(5.71) I 2.13 

Table 4.11 shows the data for the final routing solution for MCC1(w/o P&G) 

produced by the MCG router. The third column shows the lower bound of the total 

wire length as computed by Eq. 4.2. The fourth column shows the wire length 

actually used by the MCG router. The fifth column shows the ratio of the actual 

wire length to the lower bound. The MCG router used 8% more wire length than 

the lower bound. However, since there are many multi-terminal nets in MCeL the 
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lower bound computed by Eq. 4.2 may actually be lower than the optimal wire 

length. 

Table 4.11: Final Results for MCC1(w/o P&G) 

No. of Layers No. of Vias Wire Length 

Lower Bound 1 Actual Length I Ratio 

4 4679 338955 367214 1.08 

MCCl(P&G) 

Table 4.12 gives the routing results for the the MCC1(P&G) by the MeG 

router before using the post-processing techniques. Tables 4.13, and 4.14 show 

the results of applying the technique of jog removal and Steiner point insertion for 

MCC1(P&G). Table 4.15 shows the percentage of nets routed on each layer pair 

for MCC1(P&G) by the MeG router. 

Table 4.12: Routing Results for MCC1(P&G) 

No. of Layers No. of Vias Total Wire Length 

4 5964 383537 

Table 4.13: Test Results of Jog Removal on MCC1(P&G) 

No. of Vias Wire Length 

Before 1 After I % Improved Before I After I % Improved 

5964 5747 3.64% I 383537 I 378707 I 1.26% 

Table 4.16 shows the via usage for MCC1(P&G) by the MCG router. We can 

see from the table that more than 80% of the nets use 2 or fewer interconnection 



Table 4.14: Test Results of Steiner Point Insertion on MCC1(P&':G) 

No. of Vias 'Wire Length 

Before I After I % Improved Before I After 1 % Improved 

5747 5742 0.09% 1378707 1376478 1 0.59% 

Table 4.15: Percent Completed Routes After x Layers 

I Example I 1-2 1 3-4 1 

I MCC1(P&G) 186.0% 1100.00% 1 
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vias to complete the routing and only a very small percentage (3.60%) of the nets 

use 4 interconnection vias. And no more than 4 interconnection vias are used for 

the nets. The average number of interconnection vias per net is 1.90, which again 

shows that the MCG router uses a very small number of interconnection vias to 

complete the routing. 

Table 4.16: Via Usage of Test Results for MCC1(P&G) 

Number (percentage) of Nets That Use Avg. Vias 

o Vias 1 1 Vias 1 2 Vias I 3 Vias 1 4 Vias per Net 

1132(7.79) 1291(17.18) 1940(55.49) 1270(15.94) 161(3.60) 1 1.90 

Table 4.17 shows the data for the final routing solution for MCC1(w/o P&G) 

produced by the MCG router and the results for the same example produced by 

other routers. The second column shows the number of layers used for the routing. 

The third column shows the number of vias, and the fourth column shows the ratio 

of the number of vias used by the router to the minimum number of vias among all 

the routers. The fifth column shows the wire length actually used by the routers, 
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and the sixth column shows the ratio of the actual wire length to the lower bound. 

The MeG router used the minimulll uumber of iayers among ail the router for this 

example. Compared with the V4R router. the MCG router used 21.8% fewer vias 

and 5% less wire length. Compared with the V4CMRA router. the MeG router 

used 17.7% fewer vias and 1% less wire length. Compared with the SLICE router. 

the MCG router used 11.2% fewer vias and 7% less wire length. Compared with the 

3D-Maze router, the MCG router used 53.2% fewer vias and 6% less wire length. 

In comparison with the Router X, the MCG router used 3.6% fewer vias and 1% 

less wire length. As shown in the table, MCG requires fewer vias and less wire 

length than that of all the other routers. 

Table 4.17: Final Results for MCC1(P&G) and Comparison 

Router No. of No. of Ratio to Total Ratio to 

Layers Vias Minimum Wire Length Lower Bound'" 

MCG 4 5742 1.000 376478 1.10 

V4R 4 6993 1.218 394272 1.1·5 

V4CMRA 4 6757 1.177 381592 1.11 

SLICE 5 6386 1.112 402258 1.17 

3D Maze 5 8794 1.532 397221 1.16 

X 4 5949 1.036 382151 1.11 

* The lower bound for this example is 343767 

4.2.2 Test Results for MCC2-75 

There are two sets of test results for MCC2-75. There were fewer than 0.5% 

of the nets unrouted when Phase 3 of the routing process finished on the second 

layer pair. At that point, there were two choices; one was to add another layer 

pair and route the unrouted nets on them; the other was to try Phase 4 (type-Z 

routes). Both options were tested. which resulted in two different solutions. The 
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one without using type-Z routes ended up with 6 layers for the routing. And the 

other used oniy 4 iayers with siightiy more interconnection vias and longer wire 

length. The reduction of a pair of layers can significantly reduce the manufacturing 

costs. Therefore, the use of type-Z routes may be well justified. For convenience. 

the two routing solutions are referred to as MCC2-75(6) and MCC2-7.5(4). 

MCC2-75(6) 

Table 4.18 gives the routing results for the the MCC2-75(6) by the MCG router 

before using the post-processing techniques. Tables 4.19. and 4.20 show the results 

of applying the technique of jog removal and Steiner point insertion for MCC2-

75(6). Table 4.21 shows the percentage of nets routed on each layer pair for MCC2-

75(6) by the MCG router. 

Table 4.18: Routing Results for MCC2-75(6) 

No. of Layers No. of Vias Total \Vire Length 

6 33782 5512347 

Table 4.19: Test Results of Jog Removal on MCC2-75(6) 

No. of Vias Wire Length 

Before I After I % Improved Before I After I % Improved 

/ 33782 /33301 / 1.42% /5512347 /5461155 / 0.93% 

Table 4.20: Test Results of Steiner Point Insertion on MCC2-75(6) 

No. of Vias Wire Length 

Before I After I % Improved Before I After 1 % Improved 

/ 33301 I 33279 I 0.07% I .5461155 I 5457063 I 0.07% 



Table 4.21: Percent Completed Routes After x Layers 

1 Example 1 1-2 1 3-4 1 5-6 1 

I MCC2-75(6) 167.86% 1 95.6.j% 1100.00% I 
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Table 4.22 shows the via usage for MCC2-75(6) by the MCG router. \Ve can 

see from the table that more than 57% of the nets use 2 or fewer interconnection 

vias to complete the routing, and no more than 4 interconnection vias are used. 

The average number of interconnection vias per net is 2.45. 

Table 4.22: Via Usage of Test Results for MCC2-75(6) 

Number (percentage) of Nets That Use Avg. Vias 

o Vias I 1 Vias I 2 Vias I 3 Vias T 4 Vias per Net 

18(0.11) 1520(6.90) 13798(50.36) 12513(33.32) 1702(9.31) I 2.4.j 

Table 4.23: Final Results for MCC2-75(6) and Comparison 

Router No. of No. of Ratio to Total Ratio to 

Layers Vias Minimum \Vire Length Lower Bound 

MCG 6 33279 1.000 5457063 1.02 

V4R 6 36438 1.095 5559479 1.04 

V4CMRA 6 33974 1.021 5429010 1.01 

SLICE .. 47864 1.438 5902818 1.10 I 

3D Maze - - - - -

X - - - - -

:0: The lower bound of this example is .j362181 

Table 4.23 shows the data for the final routing solution for MCC2-75(6) pro

duced by the MCG router and the results of the same example produced by other 
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routers. The 3D-Maze router and Router X failed to produce a routing solution for 

MCC2-75 because of the large memory requirement of these routers for this large 

example. The MCG router used the minimum number of layers among all the 

routers for this example. Compared with the V 4R router. the MCG router used 

9.5% fewer vias and 2% less wire length. Compared with the V4CMRA router. the 

MCG router used 2.1 % fewer vias and 0.52% more wire length. Compared with the 

SLICE router, the MCG router used 44% fewer vias and 8% less wire length. The 

MCG router uses fewer vias than that of all the other routers. The MCG router is 

comparable to or better than all the routers with respect to wire length. 

MCC2-15(4) 

Table 4.24 gives the routing results for the the MCC2-75(4) by the MCG router 

before post-processing. Tables 4.25,4.26 show the results of applying the technique 

of jog removal and Steiner point insertion for MCC2-75(4). Table 4.27 shows the 

percentage of nets routed on each layer pairs. 

Table 4.24: Routing Results for MCC2-75(4) 

No. of Layers No. of Vias Total vVire Length 

4 34311 6106485 

Table 4.25: Test Results of Jog Removal on MCC2-75(4) 

No. of Vias Wire Length 

Before , After , % Improved Before , After -, % Improved 

34311 134290 1 0.06% I 6106485 I 5696861 1 6.71% 

Table 4.28 shows the via usage for MCC2-75(4) by the MCG router. 'We can 

see from the table that more than 50% of the nets use 2 or fewer interconnection 

vias to complete the routing, and only a very small percentage of the nets (1.32%) 
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use more than 4 interconnection vias. There are a few nets which use more than 

5 and less than 9 vias because of using the type-Z routes. The average number of 

interconnection vias per net is 2.58. 

Table 4.26: Test Results of Steiner Point Insertion on MCC2-75( 4) 

No. of Vias Wire Length 

Before I After I % Improved Before I After I % Improved 

34290 1 34279 I 0.03% 1 5696861 15692953 I 0.07% 

o Vias I 

Table 4.27: Percent Completed Routes After x Layers 

/ Example / 1-2 / 3-4 1 

1 MCC2-75(4) 172.65% 1 100.00% 1 

Table 4.28: Via Usage of Test Results for MCC2-75(4) 

Number (percentage) of Nets That Use 

1 Vias I 2 Vias I 3 Vias I 4 Vias 

Avg. Vias 

per Net 

I 3(0.04) 1430(5.70) 1 3510( 46.55) 12513(33.32) 1983(13.04) 1 2.58 

/ 5 vias 1 6 vias 1 7 vias 1 8 vias 1 9 vias 1 10+ vias 

/80(1.06) 1 7(0.09) 1 3(0.04) I 12(0.16) I 0(0.00) I 0(0.00) 

Table 4.29 shows the final routing solutions for MCC2-75(4) produced by the 

MCG router and the results of the same example produced by other routers. The 

MCG router used fewer layers than all the other routers for this example. Com

pared with the V4R router, the MCG router used 6.4% fewer vias and 2% more 

wire length. Compared with the V4CMRA router, the MCG router used 0.9% more 

vias and 5% more wire length. Compared with the SLICE router, the MCG router 

used 40% fewer vias and 4% less wire length. The vias usage of the MCG router is 
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comparable to the minimum produced by the V4CMRA router (only 0.9% more). 

Slightly more wire length is used than some of the other routers when MCC~-i.5 

is compacted into 4 layers. This is quite acceptable since it is preferable to reduce 

the number of layers even if that results in a slight increase in wire length. 

Table 4.29: Final Results for MCC2-75(4) and Comparison 

Router No. of No. of Ratio to Total Ratio to 

Layers Vias Minimum Wire Length Lower Bound'" 

MCG 4 34279 1.009 5692953 1.06 

V4R 6 36438 1.073 5559479 1.04 

V4CMRA 6 33974 1.000 5429010 1.01 

SLICE 7 47864 1.409 5902818 1.10 

3D Maze - - - - -

X - - - - -

* The lower bound of this example is 5362181 

Table 4.30: Routing Results for MCC2-45 

No. of Layers No. of Vias Total vVire Length 

4 338i3 9768083 

4.2.3 Test Results for MCC2-45 

Table 4.30 gives the routing results for MCC2-45 by the MeG router before 

using the post-processing techniques. Table 4.31 shows the results of applying the 

technique of jog removal for MCC2-45. Table 4.32 shows the results of applying the 

technique of Steiner point insertion for MCC2-45. Table 4.33 shows the percentage 
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of nets routed on each layer pairs for MCC2-45 by the MCG router. More than 

90% of the nets are routed on the first iayer pair. 

Table 4.31: Test Results of Jog Removal on MCC2-45 

No. of Vias Wire Length 

Before 1 After 1 % Improved Before I After I % Improved 

33873 133308 I 1.67% 19768083 19139958 I 6.43% 

Ta.ble 4.32: Test Results of Steiner Point Insertion on MCC2-45 

No. of Vias Wire Length 

Before I After I % Improved Before J After I % Improved 

1 33308 1 33283 1 0.08% 19139958 19129743 I 0.11% 

o Vias 1 

Table 4.33: Percent Completed Routes After x Layers 

I Example 1 1-2 I 3-4 I 
I MCC2-45 190.37% 1100.00% I 

Table 4.34: Via Usage of Test Results for MCC2-45 

Number (percentage) of Nets That Use 

1 Vias I 2 Vias I 3 Vias I 4 Vias 

Avg. Vias 

per Net 

15(0.07) 1409(5.42) 13888(51.55) 12540(33.68) 1699(9.27) I 2.45 

Table 4.34 shows the via usage for MCC2-4.5 by the MeG router. \Ve can see 

from the table that more than 57% of the nets use 2 or fewer interconnection vias 

to complete the routing, and no more than 4 interconnection vias were used. The 

average number of interconnection vias per net is 2.45. 
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Table 4.35 shows the data for the final routing solution for MCC2-45 produced 

by the MeG router and the results of the same example produced by other routers. 

The 3D-Maze router and X router failed to produce a routing solution for MCC2-4.j 

because of the large memory requirement of these algorithms for large examples. 

For the same reason, the SLICE router failed to complete the routing of MCC2-45. 

because SLICE uses a maze routing algorithm in order to reduce the need for too 

many layers to complete the routing. The MCG router used the same number of 

layers as the other routers for this example. Compared with the V4R router, the 

MCG router used 9.6% fewer vias and about the same wire length. Compared 

with the V4CMRA router, the MCG router used 2.2% fewer vias and 1% more 

wire length. In general, the MCG router uses fewer vias than the other routers. 

The wire usage is comparable to other routers (very close to the lower bound). 

Table 4.35: Final Results for MCC2-45 and Comparison 

Router No. of No. of Ratio to Total Ratio to 

Layers Vias Minimum Wire Length Lower Bound * 

MCG 4 33283 1.000 9129743 1.02 

V4R 4 36473 1.096 9130705 1.02 

V4CMRA 4 34026 1.022 9039996 1.01 

SLICE - - - - -

3D Maze - - - - -

X - - - - -

* The lower bound of this example is 8935372 

4.2.4 Test Result for the Flip-Chip Example 

Table 4.36 gives the routing results for the FLIP by the MCG router before 

using the post-processing techniques. Table 4.37 shows the results of applying the 

technique of jog removal for FLIP. Table 4.38 shows the results of applying the 
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technique of Steiner point insertion for FLIP. 

Table 4.36: Routing Results for FLIP 

No. of Layers No. of Vias Total \Vire Length 

4 5168 365645 

Table 4.37: Test Results of Jog Removal on FLIP 

No. of Vias Wire Length 

Before I After I % Improved Before I After I % Improved 

5168 5104 1.24% 1 365645 I 362202 I 0.94 % 

Table 4.38: Test Results of Steiner Point Insertion on FLIP 

No. of Vias Wire Length 

Before I After I % Improved Before I After I % Improved 

5104 5088 0.31% 1362202 1359683 I 0.70% 

Table 4.39: Percent Completed Routes After x Layers 

I Example I 1-2 3-4 

FLIP 83.52% 100.00% 

MCC1 89.47% 100.00% 

Table 4.39,4.40, and 4.41, show the percentage of nets routed on each layer pair, 

the via usage, and the final routing solutions for FLIP. For comparison, the test 

result for MCC1(w/o P&G) are also listed because the FLIP example is created by 

modifying the terminal locations of MCC1(w/o P&G). Table 4.41 shows that the 

test results for FLIP are consistent with the test results for MCC1(w/o P&G), 

although the FLIP case uses a few more interconnection vias to complete the 
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routing. The average interconnection vias per net for FLIP is 2.37 whereas it is 

2.13 for MCC1(wjo P&G). However, there is no significant performance decrease 

in the FLIP example, which indicates that the MCG algorithm can handle the 

flip-chip bounding technology. 

Table 4.40: Via Usage of Test Results for FLIP 

Example Number (percentage) of nets that use 

o vias 1 vias 2 vias 3 vias 4 vias 5 vias 

FLIP 1(0.08) 43(3.46) 795(63.91) 306(24.60) 94(7.56) 5(0.40) 

MCC1 3(0.24) 234(18.81) 678(54.50) 258(20.74) 71(5.71) 0(0.00) 

Table 4.41: Final results for FLIP 

example no. of no. of vias wire length 

layers lower bound actual length ratio 

FLIP 4 5088 329731 359683 1.09 

MCCI 4 4679 338955 367214 1.10 

4.2.5 Comparison with Other Routers 

The comparison is made in terms of the number of layers used by the routers. 

total number of vias, total wire length and the running time. 

1. Number of Routing Layers 

Table 4.42 shows the number of layers used by MCG, V4R, SLICE, 3D-Maze. 

V4CMRA and Router X to complete the routing of MCC1, MCC2-75 and MCC2-

45. The MCG router always used the minimum number of layers among all the 

routers for all the examples, especially in the case of MCC2-75 where MCG used 

4 layers while the others used 6 or more layers. 
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Table 4.42: Comparison with Other Routers on Number of Layers 

Example N umber of Layers 

MCG V4R V4CMRA SLICE 3D Maze X 

MCCl 4 4 4 5 5 4 

MCC2-75 4 6 6 7 - -

~vICC2-45 4 4 4 - - -

2. Total Number of Vias 

Table 4.43 shows the total number of vias used by MCG, V4R, SLICE, 3D-Maze. 

V4CMRA and X to complete the routing of MCCl, MCC2-75 and MCC2-45. The 

total number of vias includes both the number of stacked vias used for bringing the 

terminals to their proper routing layers and the number of vias used for connecting 

the net. The MCG router always used fewer vias than the others. 

Table 4.43: Comparison with Other Routers on Total Number of Vias 

Example Total Number of Vias 

MCG V4R V4CMRA SLICE I 3D Maze X 

MCCl 5742 6993 6757 6386 8794 5949 

MCC2-75 33279* 36438 33974 47864 - -

MCC2-45 33283 36473 34026 - - -

* It will be slightly more if only 4 layers are used 

3. Total Wire Length 

Tables 4.44 and 4.45 show the total wire length used by MCG, V4R, SLICE, 

3D-Maze, V4CMRA and X to route MCCl, MCC2-75 and MCC2-45 and the ratio 

of the total wire length to the lower bound of the wire length. 

For MCCl, the MCG router uses less wire than other routers. For MCC2-75 
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and MCC2-45, the wire length used by MCG is very close to the lower bound and 

comparabie to the minimum produced by V 4CMRA. 

Table 4.44: Comparison with Other Routers on Total Wire Length 

Example Total Wire Length 

MCG V4R V4CMRA SLICE 3D Maze X 

MCCI 376478 394272 381592 402258 397221 382151 

MCC2-75 5457063* 5559479 5429010 5902818 - -

MCC2-45 9129743 9130705 9039996 - - -

* It will be slightly more if only 4 layers are used 

Table 4.45: Comparison with Other Routers on Ratio to Lower Bound 

Example Ratio to Lower Bound 

MCG V4R V4CMRA SLICE 3D Maze X 

MCCI 1.10 1.15 1.11 1.17 1.16 1.11 

MCC2-7.5 1.02 1.04 1.01 1.10 - -

MCC2-45 1.02 1.02 1.01 - - -

4. Percentage of Nets Completed On First Layer Pair 

The percentage of nets routed on the first layer pair is a reflection of the routing 

density that a router can achieve. Table 4.46 show the percentage achieved by the 

MCG router together with that of the V 4R router. The data about the routed 

percentage on the layer pairs of the V 4R router was reported in [25] and was 

absent in their later papers [24][27]. Therefore, this is the only data available for 

comparIson. 

The MCG router can route a high percentage of total number of nets on the 

first layer pair, which can help to reduce the total number of layers for the routing 

in cases such as MCC2-7.5. 
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Table 4.46: Percentage Routed on First Layer Pair 

Example Percentage Routed 

MCG V4R 

MCC1 86.00% 74.30% 

MCC2-7.5 -') -3% 1-.1 0 56.66% 

MCC2-45 90.37% N/Ax 

x Data not provided 

5. Run Time 

The run time of the routers is difficult to compare because they were imple

mented on different platforms. Table 4.47 shows the platforms which the routers 

were implemented on and Table 4.48 shows the run time of the routers to complete 

the routing for the MCC designs. 

Table 4.47: Platforms On Which the Routers Were Implemented 

I Router MCG x 
Sparc-2 Sparc-2 

Table 4.48: Comparison with Other Routers on Run Time 

Example Run Time (hr:min:sec) 

MCG V4R V4CMRA SLICE 3D Maze X 

MCC1 0:08:00 0:03:00 0:00:38 0:12:00 0:59:00 41:14 

MCC2-75 1:52:00* 1:06:00 0:11:54 8:15:00 - -

MCC2-45 1:48:00 1:37:00 0:11:48 - - -

* It will be more if only 4 layers is used 

The MCG router is not as fast as V 4R and V 4CMRA. It is at about the same 
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speed as SLICE. And it is certainly faster than the routers based on maze routing 

aigorithms. The routing aigorithm of V 4CMRA described in [32} is a revised version 

of the V 4R algorithm which assigns the tracks based on a predetermined ordering of 

nets instead of the optimized track assignment found in V 4R, which may contribute 

to the speed of the algorithm. The elimination of the optimized track assignment 

may result in lower routing density which in turn may increase the number of layers 

needed for the routing in cases where all layers are densely routed. Although MCG 

is not as fast as V 4R type routers, the improved quality of the routing solutions 

and the flexibility for incorporating electrical constraints [16] make it well worth 

the additional computation time. Another fact worth mention is that only the 

MCG router produced a better routing solution for MCCI than that of the state

of-the-art industrial PCBjMCM Router X. 

4.3 Test Results for Single-Layer Routing 

The MCG router can also perform single-layer routing with minor changes in 

the algorithm. The single-layer version of the MCG router was tested with the 

examples M2R-I00 and M2R-200. The comparison can be made with the results of 

the M2R router. Table 4.49 shows the test results for the MCG and M2R routers on 

M2R-lOO and M2R-200. It only lists the routing results on the first layer because 

only the test results of the M2R router on the first layer were available. 

Table 4.49: Comparison on Single-Layer Routing 

Examples % Routed No. of Jogs Wire Length 

MCG NFR MCG M2R MCG M2R 

M2R-I00 43% 38% 135 191 1111 1420 

M2R-200 39% 34% 221 483 3255 3715 

Compared with the M2R router, the MCG router routed 5% more nets on the 
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first layer while using on average 80% fewer jogs and 21 % less wire length for M2R

iOO and M2R-200. The MeG router performs the routing simultaneously while the 

M2R takes a net-by-net approach. The above results show the advantage of the 

simultaneous routing methodology over the net-by-net routing technique. 

4.4 Some Implementation Issues 

In this section, some of the implementation issues such as the data structure 

representing the compatibility graph~ the storage organization for obstacles on 

the routing layers and the impact of different implementation methods on the 

performance of the MeG router are described. 

4.4.1 The Data Structure Representing the Compatibility Graph 

There are several c.ommonly used data structures for representing graphs. Ad

jacency matrices and adjacency lists are two such representations. Adjacency lists 

are usually used in sparse graphs and adjacency matrices are more often used for 

dense graphs. For the implementation of the MeG algorithm, either approach can 

be used. 

For the MeG router. it needs to store the compatibility graph for the routing 

problems. Assume the total number of nets is n and each net has c candidate 

routes~ then t here are c x n vertices in the graph. For the edges in the graph, 

the worst case is a complete graph, where the number of edges would be 1/2c2 n 2 • 

The storage requirement for adjacency matrices form can be estimated accurately 

given the number of nets, n, and the number of candidate routes for each net, c. 

However, the memory requirements for the storage of the graph in the form of an 

adjacency list is not easy to estimate. It depends on the actual number of edges in 

the graph, which is variable in different iterations of the routing process. 
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4.4.2 The Storage Organization for Obstacles 

The obstacles on the routing plane are the vias used for bringing the terminals 

to their proper routing layers and the line segments of routes which are routed in 

the previous iterations. The storage of the obstacles can be in two forms; one is a 

linked list form and the other is a table form. 

The linked list form is the linked lists of line segments indexed by the row or 

column coordinates of the line segments (a via can be seen as a short line segment 

starting at one grid point and ending at the same grid point). To be specific. 

all the line segments on a particular row or column are linked to form a list and 

the list is indexed by the coordinate of the row or column. If we want to find 

if a certain grid point is currently open or not, we have to traverse the list with 

the corresponding index. The memory requirement is linear to the number of line 

segments, which in turn is linear to the number of nets because the number of line 

segments for each route is no more than 6 (disregarding the type-Z routes which 

are rarely used). However, the time required for the lookup of the open points 

depends on the length of the linked list. 

On the other hand, we can store the obstacles in a table with each grid point 

on the routing plane corresponding to an entry in the table. Therefore, the time 

needed for the lookup is just 1, which could speed up the routing process. But 

the memory requirement for the table is large, because it requires storing an entire 

layer of the routing grid. 

Both forms of the storage of the obstacles were implemented. The table lookup 

method cut the run time in half. 

4.5 Complexity Analysis 

In this section, the space and time complexity of the MeG routing algorithm 

are analyzed. 
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4.5.1 The Space Complexity 

The space needed for running the algorithm includes the storage for the nets. 

the candidate routes, the compatibility graph and the obstacles. The space for 

storage of the nets is proportional to the total number of nets. The storage for 

the candidate routes is the number of bytes of memory for each route times the 

total number of candidate routes. Therefore, the space for the storage of candidate 

routes is also proportional to the total number of nets. For the storage of vertices in 

the compatibility graph, the total number of vertices is equal to the total number of 

candidate routes, which again is proportional to the total number of nets. However, 

the memory requirement for the edges is proportional to the square of the total 

number of vertices in the worst case. Therefore, the space requirement for the edges 

is 0(n2 ) of the total number of nets. The memory requirement for the storage of 

obstacles depends on the forms in which the obstacles are stored. If the obstacles 

are stored in the form of a linked list, then the space for the storage of obstacles is 

proportional to the total number of line segments, thus proportional to the total 

number of nets. On the other hand, the table form for the storage of obstacles 

requires storing an entire layer of the routing grid which is O( L x 'VV) where L is 

the number of rows and W is the number of columns in the routing plane. 

4.5.2 The Time Complexity 

The time needed for the routing process includes the time for construction of 

candidate routes, the time for building the compatibility graph, and the time for 

reduction of the graph. 

1. Time for Construction of Candidate Routes 

The time for the construction of candidate routes depends on the type of route 

to be constructed. For the worst case, assume there is no obstacle inside the bound

ing box of the net and that every possible candidate route must be constructed. 

(This is an extreme and highly unlikely case but serves as a worst-case analysis.) 



84 

The time needed to construct every possible candidate route is the following. For 

type-O and type-l routes, the time is constant. For type-~ routes, it is proportional 

to h + w where h is the length and w is the width of the bounding box of the 

net. For the type-3 routes, it is O(hw). For the type-4 routes. it is proportional to 

hw(h + w). For type-5 routes, it is 0(h2w2 ). For type-X. it is similar to the type-4 

route only with a larger bounding box. For the type-Z routes, it is proportional to 

the number of line segments generated by the line-probe algorithm. Except for the 

type-Z routes, type-5 routes are the most time consuming to construct and they 

use the largest number of vias for the interconnection of the net. Therefore, the 

use of type-5 routes should be limited. 

The time complexity described above is the worst case with the assumption of 

no obstacle in the bounding box and that all the possible routes are constructed. 

which is far from reality. First, there are obstacles which will cut the number of 

possible routes significantly. Secondly, there is no need to find all the possible 

routes because the algorithm only needs a small number of candidates (2 - 20) 

to find high quality solutions. Therefore, the average time complexity would be 

significantly less. 

2. Time for Building the Compatibility Graph 

The time complexity of building the compatibility graph is obviously on the 

order of 0(n2
) because every pair of candidate routes are to be tested for com

patibility. The number of possible combination of pairs of candidate routes is 

1 /2en( en - 1). Considering that the candidate routes from the same net should 

not be tested, the number of possible combinations will drop to 1/2c2 n( n -1). But 

it is still O(n2
). 

3. Time for the Reduction of the Graph 

The worst case for the reduction of the graph is that the graph is a complete 

graph which requires O(n2) time to reduce the graph. 
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4.6 Selection of the Number of Candidate Routes 

In the previous section. it is shown that the complexity of the MCG routing 

algorithm is directly linked to the number of candidates. c. Therefore. the number 

of candidate routes for each net plays an important role in the memory requirements 

and run time of the algorithm. Intuitively, it is expected that a large value for c 

would be desirable. However, a large value of c will dramatically increase the 

memory requirement and the run time. Counter to intuition, it will be shown that 

it is not necessary. 

Since the MCG algorithm is iterative, it can be run with a small value for 

c for multiple iterations, which may yield a solution as good as that of a large 

number of c, meanwhile it does not require a large amount of memory and extra 

long runtime. Phase 1 of the routing process was tested on M2R-100, M2R-200, 

MCCl and MCC2-75 with several different values for c. In each case, the process 

was repeated until no more nets could be routed. 

Table 4.50: Test Results of Different Number of Candidates for M2R-IOO 

No. of No. of Run Time No. of Nets Percent 

Candidate Iteration (second) Routed Routed 

2 2 0.69 132 6.5.02% 

4 1 0.70 134 66.01% 

8 1 1.25 138 67.98% 

12 1 1.49 138 67.98% 

16 1 1.76 138 67.98% 

32 1 3.22 138 67.98% 

Tables 4.50 and 4.51 show the test results for the different number of candidate 

routes on M2R-I00 and M2R-200, respectively. The first column shows the number 

of candidate routes. The second column shows the number of iterations of the 
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routing process. The third column shows the run time, and the fourth and fifth 

colulllIls show Lhe Ilumber of nets routed and the percentage of the total number 

of nets. 

Table 4.51: Test Results of Different Number of Candidates for M2R-200 

No. of No. of Run Time No. of Nets Percent 

Candidate Iteration (second) Routed Routed 

2 2 2.17 237 7i.70% 

4 2 3.03 249 81.64% 

8 1 4.39 254 83.28% 

12 1 6.63 255 83.61% 

16 1 8.92 256 83.93% 

32 1 17.04 256 83.93% 

The number of candidate routes for ~f2R-lOO and M2R-200 ranges from 2 to 32. 

The routing process with a larger number of candidate routes tends to require fewer 

iterations before exhaustion. As the number increases, the run time increases. The 

routing process with a small number uses less time, and the routing process with 

a large number needs a lot more time to complete. The memory requirement, of 

course, also increases with the number of candidate routes. However, there is not 

a big difference for the number of nets routed with a different number of candidate 

routes. For M2R-100, the largest number of candidate routes, 32, only routes 2.96% 

more nets than that of the smallest number, 2; compared with c = 12. it does not 

route any more. For M2R-200, the largest number of candidate routes, 32, routes 

6.23% more nets than that of the smallest number, 2; while compared with c = 

12, it only routes 0.32% more. The run time and percentage routed with different 

number of candidates are shown in Figs. 4.1, 4.2 and 4.3. 

Table 4.52 shows the test results of different number of candidate routes on 

MCC1. The number of candidate routes ranges from 2 to 32. The routing process 
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Figure 4.3: Percentage Routed vs. Number of Candidates 

using a larger number of candidate routes tended to require fewer iterations before 

exhaustion. As the number increases. the run time decreased and then began 

increasing. The routing process using a small value for c used less time per iteration. 

but it involved more iterations. Therefore, the total time used tended to be more. 

On the other hand. for a large value of c there were fewer iterations. but each 

iteration required a lot more time to complete. The routing process with a medium 

value of c, such as 8, achieved a compromise and thus lower run time. Note, there 

is not a big difference for the number of nets routed with different numbers of 

candidate routes used. The largest number of candidate routes, 32, only routed 

2.58% more nets than that of the smallest number. 2. Compared with the medium 

number, 12, it only routed 0.49% more. And this large number uses much more 

memory and runs about 4 times slower. Therefore, there is hardly any advantage 

using a large number of candidate routes on this benchmark. Similar results were 

seen for other examples as well. The run time and percentage routed with different 

number of candidates are shown in Fig. 4.4 and 4.3. 



Table 4.52: Test Results of Different Number of Candidates for ~lCCl 

No. of No. of Run Time No. of Nets Percent 

Candidate Iteration (second) Routed Routed 

2 12 185 787 63.26% 

4 7 138 800 64.31% 

8 3 133 808 64.95% 

12 3 197 813 65.35% 

16 3 284 818 65.76% 

32 2 732 819 65.84% 
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Figure 4.4: Run Time vs. Number of Candidates(MCCl) 
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Table 4.53: Test Results of Different Number of Candidates for MCC2 

No. of No. of Run Time No. of Nets Percent 

Candidate Iteration (second) Routed Routed 

2 17 5007 2635 34.94% 

3 12 3782 2646 35.08% 

4 9 3173 2666 35.35% 

.5 8 2910 2670 35.41% 

6 6 2564 2669 35.39% 

Due to the time and memory requirements, a smaller range of values (from 2 to 

6) was studied for MCC2-75. From the test results, we can still see similar behavior 

to that for MCCl. The routing process using a larger number of candidate routes 

tended to have less iterations before exhaustion. The routing process using a small 

value for c involved more iterations. Therefore, the total time used tended to be 

more. Reasonably, we can estimate that the routing process with a large number of 

candidate routes needs more time because each iteration needs a large amount of 

time to complete, even though it involves fewer iterations. Here again, we see that 

there is not a big difference for the number of nets routed with different numbers 

of candidate routes. The largest number of candidate routes, 6, only routed 0.45% 

more nets than that of the smallest number, 2. Again, we hypothesize that a 

number larger than 6 might route only a few more nets with t.he cost of a larger 

amount of memory and significantly longer run time. The run time and percentage 

routed with different numbers of candidates are shown in Fig. 4.5 and 4.3. 

From the above test data, it is seen that the performance of the MCG algorithm 

is not very sensitive to the number of candidate routes and a relatively small value 

for c can produce solutions with quality as high as when larger values for care 

used. In addition, the routing process using relatively small values for c avoids 

large memory requirements and saves computation time. Note, there is no strict 
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Figure 4.5: Run Time vs. Number of Candidates(MCC2) 

rule for the selection of the number of candidate routes. The selection could be 

based on the size of the problem (number of nets, etc.) and the underlying system 

architecture (memory, cpu, etc). Again, note that the routing solution is not very 

sensitive to the number of candidate routes, therefore, any reasonable number will 

work fine. This robustness is an important feature of the algorithm. 

It is proposed that the best way to perform the routing process is to start with 

a relatively small number of candidate routes. As the process goes on, more and 

more nets get routed and the nets unrouted become fewer, then the number of 

candidate routes can be gradually increased. Therefore, we can avoid the large 

memory requirement meanwhile reducing the number of iterations at the same 

time. Actually, when the routing for MCCI and MCC2 was performed, a variable 

number of candidate routes was used (.5 - 20 candidate routes were used for MCCl 

and 2 - 10 candidate routes were used for MCC2). 

Another strategy to reduce the run time is to stop the iteration of the routing 
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process when the number of nets routed in the iteration is very small (O .. jo/c of 

the total number of nets), except for the last layer or layer pair. The reason for 

this is that it is observed that the vast majority of nets are routed in the first 

few iterations and each additional iteration thereafter only adds a small number 

of routed nets. By stopping it, we can save a lot of run time with only a small 

decrease in routing density for this layer pair. Again, this would not in general 

cause the use of more layers to complete the routing because of the fact that most 

of the nets are routed on the top layer pairs and the bottom layer pair is usually 

very sparse. Therefore, there is room available for this small number of unrouted 

nets on the last layer pair. However, in the situation where the goal is to pack 

the routing solution into fewer layers, it is advantageous to run the process until 

as many nets are routed as possible on each layer pair. By doing this, we may 

reduce the number of layers used for the routing in exchange for the cost of run 

time. It depends on the objective of the designer. The algorithm itself is flexible 

to facilitate the different design goals. 
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CHAPTER 5 

LAYER BALANCING AND RE-ROUTING 

5.1 Layer Balancing 

After the routing is finished, the nets have been routed in a number of layer 

pairs. It can be noted that the nets are usually very unevenly distributed among 

the layer pairs; the top layer pairs tend to have many more nets routed on them 

than that of the lower layer pairs. Most of the nets are routed on the first layer 

pair (90% in one example and 73% in another). There are only a few nets routed 

on the last layer pair (10% and 0.5% respectively). Hence the top layer pairs have 

much higher routing density and the bottom layer pairs have a lot of unoccupied 

open area. High density routing helps to reduce the number of layers needed for 

routing, thus reducing the total cost. On the other hand, it may introduce some 

electrical and manufacturing problems. Also, it is more likely to cause potential 

crosstalk and certainly is more difficult to fabricate, resulting in lower yields. 

Actually it is possible to make use of the unoccupied open area on the bottom 

layer pairs by deleting some of the nets routed on the top layer pairs and routing 

them on the bottom layer pairs. In this way, we will relieve the high density of 

the top layer pairs and distribute the wiring more uniformly over all the layers, 

without increasing the total number of layers. The process of moving nets from 

the top layers to bottom layers is referred as layer balancing. We introduce a new 

algorithm for the problem of layer balancing as described below. 

Step 1: Routing 

This step is the same as the routing process described in Section 3.5 and Section 

3.6, except that the locations of all the terminals of nets are seen as obstacles in 

all the layer pairs. In the routing process described previously, only the unrouted 
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nets are propagated to the next layer pair and the terminals of the nets which are 

routed in the previous layer pairs are not seen as obstades. The reservation of the 

position of the terminals in all layers will make the next step possible. 

Step 2: Redundant routing 

After Step 1, all the nets have been routed in various layer pairs. In this step. 

all nets routed on a particular layer pair are seen as obstacles. The algorithm then 

attempts to route all other nets on this layer pair. The same algorithm is repeated 

for each layer pair. After this redundant routing process, we have multiple routes 

for some nets but on different layer pairs, which provides a basis for the next step 

- balancing. 

Step 3: Balancing 

After Step 2, some of the nets will have more than one route but on different 

layer pairs. For each of those nets with multiple routes, we need to select only 

one route for the final implementation. The criteria for selection is reducing the 

routing density. 

Before we introduce the selection algorithm, we define the weighted congestion 

graph G = (V, E) where V is a set of vertices representing the routes of the nets 

on the given layer pair and E is a set of weighted edges. The weight Wij for edge 

eij is determined as follow: 

Procedure WeighLof...Edge 

Input: 

route ri and route rj 

Output: 

Wij - the weight associated wi th edge eij 

Begin 

Wij = 0 

For each line segment Si in ri 

For each line segment S j in r j 



H Si and S j are parallel to each other 

Ovip = overiap between Sj and Sj 

Dist = distance between Si and Sj 

Wij += Ovlp I Dist 

EndH 

EndFor 

EndFor 

End 
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The weight Wij is referred to as the congestion weight, which reflects the 

closeness between the two routes. For each vertex Vi in V, there is a weight Wi 

associated with it, which is the total of the congestion weights of all the edges 

incident to Vi. The Wi is determined by the following procedure: 

Procedure Weight_oL Vertex 

Input: 

ri - route associated with vertex Vi 

Output 

Wi - the weight associated with vertex Vi 

Begin 

Wi = 0 

For each eij incident to Vi 

Wi += Wij 

EndFor 

End 

The congestion graph is constructed as follow: 

Procedure Congestion_Graph 

Input: 

all the routes on a given layer pair from Step 2 

Output: 

the congestion graph 



Begin 

For each route ri 

associate a vertex Vi with ri 

EndFor 

For each vertex Vi 

For each vertex Vj 

add edge eij 

Wij = WeighLoLEdge(ri, rj) 

EndFor 

Wi = WeighLoLVertex(ri) 

EndFor 

End 
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The balancing algorithm first constructs a congestion graph for each layer pair, 

and then finds the vertex with the maximum weight among vertices in the conges

tion graphs of all the layer pairs. If the vertex is the only one or last one remaining 

for the net, the route associated with the vertex is selected for the net. Otherwise, 

it is deleted and the graph is modified accordingly. Ties are broken by the layer 

pair on which the route was originally located. The process is repeated until all 

the nets are routed. 

Algorithm Layer .-Balancing 

input: 

routing result from step 2 

Output: 

final routing solution 

Begin 

For each layer pair 

construct a congestion graph Gi = (Vi, Ei) 

EndFor 

Repeat 



find the vertex VmClx with the maximum weight 

If vmClx is the only one or iast one ieft for the net 

The route associated with VmClx is selected for the net 

Else 

Delete the vmClx 

Modify the graph (adjust the weights) 

EndIf 

U ntH every net is routed 

End 
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Previous research on layer assignment before routing was discussed in Chapter 

2, and it was pointed out that it suffered two drawbacks. First, the number of 

layers needed for the routing must be estimated for the layer assignment, and the 

exact number of layers needed for the routing is not known before the routing is 

finished. The estimation may not be accurate; if more than needed, it increases 

the cost, on the other hand, if less, there will be rout ability problems. Second, 

after the nets are assigned to a certain layer, it does not guarantee that the net 

can be routed on that layer. In the worst case, the nets are not all routable. So 

the process has to be re-run all over again with a different number for the layers 

needed. Our algorithm does not increase the number of layers, it is not subject to 

the rout ability problem and it yields a high degree of uniformity of distribution of 

nets among the layers and a great reduction in the congestion of wiring on the top 

layer pairs. 

The down side of using the layer balancing algorithm is that the routing solu

tions produced by the algorithm use more vias and wire length than that of the 

routing solutions without using layer balancing because of the reservation of the 

positions of all pads in all layers. This introduces more obstacles in the routing 

process. The computation time is certainly longer because of the time needed for 

the redundant routing on each layer pair. 
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5.2 Re-Routing 

Layer balancing distributes the nets evenly among a number of layer pairs. 

However, in a given layer pair, the wires are not necessarily well distributed. Some 

areas may have more wires and others have less. The congestion graph can be used 

to adjust the wires on a given layer pair to further reduce the congestion and reduce 

the total number of vias and total wire length. We call this process re-routing. The 

algorithm works as follows. It constructs the congestion graph for the given layer 

pair as described in the previous section. The weight of a vertex in the congestion 

graph reflects the overall closeness of the route associated with the vertex to all 

the other routes. Higher weights means that the route is closer to others. Now the 

goal is to adjust the route to reduce the weight and hence reduce the congestion. 

For a given net routed on the layer pair, candidate routes can be constructed in 

the unoccupied area with all the routes on the layer pair as obstacles. The types of 

route used for candidate routes this time are limited to type-D, type-L type-2, and 

type-3 routes, provided the candidate routes use less than or equal to the number 

of vias that the original route for the net uses. For example, if the original route for 

the net has two vias, we can only use type-D, type-l and type-2 routes to construct 

the candidate routes. The reason for this restriction is that we want to reduce vias 

and wire length while reducing the congestion. These types of routes will help us to 

achieve the goal because they are all minimum length routes and they use a small 

number of vias. After we find the candidate routes, we can compute the congestion 

weight for all these candidate routes and find the one with minimum weight. Ties 

are broken using the number of vias since the goal is to reduce the total number of 

vias. We can compare the weight of the new route with the weight of the old route. 

If it is smaller than the old one, replace the old route with the new route. This 

procedure is repeated for every net. In the end, some nets are re-routed with less 

congestion weight and/or fewer vias; others remain unchanged. The overall effect 

will be less congestion, fewer vias, and shorter wire length for the routing solution. 

Algorithm Re-Routing 



input: 

routing solution for a given iayer pair 

Output: 

re-routed routing solution 

Begin 

construct a congestion graph Gi = (Vi, Ei) 

For each net routed on the layer pair 

Construct the candidate routes with the preferred types of routes 

For each candidate route ri 

Calculate the congestion weight Wi 

EndFor 

Find the rmin with the minimum weight Wmin for all the ri 

If Wmin < the congestion weight of the route for the net 

Replace the route with rmin 

Modify the graph (adjust the weights) 

EndIf 

EndFor 

End 

5.3 Test Results of Layer Balancing 
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Layer balancing is a new technique which tries to uniformly distribute the nets 

among the routing layers and reduce the wiring congestion while not increasing 

the number of routing layers. Tables 5.1 and 5.2 show the results of applying the 

layer balancing algorithm on MCCI and MCC2-75, respectively. The solution with 

three layer pairs was used for MCC2-75 to test the quality of the layer balancing 

algorithm on multiple (more than two) layer pairs. The tables list the number of 

nets routed on certain layer pairs and their percentage of the total number of nets 

both before and after applying the layer balancing technique. From the tables, it 

is seen that the algorithm distributes the nets quite evenly among the layer pairs. 
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Table 5.1: Test Results of Layer Balancing on MCCI 

Layer Nets Routed 

before percent after percent 

1 - 2 1116 89.71% 633 50.88% 

3-4 128 10.29% 611 49.12% 

Table 5.2: Test Results of Layer Balancing on MCC2 

Layer Nets Routed 

before percent after percent 

1 - 2 5479 72.73% 2555 33.88% 

3 - 4 1732 22.89% 2498 33.13% 

5 - 6 330 4.38% 2488 32.99% 

As expected, the routing solutions produced by the layer balancing algorithm 

used slightly more vias and wire length than without using it. Table 5.3 shows 

the comparison between the results with and without applying the layer balancing 

algorithm on MCC1 and MCC2-75. 

Table 5.3: Comparison with and without Layer Balancing 

Example Total No. of Vias Total Wire Length 

with without % increase with without I % increase 

MCC1 5090 4880 4.30% 377660 372594 1.36% 

MCC2 36025 33301 8.18% 5673032 5461155 3.88% 
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5.4 Test Results of Re-Routing 

The technique of re-routing introduced in this chapter tries to place the routes 

more evenly on the given layer. In this section, the test results of applying the 

re-routing technique on MCC1 and MCC2 after layer balancing are given. It is 

difficult to show hmv much more evenly the routes are placed after the re-routing 

process than before because there is no quantitative measure for the distribution of 

the routes on a layer. "·le can show the total number of vias and the wire length. 

The improvement of re-routing on MCC1 and MCC2 is on average 3.32% fewer 

vias and 0.15% less wire length. 

Table 5.4: Test Results of Re-routing on MCCI 

Layer No. of Vias Wire Length 

before after % improved before after % improved 

1 - 2 2508 2441 2.67% 185374 185228 0.08% 

3-4 2488 2336 6.11% 184512 184123 0.21% 

Table 5.5: Test Results of Re-routing on MCC2 

Layer No. of Vias Wire Length 

before after % improved before after % improved 

1 - 2 12007 11672 2.79% 1803997 1750554 2.96% 

3 - 4 12241 11940 2.46% 2082979 2037120 ? ')Oo/c _.- 0 

5 - 6 11777 11472 2.59% 1786056 174.j719 .) ')6o/c _._ 0 

The effectiveness of re-routing is dependent on the routing density of the given 

layer. If the given layer is routed very densely, there is not much room left for 

the re-routing to adjust the routes, and the improvement of re-routing will be 

minimal. Therefore, it is more effective to apply it after layer balancing due to the 

lower routing density. 
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CHAPTER 6 

CONCLUSION 

A new multilayer. general-area, multichip module routing algorithm named 

MCG was presented. The algorithm differs from other MCj\1 routers in the way 

that the routes interconnecting the nets are constructed. Some routers perform the 

routing net-by-net and others extend the routes piece-by-piece during the routing 

process. The MCG router takes a more global approach by constructing a certain 

number of candidate routes for each of the nets, building a compatibility graph for 

the candidate routes and reducing the graph to yield a routing solution. Due to this 

unique way of performing the routing, the MCG router offers several outstanding 

features. First, it performs the routing of the nets simultaneously. Therefore it is 

not subject to the net ordering problem. Second, it can give the designer the flex

ibility of selecting the topology of routes for the nets to be routed, which is almost 

impossible for other algorithms. Thirdly, it offers a natural way to incorporate the 

electrical constraints into the routing process, which is absent or hard to handle in 

other algorithms. Compared with other MCM routers, the MCG router produced 

better quality routing solutions in terms of number of layers, number of vias, total 

wire length and routing density with significantly improved computation times over 

a well known commercial router. 

A unique post-routing processing technique, named layer balancing, is also in

troduced, which can distribute the nets uniformly among the routing layers without 

increasing the number of routing layers. The layer balancing can reduce the con

gestion of wiring, therefore reducing the potential for crosstalk and the difficulties 

of fabricating high density wiring which may result in low fabrication yields. The 

re-routing technique can also be used to improve the quality of routing solutions. 

There are several areas for future work with regard to this project. For example. 

the MeG router handles multi-terminal nets in such a way that they are decom-



103 

posed into several two terminal nets before the actual routing process and the two 

Lerminai nets are then routed independentiy during the routing process. Aithough 

applying the technique of Steiner point insertion in the post-processing may help to 

improve the routing solution for the multi-terminal nets, this method is obviously 

not the optimal way to handle multi-terminal nets. Ideally, multi-terminal nets 

would be treated as one net and the candidate routes would be constructed taking 

this into account. However, the construction of candidate routes for multi-terminal 

nets is not as simple as that for two terminal nets. Different multi-terminal nets 

have different numbers of terminals, and certainly the topology of candidate routes 

would be different. The relative location of the terminals in multi-terminal nets 

again makes a difference for the topology of the candidate routes. The problem of 

finding an efficient way to construct candidate routes for multi-terminal nets is a 

well justified research topic. 

Currently, the MCG router requires that all the wires for the interconnection 

of the nets run on the grid and the separation between the wires is fixed. However. 

there are times when off-grid wiring and variable pitch are desirable. 

Another important research topic is the incorporation of electrical constraints 

into the MCG router. This has been a parallel investigation along with the de

velopment of MCG itself and some findings were published in [16]. In the paper, 

the authors used a precise model to check the crosstalk between the routes in the 

compatibility test during the routing process, and therefore a certain degree of 

noise avoidance is achieved, which will reduce the rework time needed for electrical 

analysis followed by re-route. 

These ongoing research projects will certainly enrich the characteristics of the 

MCG router and make it more powerful and even more attractive. 
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