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Abstract 

This thesis presents a new algonthm for the global routing ofM3-layer single-trunk Steiner trees. 

The new algonthm,called selective sequential trunk locking(SSTL),works by selecting a trunk 

from a set oftrunks,then locking the trunk m place The remainder ofthe trunks in the set are 

adjusted according to their relationships to the locked trunk. An inputfile provides the selection 

cnteria along with the chip and circuit layout information. SSTL is compared to a divide and 

conquer algonthm, which works by recursively dividing the area the trunks exist in then moving 

trunks from more highly congested areas to less highly congested areas. When the size ofan area 

is at or below a threshold size,an attempt is made to lock down all trunks in the area.The 

expenmental results show that,although the divide and conquer algonthm has some advantages 

overSSTL,SSTL wins in the most important area SSTL will lock down all trunks in the chip 

under a wider vanety ofconditions than divide and conquer 
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Chapter1 

Introduction 

The first computers cost hundreds ofthousands ofdollars and filled entire rooms. Today,a 

calculator the size ofa credit card can be boughtfor a dollar. This miniaturization ofcomputer 

components came about because ofphysics and economics. Because electncity moves through a 

particular wire matenal at a constant speed,one way to make a component operate faster is to 

shorten the wires used to connect the circuits inside the component. This has the domino effect of 

making components built using these components smaller as well. A side effect ofthis operation 

is that the components require less matenal,which makes the componentscheaperto produce on 

the same machinery. Presently, manufacturers are placing millions ofcomponents on chips afew 

square inches m area. In orderto pack all ofthese components into such a small space,the 

components and their connections must be efficiently placed. 

In standard-cell layouts, all components are the same height. This allows the components to 

be placed in rows with an even amountofspace between the rows. Pins on each component 

allow the component to be connected to other components with wires routed through the spaces 

between the rows. All ofthe pins to be connected to each other and the wires connecting them 

are considered to be a net,and the extreme vertical and horizontal pin locations in the net are 

considered to be the edges ofits netbox 

The wires are routed through and on layers ofnon-conductive matenal attached to the surface 

the components are mounted on All layers are ofequal area, with the edges determined by the 

extreme horizontal and vertical locations ofthe components' pins Many algorithms,though not 
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all,consider each layer to be a gnd with vertical tracks and horizontal rows. The track and the 

row closest to a pin's location determine the coordinates ofthe pin Likewise,wires are routed 

from one track-row coordinate to another. 

Each layer has a specific function. The vertical connection wmes internal to each component 

andfor adjacentrows occupy the layer closestto the components,called Ml. The honzontal 

connection wires internal to each component and for adjacent rows occupy the nextlayer out, 

called M2 The areas ofthe Ml and M2layers immediately"over"each componentare reserved 

exclusively for the internal connections ofthat component. 

Many,but not all, algonthms run the net connections only through Ml and M2. This is nota 

problem when the connections are between components in adjacent rows However,connections 

between components in non-adjacentrows run into problems because ofthe reserved areas in Ml 

and M2. There are two ways to deal with this problem feedthroughs or a thmd layer. 

Feedthroughs are the spaces between components in the rows on layer Ml. Because these 

spaces are not reserved for internal componentconnections,they are free to provide a path for 

wires passing through this row to an adjacent row While this provides a means ofmaking"long" 

connections,it has its own problems. The wire passing through may not be located on the same 

track as the feedthrough,requinng an M2wire to get it to or from the feedthrough Wu-es passing 

through multiple rows could become very convoluted Also,if there are more wires requinng 

feedthroughs than spaces in a row,additional space must be used to satisfy the requirement This 

adds to the size ofthe grid,the layer,and the chip Power and clock connections are routed 

through the rest ofthe layers from M3up Refer to Figure 1 1 for an example offeedthrough 

routing through Ml and M2 

Other algonthms,including the two m this thesis, have a third layer,called M3 The vertical 

wires connecting pins in non-adjacent rows are run through M3 M3greatly decreases the 

complexity ofrouting M3also decreases the length ofthe wires connecting components m non-





adjacentrows while decreasing the clutter in the Ml and M2layers. Power and clock 

\Connections are routed through the rest ofthe layers fromM4up. Refer to Figure 1.2for an 

example ofM3layer routing. 

A simple net connection method is the Sterner tree. The connection wu-es in a Steiner tree can 

connect pins either directly to other pins orto the connection wires ofother pins in the net. The 

algonthms in this thesis use a vanation ofthis called the single-trunk Stemer tree. All ofthe pins 

in a single-trunk Stemer tree are connected to a single vertical trunk wire in the M3layer This 

method optimizes the total vertical wire length on the M3layer The upper and lower ends ofa 

trunk are located at the upper and lower edges ofthe netbox The pins in the net are connected to 

the trunk with wires run through the M2layer. Refer to Figure 1 3for examples ofsingle-trunk 

Steiner trees The possibility ofsplitting the trunk ofa single-trunk Steiner tree to increase its 

usefulness is presented in Appendix A The research was undertaken,but was notimplemented. 

Global routing attempts to place the trunks of all ofthe nets in the gnd so that the wires 

connecting each net are as short as possible Since the pin locations determine the length ofthe 

trunks,there is no way to minimize the length ofthe trunks without moving the pins Because pin 

movement is outside the scope ofglobal routing,the wire length ofthe net is nunimized by 

minimizing the lengths ofthe honzontal M2wires connecting the pins to the trunk 

Every single-trunk Steiner tree has one or more trunk locations where the net's overall wire 

length IS at its absolute minimum for the net's pin locations The range oftracks in which this 

occurs IS called the median Mathematically,the median ofany set of pins sorted by track 

number is the point in the set at which there are an equal number ofpins to the left and to the 

right ofthe median The median ofany set ofsorted pins will fit one oftwo basic situations odd 

medians or even medians 

Odd median sets contain an odd number ofpins sorted in ascending order by their x locations 

The number of pins will be represented by the formula 2n+l(where n>0)and the pins themselves 



Figure 1.2 Example ofa stadard-cell layoutshowing routing through layers Ml-M3. The areas 
ofMl and M2reserved for internal componentconnections are shaded. 



 

netbox netbox 

1 234 51 6 7 8 9 1 2 3 

Figure13 Examples ofsingle trunk Steiner trees. A representation ofthe tree is shown below 
it. An odd median is represented by an even median is represented by"̂ "(medians are 
explained below). 



will be numbered 1 through 2n+l Because the median requires an equal number ofpins on each 

side,the median is located at pin n+1,with the n pins 1 through n on its left and with the n pins 

n+2through 2n+l on its right. Because 2n/2=n,it follows that(2n+l)/2=n+5. Since the 

median has been shown to be atpm n+1,either.5 mustbe added or the result must be rounded 

up. Because rounding is not always consistentfrom system to system,the floating point equation 

((2n+l)/2)+.5 assigned to an integer vanable should find an odd median on any system. 

The proofofodd mediansinvolves what happens when the trunk moves away from the 

median. The trunk increases the wure length between itselfand at least n+1 pms(n pins on the 

other side ofthe median plus at least one pin on the median). At the same time,the trank 

decreases the wu-e length between itselfand at most n pins(n pms on this side ofthe median 

minus any pmsfrom this side ofthe median located in the same track as the median) This means 

that the wire length will increase at least 1 unit whichever direction the tmnk moves(n+l-n= 1) 

Since we are looking for the trunk location that minimizes the wire length and the trunk cannot 

move from the median pin without increasing the wire length,the shortest wu-e length is found 

using a trunk located on the median pin(pin n+1) Refer to Figure 1.4for an example ofan odd 

median and for graphic proofofthe wire length change that results from moving the trunk outside 

the median 

Even median sets contain an even number ofpms sorted in ascending order by their x 

locations The number of pins will be represented by the formula 2n(where n>0)and the pins 

themselves will be numbered 1 through 2n Even median sets are more complicated to deal with 

than odd median sets because there is no way to split an even median set so that there is one pin 

m the middle with an equal number of pins on each side ofit The only way to have an equal 

numberofpins on each side ofa central median is to locate the median inside the range between 

two central pins Because 2n/2= n,the median will require pins n and n+1,with the n-1 pins 1 

through n-1 on the left and the n-1 pins n+2 through 2n on the nght 



 

+n +1 -n = +1 

1.n n+1 n+2 2n+l 

< 1 
-n +1 +n = +1 

Figure 1.4 Example ofodd median indicating wire length changes due to movement 



As with the odd median,the prooffor an even median involves what happens when the trunk 

moves. When the trunk movesinside the space between median pinsn and n+1,it mcreases the 

wire length between itselfand n pins(n-1 pins on the other side ofthe median range plus that 

boundary pm). Atthe same time the trunk decreasesthe wire length between itselfand n pins(n-

1 pins on this side ofthe median range plus this boundary pin). This means thatthe wire length 

will stay the same as long as the trunk only movesinside the range bounded by the median pins n 

and n+1 Ifthe trunk moves outside the median range,at least one pin(the median boundary pin 

and any pins located in the same track)will gofrom decreasing the wire length between itselfand 

the trunk to increasing the distance. Now more pins are increasing their wire lengths than 

decreasing,so the overall wire length will increase. Since we are looking for the trunk location 

that minimizes the wire length and the trunk cannot move outside the median range without 

increasing the wire length,the shortest wire length is found using a trunk inside the median range. 

Please note that if pins n and n+1 are in the same track,the median range is a single track. Refer 

to Figure 1.5 for an example ofan even median and for graphic proofofthe wire length change 

that resultsfrom moving the trunk outside the median. 

The overall wire length ofany net is minimized when the trunk is located in the median. 

When the trunk moves outside ofthe net's median,the overall wire length increases The amount 

ofthis increase is referred to as the wire length change Wire length change can be measured 

individually for each net or cumulatively for all nets in the chip 



+(n-l) +1 -1 -(n-1) = 0 

-(n-1) -1 +1 -Kn-l) = 0 

+(n-l) +1 +1 -(n-1) = +2 

l...n-l n^^Bi+1 n+2...2n 

-(n-1) +1 +1 +(n-l) = +2 

Figure1^ Examples ofeven medians indicating wire length changes due to movement 



Chapter2 

Literature Survey and Analysis 

A literature search did notfind much matenal covenng global routing with the exception of 

examples ofthe various global routing algonthms m vanous textbooks. 

One global routing algonthm is simulated annealing[5] [6] [7] Simulated annealing uses a 2-

stage process to connect the pins in a net. The first stage attempts to minimize the average 

number ofwires running through the spaces between the standard-cell rows when assigning pin 

connection wires Atthe same time,the switchable pin connection wues that can be assigned to 

higher or lower between-row spaces are identified The second stage attempts to minimize the 

wire lengths by assigning the switchable connection wires to different between-row spaces,then 

seeing if that decreases the wire length. This"what-if'process can be very time consuming. 

Another global routing algonthm is integer linear programming[5][6] [7] Integer linear 

programming represents the gnd as a gnd-graph,where each node is a gnd cell. The number of 

tracks that can pass between two adjacent nodes is considered the weight ofthe link between the 

nodes All possible Sterner trees that connect all pins m each net are found The wire length ofa 

particular Sterner tree is the number ofadjacent nodes that are traversed by the connection wires 

in the Sterner tree The Sterner tree with the lowest wire length for a particular net is chosen 

Attention must be paid to the number ofavailable connections between the nodes This"what-if' 

process can be very time consuming 

Another global routing algonthm is maze routing [5][6][7] Maze routing connects two points 

m the grid by finding a sequence ofadjacent gnd cells in a path between the two One pin is 
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labeled as the source,and the other pin is labeled as the target. The algonthm determines the 

shortest pathfrom the source pin to the target pin by minimizing the overall length ofthe 

connection wire or by minimizing the length ofeach straight wire segmentin the connection wire. 

When maze routing is extended to handle multiple nets or nets with more than two pins,any 

routed path is considered an obstacle by any path routed after it. 

Another global routing algonthm is the line search[5] [6] [7] The line search algonthm uses 

less memory than maze routing by representing the layer and the connection wires as line 

segments instead ofas a grid Vertical and honzontal lines,called tnal lines,are extended from 

the source and target pins to whatever stops them,such as the edge ofthe layer or the edge ofa 

component. Ifone ofthe source pin tnal lines intersects one ofthe target pm tnal lines,that is a 

path between the two pins Ifnone ofthe tnal lines intersect,new tnal lines perpendicular to the 

previous set oftnal lines are extended,again until they are stopped. The new tnal lines are 

checked for an intersection This process continues until a source pin tnal line intersects with a 

target pin tnal line or until no more lines can be extended. The line search algonthm will find a 

path ifone exists but does not guarantee the path will be the shortest one. When line search 

routing IS extended to handle multiple nets or nets with more than two pins,any routed path is 

considered an obstacle by any path routed after it 

Another global routing algonthm is area routing[8] Area routing begins by dividing the 

layers into regions, usually with one component per region Unlike in standard-cell layouts,the 

regions are not required to be the same size or the same shape Area routing then adds 

representations ofthe possible connections within and between the regions Each net is then 

routed according to its relationship to the possible connection representations Area routing does 

not use standard-cell format 

The two algonthms presented in this thesis adapt basic computer algorithm types(the divide 

and conquer type[1]and the greedy type[1])for global routing Both algonthms use the 
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standard-cell layoutformat,in which all components are ofthe same height[5] Both algonthms 

use the row-based approach,which determines the location ofcomponents,wires,and pins by 

overlaying each layer with a grid [5]. Each cell ofthe gnd is assumed to contain the area the wire 

passes through and buffer areas separatmg this wire from the wu:es in adjacent cells. Both 

algonthms connectthe pins m nets using single-trunk Sterner trees with the trunk located in the 

M3layer[5] Finally,because another router will handle routing the pm to trunk connection 

wires,both algonthms consider the actual upper and lower ends ofthe trunk to be onerow inside 

the edges ofthe netbox 

2.1 Divide and Conquer 

The divide and conquer program used m this thesis recursively splits the gnd in half,then 

processes each half This is consistent with the definition ofa divide and conquer type algonthm 

[1]. The general purpose ofthe splitting is to reduce the overall problem(the gnd)into smaller 

subproblems(the gnd sections)thatcan be easily solved Because the nets are assigned to one 

halfor to the other when a gnd section splits, no net is assigned to more than one gnd section at a 

time This ensures that each gnd section can be solved independently ofthe others After all gnd 

sections have been solved,they are reassembled back into the gnd according to the track 

positions in each grid section. While the subproblems in this divide and conquer algonthm are of 

the same type as the whole problem,this is not required 

2.2 Selective Sequential Trunk Locking(SSTL) 

TheSSTL algonthm fits the definition ofa greedy algonthm[1] Using a specific user-chosen 

set ofselection cnteria,SSTL selects one trunk out ofa set ofcandidate trunks,then locks it 

down. SSTL then adjusts the positions ofthe other trunks according to their relationships to the 

locked trunk Finally,the locked trunk and all other existing trunks from the same net are 
13 



removed from the set ofcandidate trunks.This continues until the set ofcandidate trunks is 

empty. Thefinal result ofthe run represents the optimal solution for that set ofselection criteria 

for that set ofcandidate trunks. Each locked trunk is considered to be a member ofthe optimal 

solution 

2.3 Other Global Routers 

While there has been much research on the subjectofglobal routing,there seems to be little 

that matches completely the basics ofthe two algonthms used in this thesis. Several ofthe 

routers are row-based [2][3],like SSTL However,one[8]is not. Several ofthe routers use 

standard cells[2][3][4],as do both ofthe algonthms used here. However,those same routers 

[2] [3] [4] all use feedthroughs,indicating that they do not route wires through the M3layer The 

gridless area router[8]claims to be able to handle any numberoflayers. While the algorithms 

are all based on a divide and conquer style breakdown ofthe global routing process,the 

algonthms used to solve many ofthe steps are greedy[2] [3] [4] [8] 
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Chapter3 

Algorithm 

3.1 The Input File 

For consistency,the two algonthms use the same input file, however,the two algorithms 

interpretsome ofthe input m ways specific to them All parameters for the gnd and for the nets 

are either read from the input file or are denved from the information in it Refer to Figure3 1 

for an example input file 

The first line ofthe input file contains basic grid and net parameters The first four parameters 

define the lower,left, upper,and nght edges ofthe gnd These parameters define the limits ofthe 

area the nets are placed m The fifth parameter defines the width ofthe tracks the trunks are 

placed in Dividing the total gnd width by the track width determines the number oftracks 

available to place trunks m By changing the track width,the number oftracks m the grid can be 

increased or decreased The sixth parameter specifies the number of nets 

The second line ofthe input file contains the selection cntena SSTL uses to choose which 

trunk to lock down The divide and conquer algonthm ignores these parameters The first 

parameter in the line specifies the number ofcntena SSTL reads that number ofcntena choices 

into an array for later use 

After the basics are read,the parameters for the nets themselves are read,one per line The 

first parameter is interpreted in different ways by the two algonthms The divide and conquer 

algorithm reads the first parameter as the net's aggression percentage SSTL reads the 
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0 0 9506422896 100529 

31-3-2 

0272017 19442 

027202926642 

Figure3.1 Example ofan inputfile 
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first parameter as the net's pnonty The second parameter corresponds to the number ofpins in 

the net. Thesetwo parameters along with the netnumber and the track width are sent mto the net 

containerto build the net objectforthe net. The pin locations are listed after these firsttwo 

parameters,first the x location,then the row number. 

The net container reads and stores the pm locations,then calculates several parameters 

common to the two algorithms These include the top and bottom rows ofthe trunk,the median 

range,and the wire length that results ifthe trunk is locked down mside the median range. Each 

algorithm then calculates its own particular parameters Ifthe net has an odd median,SSTL sets 

one initial trunk location to that track number Ifthe net has an even median,SSTL sets two 

initial trunk locations at the leftmost and nghtmost track numbers ofthe median range. The 

divide and conquer algorithm uses the aggression percentage and the median range to calculate 

the leftmost and nghtmosttracks the trunk is allowed to move between.This movement 

allowance is called the scratch range Atzero percent aggression,the scratch range is restncted to 

the tracks inside or immediately surrounding the range between the left and nghtedges ofthe 

netbox Atone hundred percent aggression,the scratch range is restncted to the tracks inside or 

immediately surrounding the net's median range 

3.2 Divide and Conquer 

The divide and conquer algonthm begins by dividing the gnd in half When the gnd is 

divided,the scratch range ofeach net in the gnd falls into one ofthree areas entirely in the left 

half, entirely in the nght half, or straddling the dividing line The algonthm then uses the 

following process to assign the straddlers into one halfor the other First,the maximum row 

congestion,or number ofpin to trunk wires in any row,is calculated for the nets lying entirely in 

one halfor the other. Next,the straddlers are sorted by the means oftheir median ranges 

Finally,straddlers are assigned to one ofthe halves according the maximum row congestion 

17 



values for each halfand according to the scratch ranges ofthe nets When a straddler is assigned 

to a half.Its scratch range is adjusted to stop at the dividing line Refer to Figure 3.2for an 

example ofthe assignments and the scratch range adjustment. After all nets have been assigned 

to one halfor the other,the halves are themselves divided in halfand the process is repeated. 

This continues until the halves contain at mosta threshold number oftracks. When a halfreaches 

this threshold,the algonthm attempts to lock down all tmnks in the half. Ifa trunk is notlocked. 

It IS given an arbitrary location. 

3.3 Selective Sequential Trunk Locking(SSTL) 

SSTL uses the infringement between trunks to determine the movement oftrunks and can use 

it to determine which trunk to lock down Infnngement can occur m twoforms,direct and 

indirect Direct infringement occurs when two trunks are located in the same track and compete 

with each other for one or more gnd cells m the track. Indirect infnngement occurs when two 

trunks would directly infnnge ifthey were m the same track Each net contains a list ofnets that 

indirectly infnnge with it 

Each net determines the best location to lock down its trunk by moving4temporary trunks 

around the gnd Trunk0can only move to the left For a net with an odd median,trunk0is 

initially set to the track number ofthe odd median pm and is the only trunk initially set. For a net 

with an even median,trunk0is initially set to the track number ofthe left boundary pin ofthe 

median range Trunks 1 and 2only exist inside the median range ofa net with an even median 

Trunk 1 is initially set to the next available track to the right oftrunk0and can only move to the 

nght Trunk 1 is created when trunk0splits while moving for the first time Trunk2is initially 

set to the next available track to the left oftrunk 3and can only move left Trunk2is created 

when trunk 3 splits while moving for the first time Trunk 3can only move to the nght, but is 

created by one oftwo mutually exclusive situations If a net has an even median,trunk 3 is 
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This net is This net is ass gned to the left half rhis net is 

automatically or to the right lalf,depending on automatically 
assigned to the conditions listed above assigned to 
the left half the nght half 

Ifthe conditions indicate the net belongs in the 
nght half 

This net is This net is now This netis 

automatically assigned to the right automatically 
assigned to half. assigned to 
the left half the right half 

Figure3.2 Example ofscratch range adjustment in the divide and conquer algonthm 
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initially set to the track number ofthe right boundary pin ofthe even median range Ifa net has 

an odd median,trunk3is not initially set,butis created when trunk0splits while movmg for the 

first time When a trunk is locked down,the other three temporary trunks are removed from the 

grid. 

SSTL uses a set ofcntena to determine which trunk to lock down Thecntena numbers read 

from the input file determine whatcharactenstics are used,m whatorder they are used,and 

whether a particular cntenon is to lookfor the minimum or maximum value. Each cntenon uses 

the same process. A list ofall possible candidate trunks is supplied to the cntenon. The critenon 

reads through the list, determining ifthe value ofa particular characteristic is the maximum or 

minimum value for that charactenstic among the candidate trunks Ofcourse,ifa candidate trunk 

has not been initially set yet or has been removed from the gnd,it is not allowed to compete The 

cntenon retums a list ofthe trunks that have the maximum or minimum value ofthat 

charactenstic The list returned from one cntenon can be used as the input list for another 

critenon 

Figure 3 3 gives an overview ofthe SSTL algorithm Once the nets are read m,the algonthm 

begins the routing process. A list ofall trunks competing for lockdown is fed into the first 

critenon The list that is returned from the first cntenon is sent into the second cntenon,and so 

on The process continues until the list ofcntena is exhausted or there is only 1 trunk left in the 

returned list Ifthe number oftrunks left is not 1,the algonthm stops locking down trunks and 

outputs information on all nets 

Ifthe number ofcandidate trunks left is 1,this is the trunk to be locked down The M3 

location ofthe net the trunk belongs to is set to the chosen trunk's location The other3trunks 

are set to an invalid location,their corresponding wire length changes are reset to0 

Additionally,the net's4trunks are removed from the list ofcandidate trunks fed into the first 

cntena Finally, a trace line indicating which trunk has been locked down is output to the output 
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Read grid parameters,track width,and number ofnetsfrom inputfile 
Read selection criteriafrom inputfile 
For(the numberofnets) 
Read netinformation from input file 
Create net objectforthe net 
Determme which other nets this netindirectly infringes with 
While(there are nets to search through) 
Send a list ofcandidate trunks into the first criterion 
The list returned by the first cntena is sent into the second criterion 
Contmue until there is one candidate orthe cntena list is exhausted 
Ifthe list does notcontain 1 candidate,break outofthe while loop 
Lockthe candidate trunk 

Resetthe locations ofthe other trunks in the same netto an invalid track number 
Resetthe wire length change ofthe other trunks in the same netto0 
Remove the other trunks m the same netfrom the candidate list sentto the first cntenon 
For(the trunks in the candidate list sent to the first cntenon) 
Ifthe trunk directly infiinges with the locked trunk 
While(either trunk needs to move) 
Movethe trunk that needs to be moved 

Calculate the cumulative wire length change ifthe trunk is outside the median range 
Ifthis is the first move and ifit is appropnate 
Create the appropnate trunk 

Ifeither trunk needs to be removed 

Remove the trunk 

Ifeither trunk directly infringes with a locked trunk 
Start the loop over again 

Output the statistics and the net information 

Figure33 SSTL algonthm 
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file 

When a trunk is locked down into a track segment,no other trunk can share that track 

segment. The program takes care ofthis situation by finding the tranks that directly infringe with 

the locked trunk,then moving them to adjacent tracks When a trunk is moved,the program 

checks for all ofthefollowing special situations. Ifa trunk is being moved forthe fu-st time,the 

trunk may need to be split into twotmnks with one moving left and one moving right. Ifa trunk 

moves into a track where it would directly infringe with a previously locked trunk,the trunk is 

moved again in the same direction. Ifa trunk moves into the same track as a barrier,its location 

is set to an invalid track number,removing the trunkfrom the grid. Trunks0and 3are removed 

when they move past the edge ofthe gnd Trunks 1 and 2are removed when they move into a 

track presently or previously occupied by any other trunkfrom their net Finally,ifa net has no 

surviving trunks after movementcompletes,the net's4tmnks are removed from the list of 

candidate tmnks fed into the first cntenon Please note that more than one ofthese special 

situations can occur at a time One or more trace lines indicating what actions occurred as a 

result ofthe movement are output to the output file 

Figure 34shows the beginning positions for5tmnks Tmnk3is the locked tmnk for net3 

Tmnks 1-0 and 2-0 are the0tmnksfor the odd(or single-track even)median nets land 2 Tmnks 

4-0 and 4-3 are the0and 3tmnks for even median net4 Tmnks 1-0,2-0,and 4-0 are in the left 

border track ofthe gnd,tmnk3is locked into the next track to the nght,and tmnk 4-3 is in the 

next track to the nght after that None ofthe unlocked trunks has moved previous to now,so 

tmnks 1-3,2-3,4-1,and 4-2 have not been created yet No other tmnks remain to be placed All 

nets have the same pnonty 

A list of all tmnks whose nets have not yet been locked down or removed is sent into the first 

criterion read from the example input file The first cntenon(1)equates to all tmnks with the 

maximum pnonty found in the list oftmnks Because all nets have the same pnonty,all existing 
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Figure3.4 Beginning trunk positionsfor theSSTLexample 
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trunks are chosen.The list ofthe chosen trunks is sentinto the second critenon read from the 

exampleinputfile. The second critenon(-3)equates to all trunks located at the leftmosttrack 

position found m the list oftrunks. Trunks 1-0,2-0,and 4-0 are located at the left border ofthe 

grid and are chosen. The hstofthe chosen trunks is sentinto the third and last cnterion read from 

the example inputfile. The thu-d cnterion(-2)equates to all trunks with the lowest net number 

found in the list oftrunks. Trunk 1-0 has the lowest netnumber ofthe tmnks in the list. The list 

brought back from the lastcntenon has one candidate tmnk,so trunk 1-0is locked down. 

Trunk 2-0is an odd median that has not moved before,so trunk 2-3 is not initially set. Trunk 

2-0creates trunk 2-3. Trunk 2-0then moves one track to the left. This moves trunk 2-0 past the 

left border ofthe grid,so trunk 2-0is removedfrom the gnd. Trunk 2-3 is initially set one track 

to the nght oftrunk 2-0's original location Trunk 2-3 does notinfringe with the locked trunk 3, 

so trunk 2-3 stays where it is Figure 35shows these movements 

Trunk4-0is the left boundary trunk for the median range ofnet4,so trunk 4-3 is initially set. 

Because trunk4has not moved before,trunks4-1 and 4-2 have not been initially set Trunk4-0 

creates trunk4-1 Trunk4-0 moves one track to the left. This moves trunk4-0 past the left 

border ofthe grid,so trunk 4-0is removed from the gnd. Trunk 4-1 is initially set one track to 

the right oftrunk 4-0's original location However,trunk 4-1 directly mfnnges with the locked 

trunk 3,so trunk 4-1 is moved another track to the nght When it amves,it finds that it is shanng 

a track with trunk 4-3 Because no two,trunks from the same netcan be allowed to share a track, 

trunk 4-1 is removed from the gnd Because trunk 4-3 did not directly infnnge with trunk 2-0, 

trunk 4-3 is unaffected Figure36shows these movements Figure 37shows the final trunk 

locations 

When a trunk has been locked down and ail trunk movement resulting from the lockdown has 

been accomplished,the process ofcompetition,lockdown,and movement starts again When the 

list of all competing trunks is exhausted,all nets have either had one oftheir trunks locked 

24 



~2-o[ |2-3 
l-Ol 

13 
4-0 4-3 

Figure 3.5 Net2trunk movements The dotted lines show movementthat results m removal of 
the trunk. 
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Figure 3.6 Net4trunk movements. The dotted lines show movement that results in removal of 
the trunk 
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Figure 3.7 Final trunk positions 
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down or have been removed from competition The process stops,and the last trace lines are 

output. These lines include a list oflocked nets,a list ofremoved nets,the run statistics,and the 

basic information contained m the nets. 

3.4 Comparison ofSSTL and Divide and Conquer 

SSTLremoves several ofthe restrictions ofthe divide and conqueralgonthm The option of 

choosing the selection cntena increases the flexibility ofSSTL,allowing it to home in on certain 

characteristics ofdifferent nets Removing the restriction on the trunk movementallowsSSTLto 

lock down trunks under more vaned conditions Finally, whereas divide and conquer moves 

trunks without regard to the number oftrunks in a track,dealing with track congestion is an 

integral part ofthe SSTL algonthm 
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Chapter4 

Experimental Results 

This chapter presents the results from a companson between the divide and conquer algonthm 

and the selective sequential locking algonthm Both algorithms were implemented in C++, 

requinng 925 lines ofcode for the divide and conquer implementation and 3425 lines ofcode for 

the SSTLimplementation The four input files, depicting real world cases ofbad component 

placement, were created dunng work my advisor did for Intel in 1997 The timing results were 

obtained on aSun SPARCstation 5 running Solans56 

The trunk length ofa net is set by the locations ofits pins Global routing cannot change the 

locations ofthe pins,so global routing can only minimize the lengths ofthe horizontal M2wires 

connecting the pins to the trunks Global routing attempts to do this by locking the trunks into the 

best track locations it can find for them Asshown in Chapter 1,a trunk locked into a track 

located inside the median range for that net is using the minimum amount ofwue that will 

connect all pins in that single-trunk Steiner tree A tmnk locked into a track outside ofthe 

median range for that net requires additional wire to make all the connections The additional 

wire required is considered to be the wire length change for the net 

4.1 Baselining SSTL 

The first order of business was to baseline SSTL to determine which catena combination was 

best for comparison to divide and conquer Each cntenon uses the same process A list of all 

possible candidate trunks is supplied to the cntenon The cntenon reads through the list, 
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determining ifthe value ofa particular charactenstic is the maximum or mimmum value for that 

charactenstic among the candidate trunks. Ofcourse,ifa candidate trunk has not been initially 

set yet or has been removedfrom the gnd,it is not allowed to compete. The critenon returns a 

list ofthe trunks that have the maximum or minimum value ofthat characteristic. The list 

returned from one critenon can be used and the input listfor another criterion. 

Three cntena were chosen for the baseline The maximum pnonty criterion(hp)was chosen 

to place the trunks ofhigh pnonty nets first. Because all nets in the inputfiles were ofthe same 

pnonty,the cntenon was used to filter the non-existent trunks outofthe candidate list. The 

maximum and rmnimum net number critena(hi,li) were chosen because they use an arbitrary net 

charactenstic Because the nets are numbered as they are read in,the net number is assigned in 

the input file The maximum and minimum track numbercntena(ht.It)were chosen because 

they use a charactenstic that can be both random and arbitrary. Each trunk is initially assigned to 

a track location on the boundary ofthat net's median range Because the median range is 

determined by the net's pin locations,and because the pin locations are assigned in the inputfile, 

this initial track assignment is arbitrary However,trunk movementduring routing causes the 

track location to become random Halfofthe combinations(hphthi,hphth,hplthi, hplth)selected 

the furthest left or the furthest right track location containing one or more existing unlocked 

trunks,then selected the lowest or highest numbered net with an unlocked trunk in that track 

location. The other halfofthe combinations(hphiht, hphilt, hpliht, hplilt)selected the highest or 

lowest numbered net containing one or more existing unlocked trunks,then selected the trunk in 

the net located the furthest left or the furthest nght in the gnd 

Asshown in Table 4.1,the combinations produced a wide vanety of wire length changes,but 

all combinations locked all trunks The"best"combination was chosen by assigning places for 

each input file according to the wire length change produced by that combination The places for 

each combination for the four input files were totaled up,then compared Two combinations, 
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Table 4.1 Baseline criteria runs 

tw=track width h=maximum 1=minimum wlc=wnelength change 
p=pnonty t=track# i=net# %locked=%oftotal trunks locked 

file 1,tw=80 file 2,tw=75 file 3,tw=:110 file4,tw=:110 

cnteria %locked wlc %locked wlc %locked wlc %locked wlc 

hpltli 100.00% 3498 100.00% 4786 100.00% 2283 100.00% 16489 

hplilt 100.00% 2565 10000% 6412 100.00% 2217 100.00% 17956 

hphthi 100.00% 5846 100.00% 13208 100.00% 3255 100.00% 5910 

hphiht 10000% 7765 10000% 12585 10000% 2733 100.00% 7600 

hpliht 100.00% 3535 100.00% 11836 100.00% 4529 100.00% 33012 

hphtli 10000% 4718 10000% 13216 100.00% 4409 100.00% 30598 

hplthi 100.00% 23454 100.00% 17153 100.00% 20429 100.00% 21430 

hphilt 100.00% 30419 10000% 23515 10000% 34111 100.00% 21703 
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hplth and hplilt,tied overall,so the tie was broken by adding up the wire length changesfor the 

four inputfiles,then companng Asshown in Table42,hplth was the winner. 

4.2 The Comparison Runs 

hplth and divide and conquer wererun on the same inputfiles with the track width being the 

only vanable The track width was incremented by5from5 until both algonthms had failed to 

lock all trunks for at least5 consecutive track width increments Twonumbers were deemed to 

be important,the percentage ofthe trunks locked down and the overall wire length change. 

Divide and conquer was run with0% aggression(should place the mosttrunks)and with 100% 

aggression(should give the lowest wu-e length change) However,to avoid having to change 

500+ lines in each input file, the aggression percentage for the test runs was hard-coded The 

results for each input file are summanzed in Tables43,44,45,and46 The divide and conquer 

algonthm at 100% aggression produced lower wire length changes in most cases. However, 

SSTL would lock down 100% ofthe trunks at a wider vanety oftrack widths than divide and 

conquer could. In fact.Table4 1 shows that the baseline runs ofSSTL all locked down 100% of 

the trunks at track widths that divide and conquer could not match 

4.3 The Timing Runs 

The only track widths at which all three programs would place 100% ofthe trunks in all cases 

were 5 and 10 For this reason,timings were limited to those cases Table 47summanzes the 

user times output when the programs were run using the timex command The divide and 

conquer algonthm was at least twice as fast as SSTL in all cases 
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Table 4.2 Determining the best baseline criteria combination 

h=maximum I=nunimum wlc= wire length change 
p=priority t=track# i=net# 

filel file2 file3 file4 total total 

wlc place wlc place wlc place wlc place wlc place wlc 

hpltii 2 1 2 3 8 27056 

hplilt 1 2 1 4 8 29150 

hphthi 5 5 4 1 15 28219 

hphiht 6 4 3 2 15 30683 

hpliht 3 3 6 8 20 52912 

hphtii 4 6 5 7 22 52941 

hplthi 7 7 7 5 26 82466 

hphilt 8 8 8 6 30 109748 
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Table 4.3 Companson runsfor input file 1(529 nets) 

hpltii=SSTL tw=track width wlc= wure length change 
dac=divide and conquer 0%=0% aggression 100%=100% aggression 

hpltii dac0% dac 100% 

tw %locked wlc %locked wlc %locked wlc 

5 100.00% 444 100.00% 173274 10000% 253 

10 10000% 587 10000% 86796 100.00% 275 

15 10000% 703 10000% 57950 10000% 201 

20 10000% 764 9981% n/a 10000% 289 

25 10000% 742 9981% n/a 100.00% 227 

30 10000% 844 9981% n/a 9887% n/a 

35 10000% 918 10000% 24802 10000% 486 

40 10000% 1037 9981% n/a 10000% 376 

45 10000% 1273 9905% n/a 9905% n/a 

50 10000% 1658 9830% n/a 98 11% n/a 

55 10000% 1434 9603% n/a 9622% n/a 

60 10000% 2522 9509% n/a 9509% n/a 

65 10000% 3243 9433% n/a 9490% n/a 

70 10000% 2411 9603% n/a 9527% n/a 

75 10000% 3348 9546% n/a 9433% n/a 

80 100.00% 3498 91 12% n/a 9055% n/a 

85 100.00% 4608 9055% n/a 8828% n/a 

90 10000% 5386 8771% n/a 8469% n/a 

95 100.00% 5200 8526% n/a 8280% n/a 

100 10000% 7067 8261% n/a 7977% n/a 

105 10000% 10873 77 13% n/a 7675% n/a 

110 9868% n/a 7580% n/a 7353% n/a 

115 9641% n/a 7372% n/a 72.21% n/a 

120 9452% n/a 7297% n/a 7070% n/a 

125 9301% n/a 7372% n/a 71 27% n/a 

130 9036% n/a 7070% n/a 6900% n/a 

135 8847% n/a 71 27% n/a 6900% n/a 
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Table4.4 Companson runs for input file2(529 nets) 

hpltli=SSTL tw=track width wlc= wu-e length change 
dac=divide and conquer 0%=0% aggression 100%=100% aggression 

hplth dac0% dac 100% 

tw %locked wlc %locked wlc %Icx:ked wlc 

5 10000% 532 10000% 156112 10000% 326 

10 100.00% 667 10000% 78530 10000% 311 

15 10000% 744 10000% 52734 99.62% n/a 

20 10000% 796 10000% 39487 99.81% n/a 

25 10000% 844 10000% 31680 9905% n/a 

30 10000% 889 9981% n/a 9868% n/a 

35 10000% 1016 100.00% 22730 9924% n/a 

40 10000% 1358 100.00% 20024 9792% n/a 

45 10000% 2127 9981% n/a 9603% n/a 

50 10000% 4625 9924% n/a 9395% n/a 

55 10000% 6890 9754% n/a 8922% n/a 

60 10000% 6016 9698% n/a 9036% n/a 

65 10000% 4948 9735% n/a 9093% n/a 

70 10000% 4038 9754% n/a 8922% n/a 

75 10000% 4786 9471% n/a 8639% n/a 

80 10000% 5146 9225% n/a 8526% n/a 

85 10000% 6014 8998% n/a 8242% n/a 

90 10000% 7078 8582% n/a 7807% n/a 

95 9962% n/a 82.04% n/a 7750% n/a 

100 9773% n/a 7788% n/a 7467% n/a 

105 9565% n/a 7486% n/a 71 64% n/a 

110 9338% n/a 72.59% n/a 6938% n/a 

115 91 87% n/a 70 13% n/a 6767% n/a 
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Table 4.5 Companson runs for input file 3(604 nets) 

hpltli=SSTL tw=track width wic= wire length change 
dac=divide and conquer 0%=0% aggression 100%=100% aggression 

hpltli dac0% dac 100% 

tw %locked wic %locked wic %locked wic 

5 10000% 422 10000% 86592 10000% 409 

10 10000% 506 10000% 43602 10000% 359 

15 10000% 571 10000% 29187 10000% 328 

20 10000% 628 10000% 21997 10000% 370 

25 10000% 649 100.00% 17509 10000% 287 

30 10000% 661 10000% 14764 10000% 377 

35 10000% 690 10000% 12628 10000% 517 

40 10000% 736 10000% 11102 10000% 492 

45 10000% 797 9983% n/a 10000% 362 

50 10000% 885 9983% n/a 10000% 338 

55 10000% 987 9967% n/a 9983% n/a 

60 10000% 1482 10000% 7466 9983% n/a 

65 10000% 1444 9983% n/a 10000% 508 

70 10000% 2416 9967% n/a 10000% 521 

75 10000% 2604 10000% 6171 10000% 451 

80 10000% 2800 9934% n/a 10000% 455 

85 100.00% 2600 9901% n/a 9901% n/a 

90 10000% 2613 9868% n/a 9884% n/a 

95 10000% 2173 97 19% n/a 9785% n/a 

100 10000% 2234 9652% n/a 9702% n/a 

105 10000% 2306 9536% n/a 9470% n/a 

110 10000% 2283 9371% n/a 9305% n/a 

115 10000% 3392 9321% n/a 91 56% n/a 

120 - 10000% 4715 9205% n/a 91 72% n/a 

125 10000% 4369 9255% n/a 9007% n/a 

130 10000% 6873 91 23% n/a 9089% n/a 

135 10000% 6625 8907% n/a 8874% n/a 

140 10000% 5745 8791% n/a 8775% n/a 

145 10000% 9851 85 10% n/a 8659% n/a 

150 9901% n/a 81 79% n/a 8278% n/a 

155 97 19% n/a 8030% n/a 81 46% n/a 

160 9586% n/a 7848% n/a 8046% n/a 

165 9437% n/a 75 83% n/a 7732% n/a 

170 9288% n/a 7384% n/a 75 17% n/a 
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Table 4.6 Companson runsfor input file4(604nets) 

hpltli=SSTL tw=track width wlc= wire length change 
dac=divide and conquer 0%=0% aggression 100%=100% aggression 

hpltli dac0% dac 100% 

tw %locked wlc %locked wlc %locked wlc 

5 100.00% 430 100.00% 265339 10000% 784 

10 100.00% 510 100.00% 133194 100.00% 735 

15 10000% 570 10000% 90333 100.00% 713 

20 10000% 619 100.00% 68153 10000% 787 

25 10000% 676 10000% 53571 9983% n/a 

30 10000% 708 100.00% 45691 9983% n/a 

35 10000% 777 10000% 39488 9983% n/a 

40 100.00% 815 100.00% 34753 9950% n/a 

45 10000% 917 10000% 31064 98.84% n/a 

50 10000% 1605 9983% n/a 99 17% n/a 

55 10000% 2454 9950% n/a 9752% n/a 

60 10000% 3162 9950% n/a 9752% n/a 

65 10000% 4035 100.00% 21611 9901% n/a 

70 10000% 5684 9967% n/a 9851% n/a 

75 10000% 8091 9901% n/a 9636% n/a 

80 10000% 10179 9818% n/a 9437% n/a 

85 10000% 14840 97.02% n/a 9387% n/a 

90 10000% 19715 9586% n/a 91 56% n/a 

95 10000% 20732 94.87% n/a 90.23% n/a 

100 10000% 33802 9305% n/a 8808% n/a 

105 10000% 22675 90.73% n/a 8808% n/a 

110 10000% 16489 8957% n/a 8609% n/a 

115 10000% 14246 8874% n/a 8593% n/a 

120 10000% 12601 8907% n/a 8377% n/a 

125 10000% 11932 8791% n/a 8427% n/a 

130 10000% 12565 8642% n/a 8228% n/a 

135 10000% 13402 8477% n/a 81 62% n/a 

140 9901% n/a 82.95% n/a 7897% n/a 

145 9768% n/a 81 46% n/a 7897% n/a 

150 96 19% n/a 7699% n/a 77 15% n/a 

155 9454% n/a 7649% n/a 7550% n/a 

160 9338% n/a 75.33% n/a 7252% n/a 
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Table4.7 User timesfrom the timex command 

hpltli=SSTL tw=track width time=user timefrom timex 
dac=divide and conquer 0%=0%aggression 100%=100% aggression 

hpltli dac0% dac 100% 

inputfile tw time time time 

1 5 1652 550 4.44 

10 16 13 475 433 

2 5 16.77 582 4.62 

10 1674 489 397 

3 5 2101 6.80 630 

10 20.37 5.38 4.85 

4 5 21.81 7.56 591 

10 21.37 5.43 5.15 

36 



 

 

 

 

 

 

4.4 Other Criteria 

Although pnonty,track number,and net number were selected as the criteria for the baseline 

combination,other criteria are available These include 

• Trunk Length-selects the trunks spanning the largest or the smallest number ofrows. 

Because the trunk length is determined by the pin locations,the selections are arbitrary 

• NumberOfTrunks-selects all trunks m nets containing the largest or the smallest number of 

existing temporary trunks Because the numberoftrunks will fluctuate dunng execution,the 

selections are random 

• Wire Length Change-selects the trunks with the largest or the smallest wire length change 

value Because a trunk's wire length change will fluctuate dunng execution,the selections 

are random 

• Number ofInfnngements Unadjusted-selects trunks according to the number ofother trunks 

in the gnd that either directly or mdu-ectly infringe with each trunk.Each trunk counts as 1 

infringement no matter where on the gnd it is located 

• Number ofInfnngements Adjusted by Distance-selects trunks according to the ilumber of 

other trunks in the gnd that either directly or indirectly infnnge with each trunk Each trunk 

IS counted as 1 /the number oftracks traversed to get from the trunk m question to the other 

trunk 

• Number ofInfringements Adjusted by Column Width-selects trunks according to the 

number oftrunks that either directly or indirectly infringe with each trunk Each trunk is 

counted as(the number ofcolumns in the grid-the number oftracks traversed to get from 

the trunk in question to the other tmnk)/the number ofcolumns in the grid 

• Number ofDirect Infnngements-selects the tmnks with the largest or the smallest number 

ofother trunks that directly infringe with them Because trunks move during execution,the 

selections are random 
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• Number ofDirectPrionty Infnngements-selects the trunks with the largest or the smallest 

number ofother trunks ofeqmvalent pnority that directly infringe withthem Because trunks 

move during execution,the selections are random. 

• Number ofDurect OtherInfringements-selects the trunks with the largestor the smallest 

numberofother trunks ofdiffering priority that directly infringe with them. Becausetrunks 

move during execution,the selections are random. 

When It wasfound that the baseline cnteria combinations beat divide and conquer,it was decided 

not to run additional combinations. 
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Chapter5 

Conclusion 

5.1 Analysis ofExperimental Results 

The basic purpose ofany global routing algorithm is to place all candidate trunks. By this 

definition,the selective sequential trunk locking algonthm is the winner. Ascan be seen from the 

comparison run tables in chapter 4,SSTL placed 100% ofthe trunks long after the divide and 

conquer algonthm could not 

However,the divide and conquer algorithm consistently ran in at most halfthe time ofSSTL. 

Also,Table4 1 shows that different cntena combinations can cause SSTLto produce a wide 

vanety ofwire length changes This could cause problems when trying to find the lowest wire 

length,because finding it would require runs with all combinations Coupled with the higherrun 

times,finding the shortest wire lengths could become an impractical process 

5.2 Analysis ofthe Variations in Wire Length Change in SSTL 

In an attempt to find out what was causing the wide vanation in wire length changes in SSTL, 

the first input file was cutdown to 31 nets Running the baseline cntena combinations with this 

abbreviated input file produced the results shown m Table5 1 

A common thread occurred the lower wire length changes occurred when the combination 

looked for the maximum track and the higher wire length changes occurred when the combination 
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Table 5.1 Baseline critena runs on the abbreviated input file with tw setto 144 

tw=track width h=maximum 1=minimum wlc=wire length change 
p=prionty t=track# i=net# %locked=%oftotal tmnkslocked 

cntena %locked wlc 

hphtli 100.00% 21 

hpliht 100.00% 22 

hphiht 10000% 29 

hphthi 10000% 35 

hpltli 100.00% 105 

hplthi 10000% 106 

hplilt 10000% 120 

hphilt 10000% 140 
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looked for theimmmum track An analysis ofthe input file revealed that nearly all ofthe nets 

had even medians(refer to Chapter 1)with the leftedges ofthen*even median ranges located m 

the leftmost sixteen tracks ofthe gnd. Ifa trunk were locked down inside this congested area,the 

trunks that directly infringe on the locked trunk must be moved. This situation alone could result 

in the moved trunks directly infnnging on other trunks In addition,ifa trunk were moved for the 

first time,the trunk would split into right and left trunks. This situation would cause the one 

trunk to become two trunks,increasing the congestion in the immediate area. Either ofthese two 

situations would increase the chance that a created and/or moved trunk would directly infnnge 

with a trunk it would not otherwise infnnge with Combine these two situations with an already 

congested area and the cycle ofcreation and movement would greatly increase the chance that a 

trunk would be locked down outside ofit's optimal median range(refer to the basic median 

sections below) The implication is clear locking down trunks in congested areas is to be 

avoided whenever possible 

The order in which the nets were read in may contnbute to this problem Iftwo trunks 

infnnge with a locked trunk,both must be moved. Because the indu-ect mfnngement lists are 

built as the nets are read in,directly infnnging trunks are moved in the order m which their nets 

appear in the locked trunk's indirect mfnngement list The first trunk chosen will move until it 

can stop or until it hits a bamer Ifthe two trunks infnnge on the same trunks dunng movement 

in the same dnection,the second trunk will move at least one track farther than the first trunk 
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Appendix A 

Split Trunks 

As wasshown in the introduction,there is no way to decrease the wire length ofa single-trunk 

Sterner tree below the wire length that results when the trunk in inside the median range A 

possible means ofincreasing the flexibility ofeither algorithm involves splitting the trunk into 

two connected sub-trunks. An example ofa split trunk is shown in Figure A.1 The smallersub-

trunks would allow the algorithms more flexibility in placement and could reduce the optimal 

wire length However,splitting trunks raises some new issues 

A,1 Connecting a Split Trunk 

Splitting the trunk introduces a new vanable the connector between the sub-trunks. While 

necessary,the connector has a significant side effect it acts as an additional pin for each pm set 

This makes odd medians even and vice versa 

A.1.1 Connector Effect on Odd Medians 

Because the connector acts as a pin,the number of pins in an odd median set increases from 

2n-f-l to 2n+2. 2n-i-2 can be reduced to 2(n+l)which satisfies the definition for an even median 

Because 2(n+l)/2=n+1,the resulting even median will be bounded by pins n+l and n+2,with 

the n pins 1 through n on the left and the n pins n+3through 2n+2on the nght When the 

connector pin is added and the new set of pins is resorted,one oftwo situations will occur 
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A.1.1.1 Connector Inside NextPin 

The first situation("ConnectorInside NextPin")occurs when the connector pin is between the 

odd median and the next onginal pin in the direction ofthe connector pin In this situation,the 

odd median and the connector pm become the boundanes ofthe resulting even median. Please 

note that ifthe connector pm has the same track number as the odd median,the two pins are in 

line,resulting m an odd median. 

Proving this situation involvesfigunng out which pins the connector ends up between Ifthe 

connector pm is between pin n and the odd median(pm n+I),the connector pm becomes pm n+I, 

and pm n+1 becomes pm n+2 The resulting even median will be bounded by the connector pm 

(now pm n+1)and by the onginal odd median(now pm n+2). Conversely,ifthe connector pm is 

between the odd median(pm n+1)and pm n+2,the connector pm becomes pm n+2,leaving the 

odd median(pm n+I)unaffected. The resulting even median will be bounded by the onginal odd 

median (still at pm n+1)and by the connector pm(now pm n+2) Examples ofthis situation are 

shown m Figure A.2 

A.1.1.2 Connector Outside Next Pin 

The second situation("Connector Outside NextPm")occurs when the next pm from the 

median m the direction ofthe connector pm is between the median and the connector pm In this 

situation,the odd median and the next pm m the direction ofthe connector pm become the 

boundaries ofthe resulting even median Please note that if the next pin has the same track 

number as the odd median,the two pins are in line,resulting m an odd median 

As with the Connector Inside NextPm situation,the proofinvolves figuring out which pins 

the connector ends up between If pm n is between the connector pm and the odd median(pin 

n+1),pm n becomes pin n+I and the odd median becomes pm n+2 The resulting even median 

will be bounded by pin n(now pin n+1)and by the onginal odd median(now pm n+2) 
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l...n c n+1 n+2...2n+l l...n c9^Hn+2 n+3...2n+2 

l...n n+1 c n+2...2n+l l...n n+lH^Sc n+3...2n+2 

n+3...2n+l l...n n+l n+4...2n+2 

Figure A.2 Examples ofthe Connector Inside NextPin situation. 



Conversely,ifpm n+2is between the connector pin and the odd median(pm n+1),pins n+1 and 

n+2retain their positions in the sort order. The resulting even median will be bounded by the 

original odd median (still at pin n+1)and by pin n+2(still atpm n+2). Examplesofthis situation 

are shown in Figure A.3. 

A.1.2 Connector Effect on Even Medians 

Because the connector acts as a pm,the number ofpins in an even setincreasesfrom 2n to 

2n+l,which satisfies the definition for an odd median Assuch,the even median bounded by 

pins n and n+1 collapses to the odd median at pin n+1,with the n pins 1 through n on its left and 

with the n pins n+2through 2n+l on its nght When the connector pm is added and the new set 

ofpins is resorted,one oftwo situations will occur 

A.1.2.1 Connector Inside Range 

The first situation("Connector Inside Range")occurs when the connector pin is between the 

median pins. In this situation,the resulting odd median takes the track number ofthe connector 

pm 

Proving this situation involves figuring out which pins the connector pin ends up between 

Because there are n pins to the left ofan even median range and there are n pins to the nght ofan 

even median range,a connector pm inside the even median range becomes pm n+1 The resulting 

odd median is located at the connector pin(pin n+1) Please note that ifthe connector pin has the 

same track number as one ofthe even boundary pins,the resulting odd median will have the track 

number ofthat pin. Examples ofthis situation are shown in Figure A4 
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1...C n+l^^Hn+2 n+3...2n+2 

l...n n+1 n+2 c...2n+l l...n n+lBl^an+2 c...2n+2 

l...n n+1 c n+2...2n+l l...n n+1 c n+3...2n+2 

n+2 n+2 

Figure A~5 Examples ofthe Connector Outside NextPin situation. 

l...n-l n 8n+1 n+2...2n l...n-l n c 

l...n-l nflHln+l n+2...2n l...n-l n 

l...n-l n+2...2n l...n-l 

n+2 

n+2 

n+3...2n+l 

n+3...2n+l 

n+3...2n+l 

Figure A.4 Examples ofthe Connector Inside Range situation. 



A.1.2.2 Connector Outside Range 

The second situation("Connector Outside Range")occurs when the location ofthe connector 

pin IS outside the median range In this situation,the even median boundary pin closest to the 

connector pin becomes the resulting odd median. 

As with the Connector Inside Range situation,the proofmvolvesfigunng out which pins the 

connector pin ends up between. Ifthe connector pin has a track numberless than the track 

number ofpin n(the left-hand even median boundary),pin n becomes pin n+1 The resulting odd 

median will be located at the track number ofthe left-hand even median boundary pin(now pin 

n+1) Conversely,ifthe connector pin has a track number greater than the track number ofpm 

n+1(the right-hand even median boundary),pins n and n+1 retain their positions in the sort order 

The resulting odd median will be located at the track number ofthe right-hand even median 

boundary pin (still pm n+1) Examples ofthis situation are shown in Figure A5 

A.2 The Interaction ofSplit Trunks 

We have analyzed the two basic medians(odd and even) We have analyzed what happens to 

the two basic medians when a connector is added. We now analyze the interaction that occurs 

when combinations ofthe two basic medians are connected There are four possible 

combinations ofthe two basic medians two odds,two evens,one even and one odd,and one odd 

and one even 

A.2.1 Odd-Odd Interaction 

When two odd medians are connected,the first situation that can arise occurs when the 

medians touch This can only occur when the medians are in line with each other, which 

produces a single median Since we already know about single medians,we will move on 
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1..c n+2..2n 1 ..c n+1 n+2 n+3.2n+l 

1..n-1 nlS^Sn+l c. 2n n+1 c..2n+l 

1 n-I n c n+2..2n 1 n c n+3...2n+l 

n+1 n+1 

Figure A.5 Examples ofthe Connector Outside Range situation 
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The second odd-odd situation occurs when the medians do nottouch This situation can have 

several vanations,depending on the connector situations ofthe two medians 

A.2.1.1 Both Connectors Inside NextPin 

One vanation occurs when the ConnectorInside NextPin situation applies to both medians 

In this vanation,the odd median pins become the boundary pinsfor the resulting even median. 

As expected for an even median,a single trunk moving inside the median range moves both away 

from and toward n+m-)-l pins(n pinsfrom one onginal odd arrangement plus m-i-1 pins from the 

other ongmal odd arrangement) This allows the single trunk to move without changing the 

overall wire length However,ifthe trunk splits,consideration must be given to the direction(s) 

m which the sub-trunks move Ifeither sub-trunk moves toward it's ongmal odd median location. 

It moves toward n-i-I pins(n pinsfrom the ongmal odd arrangement plus the median pm)and 

away from n+I pins(n pinsfrom the onginal odd arrangement plus the connector pm) There is 

no penalty for this movement. However,ifa sub-trunk,moves away from it's onginal location,it 

movestoward n pins(from the ongmal odd arrangement)and away from n+2pins(n pinsfrom 

the ongmal odd arrangement plus the odd median plus the connector pm) This causes a2unit 
r 

penalty per unit of movement Ascan be seen, it is possible to make a split trunk work m this 

situation, but care must be taken of what is going where Examples ofthis situation and ofthe 

wire length changes associated with it are shown m Figure A.6 

A.2.1.2 Both Connectors Outside NextPm 

Another vanation occurs when the Connector Outside NextPm situation applies to both 

medians In this vanation,the odd medians become even medians extending from the odd 

median pins to the next pm in the direction ofthe other median The resulting even medians 
y 

might or might not touch Ifthe even medians do not touch,there is no overlap m their median 
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n+1 n+2...2n+l 

l...n n+1 n+2...2n+l l...n n+li 

single trunk without connector 

+n +0 -1 

n+2...2n+l 

=-l++l=0 

l...n n+ n+2...2n+I 

+n +I -0 

-n -0 +1 

n+2...2n+l 

=+l +-1=0 

l...n n+1 n+2...2n+l 

-n -1 +0 

split trunk with connector 

+n +1 -1 

n+3...2n+2 

=0+0=0 

n+3...2n+2 

-n -1 +1 

Figure A.6 Example ofthe double Connector Inside Next Pin situation. Examples ofthe wire 
length changes resulting from trunk movement are included. 
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n+2 n+3...2n+2 

l...n n+1 n+3...2n+2 

+n +2 -0 

Figure A.6(cont.) 



ranges Ifthe even medians touch,there is some overlap in their ranges This situation can 

produce a single trunk or a split trunk Because each new even median is bounded by the original 

odd median and the next pin toward the other median,the area between the "next" pins is where 

the ranges overlap A single trunk moving m this area moves both away from and toward n+m+1 

pins(n pinsfrom one original odd arrangement plus m+1 pinsfrom the other original odd 

arrangement) This allows the single trunk to move withoutchanging the overall wu-e length 

However,ifthe trunk splits,the sub-trunks behave as in the Double ConnectorInside NextPm 

situation above Again,it is possible to make a split trunk work in this situation, but care must be 

taken of whatis going where Examples ofthis situation and ofthe wire length changes 

associated with it are shown m Figure A7 

A.2.1.3 One Inside and One Outside 

The third vanation occurs when the Connector Inside NextPm situation applies to one odd 

median and the Connector Outside NextPm situation appliesto the other odd median The 

resulting even medians will overlap However,the nature ofthat overlap can cause two possible 

cases to occur 

A.2.1.3 1 NextPm In Same Track 

The first possible case occurs when the "next" pm m the Connector Outside NextPm situation 

IS on the ongmal odd median In this possible case,the resulting even median will be limited to a 

single track,effectively keeping it an odd median Because the other ongmal median becomes 

an even median extending to the same track,this arrangement results m an odd median on the 

boundary edge ofan even median This case can produce either a single or a split trunk A single 

trunk can only be located at the track number ofthe odd median A split trunk can move inside 

the resulting even median range This will cause the sub-trunk to move toward n+1 pins(n pins 
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n n+1 n+2...2n+l 

l...n n+1 n+3...2n+l l...n n+1 n+2 n+4...2n+2 

n+2 n+2 

l...n-l n n+1 n+2...2n+l l...n-l n+2 n+3...2n+2Jl 
l...n n+1 n+2 n+3...2n+l l...n n+1 n+4...2n+2Bn+2 

l...n-l n n+1 n+2...2n+l l...n-l n+l^^^Hn+2 n+3...2n+2P 
l...n n+1 n+2 n+3...2n+l l...n n+4...2n+2n+1Hn+2 

single trunk without connector 

+(n-l) +1 -1 -n 

l...n-l n^^^Hn+1 n+2...2n+l 
=-l++l=0Ji 

l...n n+1 n+3...2n+l* 

+n +1 -1 -(n-i) 

-(n-1) -1 +1 +n 

l...n-l n n+1 n+2...2n+l 

=+l+-l=0 

l...n n+1 ■Hn+2 n+3...2n+l 

-1 +1 +(n-l) 

Figure A.7 Examples of the double Connector Outside Next Pin situation. Examples of the wire 
length changes resulting from trunk movement are included. 
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n+lHn+2 n+3...2n+2 
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n+2 
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l...n-l n+lffln+2 n+3...2n+2 
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n+2 
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Figure A.7 (cont.) 
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Figure A.7 (cont.) 



from the ongmalodd airangement plus the odd median pin)and away from n+1 pins(n pinsfrom 

the original odd arrangement plus the connector pin).There is no penalty for this movementas 

long as the sub-trunk remains in the resulting even medianrange Examplesofthis situation and 

ofthe wire length changes associated with it are shown in Figure A.8. 

A.2.1.3.2 NextPin NotIn Same Track 

The second possible case occurs when the "next"pm in the Connector Outside NextPin 

situation is not in the same track as the original odd median pm. In this case,the resulting even 

medians will overlapfrom the original odd median pm to its "next" pm. This situation can 

produce either a single or a split trunk. A single trunk moving m the overlap area moves both 

away from and toward n+m+1 pins(n pins from one ongmal odd arrangement plus m+1 pins 

from the other onginal odd arrangement) This allows the single trunk to move without changing 

the overall wire length. However,ifthe trunk splits,the sub-trunks behave as m theDouble 

ConnectorInside NextPm situation above. Again,it is possible tp make a split trunk work m this 

situation,butcare must be taken of whatis going where. Examples ofthis situation and ofthe 

wire length changes associated with it are shown m Figure A9 

A.2.1.4 Odd-Odd Interaction Summary 

Ascan be seen,any odd-odd interaction produces one ofthree outcomes.First,the odd 

medians touch,producing a single trunk Second,the resulting even medians do not touch, 

prcducmg a split trunk Thnd,the resulting even medians touch This can produce a single trunk 

or a split trunk, with the sub-trunks preferring movement toward their ongmal odd medians 
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l...n n+1 n+4...2n+2 

n+2 

1+1 2n+l +2 2n+2 

split trunk with connector 

n+4...2n+2 

n+2 2n+2 

-(n+1) = 0 

hi n+4...2n+2 

h2 

+2 2n+2 

+(n+l) = 0 

Figure A.8 Example ofthe Connector Inside-Outside Next Pin situation where the next pin and 
the median pin are in the same track. Examples ofthe wire length changes resulting from trunk 
movement are included. 



 n n+1 n+2...2n+l +2 n+3...2n+2 

l...n n+1 n+2...2n+l l...n n+1 n+3...2n+2 

single trunk without connector 

+(n-l) +1 -1 -n 

l...n-l n n+1 n+2...2n+l 

=-l++l=0 

l...n n+ n+2...2n+l 
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-(n-1) -1 +1 +n 
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Figure A.9 Example ofthe Connector Inside-Outside Next Pin situation where the next pin and 
the median pin are not in the same track. Examples of the wire length changes resulting from 
trunk movement are included. 
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A.2.2 Even-Even Interaction 

When two even medians are connected 

A.2.2.1 RangesDo NotTouch 

The first situation thatcan anse occurs when the median ranges do nottouch. Foreach ofthe 

medians,this is a Connector Outside Range situation As wasshown in the Connector Outside 

Range situation explanation,each ofthe even medians collapses into an odd median located on 

the boundary pin closest to the other median. Because each median's connector pm is outside the 

other median's range,the two medians do not touch. This situation can only produce a split trunk 

Examples ofnon-touching even medians and ofthe wire length changes associated with them are 

shown in Figure A 10 

A.2.2.2 Ranges Touch 

The second situation that can anse occurs when the medians touch Because this situation 

results m two ranges acting on each other,the result will be as if all possible median locations for 

one median act upon the other median For this reason,the even medians will remain even 

medians,but will adjust their ranges according to their onentation to each other Ifone median's 

boundary edge is inside the range ofthe other median,the Connector Inside Range situation 

causes the connector pin to become one ofthe other median's boundary edges Similarly,ifone 

median's boundary edge is outside the range ofthe other median,the Connector Outside Range 

situation causes one ofthe other median's boundary edges to become whichever of its onginal 

boundary edges is closest to the connector pin The end result is that the onginal even medians 

become a single full-length even median with a range corresponding to the area in which the 

onginal medians touched A single trunk moving in this range moves both away from and toward 
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1.. n-1 n+1 .2n 1 .n-1 n+1 n+2.2n+l 

1 n-ln^^n+1 n+2 2n 1 n-1 n n+1 n+3 2n+l 
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Figure A.10 Examples oftwo even medians that do not touch Examples ofthe wire length 
changes resulting from trunk movement are included 
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m+n pins(m pins from one onginal even arrangement plus n pins from the other original even 

arrangement). This allows the single trunk to move inside the median range withoutchanging the 

overall wire length. Ifthe trunk splits,each sub-trunk will be moving toward halfofits pms,but 

it will be moving awayfrom halfofits pins plus the connector pin. This will cause the overall 

wire length to mcrease any time the trunk splits. In the interest ofminimal wire length change, 

this situation should only produce a single trunk moving inside the resultingfull-length even 

median range Examplesoftouching even mediansand ofthe wire length changes associated 

with them are shown in Figure All 

A.2.3 Even-Odd Interaction 

When an even median and ah odd median are connected,two basic situations can occur- the 

medians touch or the medians do not touch 

A.2.3.1 Medians ThatTouch 

The first situation that can arise occurs when the medians touch For the original even median, 

this is a Connector Inside Range situation As wasshown m that situation's explanation,the 

original even median collapses into an odd median located on the track ofthe original odd 

median For the original odd median,both connector situations can apply Because the connector 

pin from the original even median can be located anywhere inside that median,use the boundary 

edges from the original even median for situation determination. Also,the fact that the original 

even median boundaries could extend on both sides ofthe original odd median causes the onginal 

odd median to expand into an even median surrounding the onginal odd median pin Ifthe 

Connector Outside NextPin situation applies on either side ofthe original odd median,that side 

becomes a range extending from the onginal odd median pin to the next pin from the median m 

that direction If the Connector Inside Next Pin situation applies to either side ofthe original odd 
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Figure A.ll Examples oftwo even medians that touch. Examples ofthe wire length changes 
resulting from trunk movement are included. 
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median,that side becomes arange extendingfrom the onginal odd median pm to the original 

even median boundary on that side. Because the two medianstouch at the location ofthe odd 

median,this situation can produce either a single ora split trunk. A single trunk can only be 

located atthe track ofthe odd median. When the trunk splits,any movementofthe sub-trunk in 

the resulting even median produces aresult similar to movementofthe onginal odd median(refer 

to the proofofthe basic odd median situation m Chapter 1). In fact,the addition ofthe connector 

increases the additional wire length Therefore,the only practical arrangementis a single trunk 

located on the track ofthe onginal odd median. Examples oftouching even-odd medians and of 

the wure length changes associated with them are shown in Figure A.12. 

A.2.3.2 Medians ThatDo NotTouch 

The second situation that can arise occurs when the medians do nottouch For the onginal 

even median,this is a Connector Outside Range situation. As wasshown in that situation's 

explanation,the onginal even median collapses into an odd median located on the boundary pin 

closestto the onginal odd median. Forthe onginal odd median,both connector situations can 

apply 

Ifthe Connector Outside NextPin situation applies,the original odd median becomes an even 

median extending from the onginal odd median pin to the next pm toward the onginal even 

median Because the connector pm is outside the next pin,the two medians do not touch This 

situation can only produce a split trunk 

Ifthe ConnectorInside NextPin situation applies,the onginal odd median becomes an even 

median extending from the onginal odd median pin to the onginal even median boundary closest 

to It Because the two resulting medians touch at a boundary edge ofthe onginal even median, 

this situation can produce either a single or a split trunk Because the resulting odd median is 

located between the original odd median pm and the next pm toward the onginal even median, 
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Figure A.12 Example of even-odd medians that touch. Examples of the wire length changes 
resulting from trunk movement are included. 



trunk movementcan have one oftwo results. A sub-trunk moving awayfrom the original odd 

median is moving awayfromn+2pins(n pinsfrom the onginal odd arrangementplus the original 

odd median pin plus the connector pin)and is moving toward n pins(n pins from the original odd 

arrangement). The wire length increases by2unitsfor each umtofmovementin this direction. 

A sub-trunk moving toward the original odd median is moving awayfromn+1 pins(n pins from 

the original odd arrangement plus the connector pin)and is moving toward n+1 pins(n pinsfrom 

the original odd arrangement plus the onginal odd median pm). The wire length is unchanged by 

movementin this direction.The sub-trunk behaves as in the Double ConnectorInside NextPin 

situation above. Again,it is possible to make a split trunk work in this situation,but care must be 

taken of what is going where Examples ofnon-touching even-odd medians and ofthe wire 

length changes associated with them are shown in Figure A.13. 
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Figure A.13 Example ofeven-odd medians that do not touch. Examplesofthe wire length 
changes resulting from trunk movement are included. 
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Figure A.13 (cont.) 
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