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Chapter 1 

Introduction

SRAM-based field-programmable gate arrays (FPGAs) are programmable logic 

devices widely used in digital systems. An FPG A  consists of a two-dimensional 

m  x n  array of tiles and input/output blocks (IOBs). Each tile contains config­

urable logic blocks (CLBs) and interconnects surrounding them. Interactions 

between CLBs and IOBs are possible with a system of programmable intercon­

nect resources composed of programmable switches (PSs) and wire segments. 

Figure 1.1 shows a general representation of an FPGA structure, where m  =  3 

and n = 4.

□ □ □□ □□ □□
I/O Block — □

□ □ □ □ □
□

□
□ □ □ □ □

□

□
□ □ □ □ □

□

Configurable 
Logic Block

□  □  □ □  □ □  □  [U Interconnects

Figure 1.1: FPGA structure

FPGA interconnects can be divided into two categories: global and local
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Chapter 1: Introduction

interconnects. The global interconnect structure provides programmable re­

sources to enable the routing of signals through the FPGA without entering 

the CLBs. On the other hand, the local interconnects provide possible routing 

between the global interconnects network and the CLBs.

The Xilinx Virtex group of FPGAs was the first million-gate FPGA device 

family. The interconnect structure of these devices is relatively irregular and 

more complex than  earlier device families, such as the XC4000. Approximately 

80% of all SRAM cells in a Xilinx Virtex FPGA are dedicated to interconnects, 

which consist of programmable switches (PSs) and wire segments. Local inter­

connects account for 65% of interconnect PSs.

Like other integrated circuits (ICs), the integrity of FPGAs needs to  be 

verified during the manufacturing process and also when it is incorporated in 

an electronic design (in-system). Therefore test strategies should be developed 

to achieve appropriate testing of the device.

1.1 T hesis Scope

Testing is an im portant step for the design and manufacturing of integrated 

circuits. An FPGA will be tested several times in its life cycle (e.g.: man­

ufacturing and in-system tests). In this thesis, we will focus on the local 

interconnects test of one specific familly of FPGA: the Xilinx Virtex. It is im­

portant to mention tha t this thesis work is applicable to the Xilinx Virtex-E 

and Virtex-EM family as well as the Xilinx Spartan-II and Spartan-IIE FPGAs 

since their structure is very similar to th a t of the Virtex family.

The test strategy should be able to verify the integrity of all local inter­

connects in the FPGA. The re-programmability of the FPGA allows a test 

strategy with more than  one testing configuration (TC). The overall test tha t 

will be applied to  the FPGA should be as fast as possible to minimize the 

test duration. We know, from experience, th a t the FPG A  programming time 

is more time-consuming than  the test performed by every TC. Therefore, an 

im portant goal to achieve is to obtain the minimum number of TCs.

2
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Section 1.2: Thesis Organization

Therefore an adequate interconnect model as well as an algorithm should 

be developed to generate a minimum set of TCs. The proposed interconnect 

modeling is based on graph theory. Basically, vertices model the wire segments 

and the edges of the graph are the PSs. The resulting graph is a k-partite 

graph th a t represents k wire segment groups. An edge coloring algorithm was 

developed to generate a set of TCs. Our experiments on Virtex FPGAs obtain 

a minimal set of 26 TCs.

The proposed testing scheme is applicable to  both  manufacturing tests and 

built-in self tests (BISTs). BIST is a popular test architecture which places all 

the test circuitry in the chip. The test scheme uses some new architectural 

features of the Virtex FPGA such as the RAM blocks.

When a circuit has failed a test, it is im portant to  know the location of 

the faults detected in the integrated circuit. Diagnostic tests can identify 

faulty parts th a t should be replaced or avoided. Fault diagnosis is essential for 

fault tolerant systems and helpful for yield improvement in a manufacturing 

environment. Therefore, the proposed test scheme can be extended to  support 

diagnostic test by saving test responses on the FPGA. When the diagnostic 

test is over, da ta  are is sent out of the FPG A  for further analysis.

1.2 T hesis O rganization

This thesis is divided into six chapters organized as follows. Chapter 2 explains 

some im portant concepts related to the FPGA architecture. It also presents a 

literature review related to this thesis. This review shows where the work of 

this thesis can be included relative to previous work in the field. The BIST test 

scheme used in this project is presented in Chapter 3. It also presents the fault 

models, the test vectors, and proofs of testability. Chapter 4 introduces a graph 

model for the FPGA interconnects. It also explains the algorithm, based on 

the edge coloring of bipartite graphs, th a t finds the TCs. The modeling and 

the algorithm are then applied to a simplified FPG A  resources example to 

demonstrate how they work to find the TCs. More details about the algorithm

3
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Chapter 1: Introduction

and experiments with the Virtex FPGA resources are also presented. Chapter 

5 presents two other schemes th a t can perform diagnosis on the Virtex FPGA 

interconnects. These schemes are based the test scheme shown in chapter 3. 

The two diagnostic schemes are useful for two different applications: fault 

tolerance and manufacturing. Finally, Chapter 6 concludes with a brief review 

of the thesis, a summary of its im portant achievements, and possible further 

work.

4
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Chapter 2

Background

This chapter first presents a background section on FPGA architecture. It 

includes the general architecture, the logic, and the interconnects of the Xil­

inx Virtex FPGA. A literature review is also presented. It presents different 

published strategies for testing FPGAs.

2.1 F P G A  A rchitecture

CLBGeneral
Routing
Matrix

Local
Interconnect

Global Lin<

Figure 2.1: FPGA interconnect system

An FPGA typically consists of a two-dimensional array of uncommitted 

configurable logic blocks (CLBs) surrounded by Input/O utput (I/O ) blocks. A 

system of programmable interconnects is used to  route signals between CLBs 

to  create an electrical circuit. The programmable interconnect network can 

also connect the previously mentioned circuit to I/O  blocks to  allow external

5
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Chapter 2: Background

D Q
CE
SR
CLK

Figure 2.2: CLB logic

control and observation. Figure 2.1 shows a simplified diagram of the regular 

part of the FPGA made of CLBs and interconnects. This architecture, called 

cluster-based, is the one used in the Xilinx Virtex FPGA.

Every CLB includes several components such as look-up tables (LUTs), 

multiplexers, and storage elements. In the Virtex FPGA, each LUT can be 

configured as a 16 x 1-bit synchronous RAM or ROM as well as any asyn­

chronous 4-input logic function. The storage elements can also be configured 

in two modes: D-type flip-flops (DFFs) or level-sensitive latches. Figure 2.2 

shows a simplified representation of the Virtex CLB logic.

The interconnect network is made of wire segments and programmable 

switches (PSs). A PS is made of one SRAM cell and a pass transistor. PSs 

are mostly concentrated in some area in the FPGA called switching matrices. 

FPG A  interconnects can be divided into two categories: global and local inter­

connects. The global interconnect structure provides programmable resources 

to  enable the routing of signals through the FPG A  without entering the CLBs. 

On the other hand, the local interconnects provide possible routing between 

the global interconnect network and the CLBs.

Figure 2.3 shows more details of Virtex local interconnects by presenting 

a simplified FPG A  tile. The input routing matrix  (IRM) links the general 

routing matrix (GRM) with the CLB’s input lines. On the opposite side of the 

CLBs, the output routing matrix (ORM) helps to  link output lines of the CLBs

6
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Section 2.1: FPGA Architecture

Tri-state Bus

CLBO CLB1

ORM

IRM

G RM

Figure 2.3: Local interconnects

g □ □ g □ □
(a) Short (b) Hex

(c) Long 

Figure 2.4: Global lines

with the GRM. Note th a t there are two tri-state  buffers in every tile linked 

to a tri-state  bus th a t crosses the FPG A  horizontally. Every row of tiles has 

a tri-state bus made of four lines. Tri-state buses act like MUX buses where 

many tri-state buffers are allowed to be linked to  a line but only one can put 

its value on the line at a time.

There are different groups of global interconnects classified by their lengths. 

Figure 2.4 shows the different kinds of global lines: short (a), hex (b), and long 

(c) lines. Short lines link the GRM with all its orthogonal GRM neighbors 

in the next tiles. Hex lines can connect two GRMs th a t are six tiles away

7
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Chapter 2: Background

horizontally or vertically. Hex lines can be driven only at their extremities but 

they can be read either at their extremities or their midpoints (three tiles from 

the source). The long lines can route signals vertically and horizontally and 

they span the entire height and width of the FPGA. Their connection points 

to  GRMs are situated every six tiles as shown in Figure 2.4 (c).

Different techniques have been tried to test FPGAs. The following sections 

will present different test techniques and schemes related to this thesis.

2.2 Current M easurem ent Techniques

The most popular current measurement technique to test CMOS devices is 

I d d q  testing [1], This technique consists of monitoring the steady state supply 

current ( I d d q ) to detect abnormally high currents during the steady state in 

CMOS circuits. I d d q  testing can detect low level faults such as transistor 

stuck-open, transistor stuck-closed, transistor gate oxide shorts, interconnect 

bridging shorts, and unpowered interconnect opens.

The I d d q  testing technique requires a lot of equipment. Because of this 

disadvantage, th a t technique is mostly used in manufacturing test and not in 

field test when the integrated circuit is in a system. Furtermore, it takes a 

significant amount of settling time to  get accurate current measurements.

Most of the work on FPGA I d d q  test was done by Zhao et a l. They applied 

I d d q  techniques to  test different parts of the FPG A  such as the Inpu t/O u t put 

resources [2], the logic resources [3], and the interconnects [4],

2.3 V oltage M easurem ent Techniques

Most of the testing on integrated circuits uses voltage measurement techniques. 

These techniques measure logic responses at certain points in the circuit to 

detect potential faults. Voltage measurement techniques are widely used for 

FPGA testing.

Because of FPG A ’s programming flexibility, not all the FPG A  resources 

can be programmed in one circuit configuration. The detectability of a fault

8
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Section 2.3: Voltage Measurement Techniques

therefore depends strongly on the circuit implemented in the FPGA. For ex­

ample, a particular fault can be redundant in a particular FPGA configuration 

and consequently cannot be detected within th a t configuration. Therefore, 

most of the FPG A  test schemes apply tests successively on a set of configura­

tions to verify the integrity of all resources.

Presently, the two main voltage measurement strategies to test FPGAs are 

the device testing technique and the built-in self-test (BIST) technique.

2.3.1 Device Testing Techniques

The device testing techniques generally need full access to  the I/O  pins of the 

integrated circuit. In this kind of test, the test vectors are applied in parallel 

from outside the chip and the test results are read at other dedicated output 

pins. This kind of test is often used in manufacturing testing.

This technique can be used to test global and local interconnects in FPGAs. 

In [5, 6, 7, 8, 9, 10, 11, 12], device testing is used to test global interconnects. In 

the m ajority of these research papers, the basic idea is to  configure the global 

interconnects to  form long buses and then test them  by applying classical bus 

testing vectors. The test vectors are applied to some chip I/O s and the test 

responses are subsequently read from other I/O s. Figure 2.5 shows an example 

of test configuration (TC) for the global interconnects, where multiple test 

buses are formed, and all the general routing matrices are configured in the 

same way to  create diagonal routings in the FPGA. The ends of these buses 

are connected to I/O  Blocks.

The general idea when testing local interconnects is to  apply signals to  the 

CLB inputs and propagate them  to  the outputs. The approaches in [13, 14] 

supply signals to  the combinational and sequential logic programmed in the 

CLBs. Figure 2.6 shows the general idea of this methodology. In this kind of 

scheme, some CLB outputs are linked to  their neighboring inputs to create 

a chain of logic functions. Testing signals are applied to  all CLBs from an 

external source and test responses from each CLB logic are passed on to  the 

next CLB on the right. The advantage is th a t the number of I/O s to  observe

9

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Inputs from I/O Blocks

Outputs to < 
I/O Blocks

, Inputs from 
I/O Blocks

■Test Configuration 
of the General 

Outputs to I/O Blocks Switching Matrix

Figure 2.5: One global interconnect test configuration

Inputs from < 
I/O Blocks CLB CLB

CLB

CLB

CLB

CLB

CLB

CLB

CLB

> Outputs to 
I/O Blocks

Figure 2.6: A local interconnect test strategy

is less than  the number of test responses produced by all CLBs. Because of 

the intensive use of I/O s in these schemes, they are classified as device testing 

techniques.

Don mar et al. proposed a modified FPGA architecture in [15] to  test 

FPG A  logic cells and interconnects. The new design modified the SRAM part 

of the FPGA to allow faster loading of the test configuration data. The idea 

is to  use the redundancy in a test configuration to  program the FPGA in 

parallel. Since the research focus of this thesis is on a fixed design of FPGA, 

the technique presented by Doumar et al. is not applicable.

10
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Section 2.3: Voltage Measurement Techniques

TPG CUT ORA

BIST Controller

Figure 2.7: BIST architecture

2.3.2 Built-In Self-Test Technique

A built-in self-test (BIST) strategy is used when the test interface has a limited 

access to  the I/O  pins of an integrated circuit. For example a BIST scheme 

can be useful to test a chip already implemented on a printed circuit board 

(PCB) or in a bigger system. This kind of test is called a field-test. A BIST 

scheme is essentially composed of four parts: a BIST controller, a test pattern 

generator (TPG), an output response analyzer (ORA), and a circuit under test 

(CUT). Figure 2.7 shows the general architecture of a BIST scheme.

The first BIST approach to  test FPGA interconnects was developed by 

Stroud et al. in [16]. This scheme tests the interconnects by configuring 

programmable switches (PSs) to form two groups of wires under test (WUTs). 

The two WUTs receive identical test vectors from the same group of CLBs 

configured as a TPG. On the other end of the WUTs an ORA compares the 

results from the two WUTs. This technique supports a good fault coverage for 

many kind of faults, but it fails to  detect multiple faults th a t make the two 

W UTs behave in the same faulty way.

In [17], Abramovici et al. present an on-line FPGA testing and diagnosis 

method. Every test configuration (TC) is localized on only one column and 

one row of the FPGA. Since th a t represents only a small part of the overall 

FPGA area, the FPGA can still perform its function during the test. The 

entire FPGA can be tested by moving the test row and the test column.

In [18, 19, 20, 21, 22], Sun et al. use error control coding to  detect faulty 

behavior in interconnects. In the overall scheme, the FPGA is split into two 

equal parts: one with the CUT and another one with the BIST controller, the

11
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Chapter 2: Background

TPG, and the ORA. The idea is to configure interconnects into W UTs with 

a parity wire. These W UTs are configured in the CUT part of the FPGA. A 

TPG  supplies test vectors as well as a parity bit to the WUTs. At the other 

end of the W UTs (or at some intermediate point on the W UTs), a parity code 

generator regenerates the parity and a XNOR gate compares the parity from 

the parity wire of the W UTs and the generated one. This scheme can achieve 

very high multiple fault coverage.

2.4 In terconnects T esting

2.4.1 Fault M odels

Fault models are the abstract representation of physical defects th a t can ap­

pear in an electronic system, produced by process defects, m aterial defects, 

age defects, and package defects. Having a fault model is necessary to  do 

structural testing on any kind of integrated circuit.

For the interconnects testing, the typical fault models include wire segment 

stuck-at 0 or 1, segment stuck-open, and segment bridging. They also in­

clude programmable switch stuck-on (stuck-closed) and stuck-off (stuck-open). 

Many fault models also allow the multiple appearance of the faults (e.g. mul­

tiple stuck-at 0/1 faults). Fault models sometime include combinations of 

different kinds of faults which can be present at the same time.

Some research has been done on more exotic types of faults. M etra et al. 

investigated an FPGA test to  detect transient and crosstalk faults affecting 

interconnects in [23]. Abramovici and Stroud, in [24], presented a method to 

detect delay-faults in FPGAs.

2.4.2 Testing

The testing of FPGA interconnects can be divided into global interconnect 

testing and local interconnect testing categories. Prior work on FPGA inter­

connect testing mainly focuses on global interconnect testing [5, 6, 7, 8, 9, 10, 

11, 12, 18, 19]. In [14, 20, 22] a local interconnect test scheme is presented and

12
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in [13, 16, 17, 21, 25, 26] a combined local/global scheme is explained.

In the previous section, different test architectures were presented. Two 

other steps th a t rely on the test architecture are needed to derive a completely 

functional test. First, a modeling of the interconnects should be done to have a 

certain level of abstraction. This modeling allows the use of an algorithm that 

can configure the programmable interconnects in test configurations. This 

thesis focuses on the FPGA interconnect modeling and the  aforementioned 

algorithm.

A majority of the test methodologies use reprogrammability of the FPGA 

to achieve high fault coverage with a set of test configurations (TCs). It is 

desirable to minimize the number of TCs since programming the FPGA is 

more time consuming than  the test application time. Some research has been 

devoted to optimization problems aimed at deriving a minimal number of TCs. 

Heuristic approaches to  these problems can be found in [12, 20, 21, 26].

A number of graph models have been used to model FPG A  interconnects 

and derive interconnect TCs. In [20], an adjacency graph is employed to repre­

sent local interconnects, where a vertex denotes a PS and an edge represents a 

test requirement between two PSs. TCs are derived by solving a  vertex color­

ing problem of the graph. A global interconnect bipartite graph model, where 

a vertex represents a wire segment and an edge represents a PS, is given in [26] 

for maximum fault coverage and diagnosability. In [12], bo th  wire segments 

and PSs of global interconnects are modeled by edges. Source and drain ver­

tices are introduced to  the graph and a maximum flow algorithm is used to 

derive TCs. However, the choice of a routing path  through the  graph is random 

and, thus, constraints on using particular nodes for the source and destination 

cannot be accommodated. Conversely, the algorithm in [27] supports choices 

on source and destination nodes when forming routing paths, but does not 

guarantee complete coverage of edges. A graph model is required to represent 

the interconnect resources.

13
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2.4.3 Diagnosis

In a test procedure, the diagnosis is the action of identifying where a detected 

fault is located.

The role of testing is to  detect whether something went wrong. On the 

other hand, the role of diagnosis is to determine exactly what went wrong. 

Diagnosis is essential to  fault tolerance techniques because it makes it possible 

to avoid faulty parts of an integrated circuit and thus improve the yield in 

the manufacturing process. Diagnosing a fault is usually more difficult and 

requires more programming steps than  simply detecting the presence a fault.

Some research has been done on diagnosing faults in wiring interconnects 

on printed circuit boards (PCBs) by Park in [28], by Cheng et al. in [29], and by 

Hassan et al. in [30]. They used boundary scan design techniques to test the 

interconnects between chips on a PCB. Those techniques cannot be directly 

applied to the FPG A  interconnect fault diagnosis because the architecture is 

different. However, the diagnosis test vector sets presented in these papers can 

be reused for diagnosing faults in an FPGA interconnect network.

Huang et al. in [5], Yu et al. in [6, 7], and Liu et al. in [31] worked on 

the diagnosis of FPG A  interconnect faults. In these papers, fine  resolution 

diagnoses are presented. Tahoori, in [32], presents two diagnostic test schemes 

for FPGA interconnects: a coarse-grain and a fine-grain diagnosis. The coarse- 

grain diagnosis is first applied to the interconnects. If a fault is found, a fine- 

grain diagnosis is applied to determine where the fault is with more precision.

Chen et al. worked on interconnects in general in [33]. They developed a 

test vector derivation based on graph coloring techniques. In this methodology, 

the adjacencies between nets are known.

14
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Chapter 3 

The Proposed Test Scheme

Built-in self-test (BIST) techniques add overhead to digital circuits but have 

great advantages such as improved testability compared to other testing tech­

niques, support of at-clock-speed test of modules, and reduced need for ex­

pensive automatic test equipment (ATE). BISTs also allow for field test, where 

the chip under test is in an assembled system.

FPGA

CUT ' BIST
1
i
I
I
I
I
I
i

m

i
II

RAM BlockTiles

Figure 3.1: Simplified representation of the Virtex FPGA

The proposed test strategy for FPGA local interconnects is a BIST stra t­

egy. The overall BIST strategy uses the re-programmability of the FPGA to 

perform a full test on the local interconnects. The test strategy is composed 

of a set of test programs called test configurations (TCs). In every TC, the 

FPG A  resource is divided into two parts: the circuit under test (CUT) and

15
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CLB

WUTs

P/F

Fault-free Parity

Parity
Code

Generator ORATPG

Figure 3.2: Conceptual block diagram

the BIST circuit.

Figure 3.1 shows a FPGA with m x  n  tiles. If a to ta l of k TCs are needed 

to test the local interconnects of one half of the FPGA, the to ta l number of 

TCs is 2k because all TCs need to be applied on both left and right parts.

Figure 3.2 shows the conceptual block diagram of the proposed BIST stra t­

egy. A portion of wire segments and programmable switches configured to­

gether is called a wire group (WG). The wire segments th a t are part of a 

WG in one TC are called wires under test (WUTs). One extremity of a WUT 

should be connected to  a CLB. Because most of the local interconnects help to 

route signals in and out of the CLBs, the testing signals have to pass through 

the CLBs. This is why the testing scheme uses the CLB logic to  perform test 

calculations and is able to  get relatively parallel test on every tile in the CUT.

During the test sequence, the W UTs receive test vectors from the test 

pattern generator (TPG). The TPG  also supplies a fault-free parity directly 

to  the output response analyzer (ORA). Inside each CLB, the parity code 

generator calculates the output parity {Op). The Op is sent to the, ORA which 

compares the Op with a fault-free parity and gives a pass/fail result.

The parity calculator test scheme, combined with carefully chosen test 

vectors, has a high fault coverage. The next section presents more details on 

the proposed BIST scheme. It also gives the fault models, assumptions, the 

proposed test sets, and the proof of fault detectability.

16
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BISTCUTBasic Tile ORM

GRM IRM

o

o

TPG

BIST
Controller

ORA

Figure 3.3: Proposed BIST architecture

3.1 P roposed  B IST  A rchitecture

Figure 3.3 shows a simplified representation of the proposed BIST architecture. 

As previously mentioned, the Virtex FPGA is split vertically in two parts: the 

CUT and the BIST. The CUT part is represented as a 2 x 2 array of basic tiles 

in Figure 3.3. Three major parts are in the BIST section: the BIST controller, 

the TPG, and the ORA. The BIST controller controls the test sequence. The 

TPG  generates the vectors and supplies all the tiles in the CUT via the global 

interconnects. The TPG  also generates the fault-free parity code and gives it 

directly to the ORA. The output parity (Op) signals, calculated by the CLBs, 

are put on the tri-state buses. Since the tri-state  buses are horizontal in the 

Virtex FPGA, and the scheme uses them  to carry the test responses, the CUT 

and the BIST should be side by side horizontally. The ORA receives all the test 

responses from the tri-state buses and compares them  to the fault-free parity 

code generated by the TPG. Depending on the result of the comparison, the 

ORA gives a passed or failed result to the BIST controller.

17
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CUT BIST

ORA
4nTest Responses-----------1-------m

m
Column Selects

TPG

Test Vector Lines
CE

Fault-free
Parity

SR

BIST
Controller

Address
Counter

Test Vectors 
RAM

Figure 3.4: BIST block diagram

Figure 3.4 shows a block diagram of the BIST part of the test configuration. 

The central BIST controller is a state machine th a t controls the test sequence.

The implementation of a T PG  is usually done using only the CLB memory 

resources. Since the Virtex FPG A  family has some random-access memory 

blocks (RAM blocks), they can be used with a counter to create a TPG  that 

will save some CLB programming resources for the rest of the BIST circuit. In 

the present BIST scheme, a binary counter is tied to the address of the RAM 

block to create the TPG. Test vectors, two control signals (CE and SR), and 

a fault-free parity signal are stored in the RAM. A new test value is applied 

every time the counter increments.

The ORA compares the test responses from the tri-state  buffer with the 

fault-free parity code from the TPG. AND and NOR logic gates are used as

18
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CLB

Feedback
Connection

Parity Code Generator

LUT
WUTs c< to Tri-state

 ̂ BufferLUT

CE
SRWUTs_s-(

Column
Select

Figure 3.5: Test logic

a comparator. If the value of the fault-free parity is a logic 1, the  AND gate 

is selected to  have a faulty output signal when at least one input is equal to

0. If the results (parity responses) from the CUT are supposed to  be Os, the 

NOR logic gate is used for the comparison. The ORA gives a passed or failed 

result to  the BIST controller at the end of the process.

In the CUT part of the TC, the global interconnects help to  route signals 

from the BIST controller and the TPG. Thus, the Long, Hex and Short lines, 

and the dedicated clock lines supply the test vectors and the control signals 

(column selects) to  every tile. Figure 3.3 shows some characteristics of a basic 

tile. In every tile, the two CLBs receive the test vectors via the general routing 

matrix (GRM) and the input routing matrix (IRM). The CLBs perform some 

test logic and also latch the results. The result is then  passed though the 

output routing matrix (ORM) and the tri-state buffers put the two results that 

come from both CLBs on the tri-state lines. The tri-state  buffers are used 

to pass the test results back to the BIST for two main reasons. First, some 

local interconnects are connected to the tri-state buffer input and control, and 

the tri-state buffer should therefore be included in the local test logic. The 

second reason is th a t using the tri-state buffer buses allow good observabil­

ity of the test responses without the problem of routing many test responses 

independently back to  the BIST part of the FPGA.
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The tri-state  buses cannot propagate all the test responses in parallel be­

cause there is a limiting quantity of four tri-state  lines per row of tiles. There 

is a need for control signals th a t can select which test responses are on the tri­

state buses. T h a t is why the BIST controller interacts directly with the CUT 

part w ith some column select signals. The number of column select signals is 

dependent on the size of the FPGA. Since the CUT takes half of the FPGA 

columns (m /4) and two columns of tiles can share the same select signal, the 

number of column select signals is C = [m /4]. Note th a t the ceiling bracket 

in the function C  come from the fact th a t m /4  can be a non-integer.

Figure 3.5 presents in more detail the testing circuit implemented in all 

the CLBs in every tile of the CUT part of the FPGA. It can be seen th a t the 

WUTs are subdivided in two categories. The W UTs th a t are connected to  the 

combinational logic are the combinational wire segments under test WUTs_c. 

Similarly, the W UTs connected to the flip-flop are the sequential wire segments 

under test, WUTs_s. The WUTs_s supply only two signals: CE and SR. The 

column select is also part of the WUTs, but it supplies the tri-state buffers 

instead of the CLBs.

The parity code generator is implemented in the CLB with LUTs. The 

biggest parity code generator (XOR logic gate) th a t can be implemented in 

one CLB has seven inputs. The parity code generator is implemented with 

two LUTs and needs a feedback path  via the ORM and the OUT lines. The 

parity signal is latched by a D flip-flop in the CLB to  help the timing of the 

test.

3.2 Fault M odels and A ssum ptions

To test the lines, typical fault models for interconnect networks are used [34]:

1. Multiple segment stuck-at 0/1 faults,

2. Multiple segment stuck-open faults,

3. Multiple segment/ programmable switch bridging faults,

20
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4. Multiple programmable switch stuck on /o ff  faults,

5. Combinations of the above faults.

Some assumptions should be made in order to  use the previous fault models:

A ssu m p tio n  1 Suppose there is a stuck-open fault on a wire. Applying a 

logic value of 0 or 1 at one end will generate a logic value of 0 at the other 

end.

This assumption is realistic even if a stuck-open fault can generate a float­

ing voltage at the output end of the fault because th a t voltage will be inter­

preted by the next testing logic block as a logic low or a logic high.

A ssu m p tio n  2 The floating voltage caused by a bridging fault will be either 

logic 0 or 1. These create a wired-AND or a wired-OR respectively.

The behavior of a bridging fault is a function of the driving capacity of the 

wires involved. In this fault model we assume th a t this type is deterministic. 

We consider the bridging fault to be deterministic because we assume th a t it 

will react as either a wired-AND or a wired-OR function.

A ssu m p tio n  3 A switch stuck-on fault creates the same behavior as a bridg­

ing fault between two wire segments connected by the switch.

The switch stuck-on fault will have the same behavior as a bridging fault. 

Therefore, if the test can detect the bridging faults it can also detect the switch 

stuck-on faults.

A ssu m p tio n  4 The components o f the CLBs (LUTs, lines, MUX, memory  

elements, ...) are fault-free.

Finally, we assume th a t the CLB logic is fault-free in order to  target the 

faults on the interconnects.
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Table 3.1: Test 1  and Test 2
T est 1 T es t 2

V1 V2 V3 V4, v5 vgv7 v8 ViV2 V3 V4 ^125^126^127^128
ei 0 0 0 0 1 1 1 1 0 1 0  1 0 1 0  1
e2 0 0 0 0 1 1 1 1 0 0 11 0 0 1 1
e3 0 0 0 0 1 1 1 1 0 0 0 0 1 1 1 1

WUTs-c e4 0 0 0 0 1 1 1 1 0 0 0 0 1 1 1 1
6 5 0 0 0 0 1 1 1 1 0 0 0 0 1 1 1 1
e6 0 0 0 0 1 1 1 1 0 0 0 0 1 1 1 1
e7 0 0 0 0 1 1 1 1 0 0 0 0 1 1 1 1

WUTs_s CE 0 0 11 0 0 11 1 1 1 1 1 1 1 1
SR 0 1 0  1 0 1 0  1 0 0 0 0 0 0 0 0

Table 3.2: Test 3
T est 3

v \v2 V3V4 V5 V6 v7v8 VgVio vu v12 ^13^14
ei 1 1 0 0 0 0 0 0 0 0 0 0 0 0

0 0 1 1 0 0 0 0 0 0 0 0 0 0
e3 0 0 0 0 1 1 0 0 0 0 0 0 0 0

WUTs_c e4 0 0 0 0 0 0 1 1 0 0 0 0 0 0
6 5 0 0 0 0 0 0 0  0 1 1 0 0 0 0
ee 0 0 0 0 0 0 0 0 0 0 11 0 0
e7 0 0 0 0 0 0 0 0 0 0 0 0 1 1

WUTs_s CE 0 1 0 1 0 1 0 1 0 1 0 1 0 1
SR 1 0 1 0 1 0 1 0 1 0 1 0 1 0
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3.3 P roposed  Test Sets

In the BIST architecture presented in section 3.1, there are seven wires in the 

WUTs_c and the WUTs_s includes two signals: CE and SR. The test vector 

sequence proposed here is composed of tree tests. Table 3.1 and Table 3.2 

show Tests 1 to 3.

1. Test 1 is composed of exhaustive logic vectors on CE and SR with all Os 

and all Is applied on the WUTs_c consecutively.

2. Test 2 is composed of exhaustive patterns on WUTs_c with CE at 1 and 

SR at 0.

3. Test 3 is a repeating sequence of two vectors (0,1) and (1,0) for (CE,SR) 

with walking Is  on the WUTs_c.

Each of the proposed tests is designed to detect a subset of the modeled 

faults described in subsection 3.2. Test 1 is capable of detecting multiple 

segment-stuck-at 0 (stuck-open) faults, segment-stuck-at 1 faults and switch- 

stuck-off faults in the WUTs_s, and the multiple-wire bridging faults (switch- 

stuck-on faults) within WUTs_s. Test 2 detects the same kind of faults but on 

WUTs_c. Test 3 detects the multiple-wire bridging faults between the WUTs_c 

and WUTs_s.

Prior to starting any of the previously mentioned test sequences, the D- 

type flip-flop (DFF) must be initialized. If DFFs are all in reset mode, then 

any test vector where CE =  0 and SR =  1 will reset them. It is assumed that 

all DFFs are initialized to a logic 0 before any set of test vectors.

3.4 Fault D etectab ility

To prove th a t Test 1 can detect all the faults mentioned earlier on CE and SR, 

we enumerated all the possible cases. Table 3.3 shows the Q response with 

all the possible cases th a t are parts of the fault models. Bold values in the 

table are faulty responses compared to the corresponding fault-free response.
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Table 3.3: Q responses to  Test 1 vectors

C o n d itio n  o f  th e  W ire  G ro u p Qv i Qv 2 Qv 3 Qv 4 Qv 5 Qv 6 Qv 7 Qv 8
Fault-free 0 0 0 0 0 0 1 0
CE s-a-0 0 0 0 0 0 0 0 0
CE s-a-1 0 0 0 0 1 0 1 0
SR s-a-0 1 1 0 0 0 0 1 1
SR s-a-1 0 0 0 0 0 0 0 0
CE s-a-0, SR s-a-0 0 0 0 0 0 0 0 0
CE s-a-0, SR s-a-1 0 0 0 0 0 0 0 0
CE s-a-1, SR s-a-0 0 0 0 0 1 1 1 1
CE s-a-1, SR s-a-1 0 0 0 0 0 0 0 0
CE bridges w ith SR (wires-AND) 0 0 0 0 0 0 0 0
CE bridges w ith SR (wires-OR) 0 0 0 0 0 0 0 0

W UTs_C;

CE

SR

Table 3.4: Response of Test 3 for single-bridge fault

C o n d itio n  o f  th e  C irc u it Q 2 1 - 2 Q li-l Q ia Q2i+1 Q 2i+2
Fault-free 1 0 1 0 1

W U T s je r CE AND 0 0 1 0 0
WUTsjCi-CE OR 0 0 1 0 0
W U T s jd -SR AND 1 0 0 0 1
W U T s jd -SR OR 1 0 0 0 1

We can see tha t, for every faulty case, there is always a t least one faulty Q 

response.

Test vectors in the Test 2 sequence are exhaustive patterns on WUTs_c 

with CE =  1 and SR =  0. Sun et al. proved, in [18], th a t an exhaustive test 

pattern  on the WUTs_c can detect all the assumed faults mentioned in our 

fault models.

It has to  be proved th a t Test 3 can detect the multiple-wire bridges between 

the two wire groups WUTs_c and WUTs_s. Let’s define WUTs_c as a set of
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Figure 3.7: Double-bridge faults

Table 3.5: Response of Test 3 w ith two bridge faults

C o n d itio n  o f th e  C irc u it Qli—l Q 21 Q ij- i Qzj
Fault-free 0 1 0 1

W U T s ^ - C E  AND WUTsjcj-SR AND 0 1 0 0

WUTs-Ci-CE AND WUTs-Cj-SR OR 0 1 0 0

W U T s ja - CE OR WUTsjcr SR AND 1 1 0 1

W U T s-a -CE OR WUTs-Cj-SR OR 0 1 0 0

wires:

W U T sjc  = {WUTs-Ci, WUTs-C 2 , . . . ,  WUTs..cn}, (3.1)

where n  is the number of wires in WUTs_c.

First, consider the cases where there is only one bridge between the two 

groups of wires. Figure 3.6 shows all the possible single-bridge cases between 

one line in W UTs.c and CE and SR. Table 3.4 is a generic table th a t shows Q 

results of five testing vectors th a t are function of i, where WUTs^Ci is the line 

implied in the bridge. In this table, i G Z and 1 <  i < n, where Z represents 

the set of integers. It can be seen th a t a test vector sequence built like Test 3 

can detect any single-bridge fault between a group of n  wires and CE or SR. 

It must be mentioned tha t when 1 =  1, the vector Q0 does not exist because 

the vector vq does not exist. Similarly, responses Q 2 1 + 1  and Q 2 1 + 2 1  when 1 =  n, 

do not exist because the test vectors i^n+i. and V2 n + 2  do not exist.

Using Figure 3.7 and Table 3.5, it is possible to prove, in a similar way, 

th a t double-bridge fault cases between WUTs_c and WUTs_s groups can be 

detected. Again, Table 3.5 shows four test responses for all the possible double-
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Table 3.6: Estim ation of test time
Virtex FPGA 
Device

Number of 
Test Vectors

Number of Column 
Select Lines [m /4]

Test Time 
0 s)

XCV50 150 6 12.0
XCV100 150 8 15.0
XCV150 150 9 16.5
XCV200 150 11 19.5
XCV300 150 12 21.0
XCV400 150 15 25.5
XCV600 150 18 30.0
XCV800 150 21 34.5
XCV1000 150 24 39.0

bridge faults th a t imply WUTsjCi and WUTs^Cj, where

{ ( i , j )  I i e z ,  1 <  i < n, j  e  Z, 1 < j < n , i ^ j } .  (3.2)

For any pair of wires in WUTs_c th a t can bridge with CE and SR, test vectors 

in Test 3 can detect these faults from a wrong response Q.

3.5 Fault Coverage

The fault coverage of a test is determined by the ratio of faults detected by the 

test divided by the to ta l number of faults, defined by the fault model, present 

in the circuit. Since no fault simulation was performed on the circuit, it not 

possible to determine a precise fault coverage.

The previous section proved analytically th a t the three sets of test vectors 

can detect many kinds of faults describe in the fault model. Therefore, it 

proved th a t this test can have a high fault coverage. These proofs are valuable 

because they are general and can then be applicable to  a different system of 

local interconnects.

3.6 T esting Tim e

Now th a t the test scheme has been presented in detail, an estimation of the 

testing time can be determined. The testing tim e will be estim ated by mul-
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1: for all Test Vectors do 
2: for all Column Selects do
3: Compare test responses in parrallel with fault-free parity signal
4: end for
5-. end  for

Figure 3.8: Testing sequence

tiplying the to ta l number of clock cycle in the test by an estimation of the 

FPGA clock period. The Equation 3.3 shows how to obtain the number of 

clock cycles for the test as a function of the number of test vectors and the 

number of column selects.

Number o f  clock cycles =  T es t vectors (Column selects +  2) (3.3)

The Figure 3.8 shows a simple algorithm of the test sequence. To derive 

Equation 3.3, it was assumed th a t the application of any test vector takes two 

clock cycles and one clock cycle is needed to  select a column and to get a 

pass or fail result from the ORA. Table 3.6 shows the testing time for different 

FPGAs in the Virtex family. Here it was assumed th a t the clock frequency 

is 100 MHz. Since our design was not simulated and not implemented in an 

FPGA, it is not easy to estimate the maximum clock frequency of the design. 

Therefore, a realistic estimation of half the maximum clock frequency of the 

Virtex FPGA was taken.
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Chapter 4 

Interconnects M odel and 
R outing Algorithm

In the previous chapter, the overall test scheme was presented and the fault 

coverage of the scheme was analyzed. In order to get an FPG A  testing pro­

gram from the test scheme, the local routing matrices have to  be programmed 

in combination with test logic in the configurable logic blocks (CLBs). The 

local routing matrices are input routing matrix (IRM), output routing matrix 

(ORM), and a part of the global routing m atrix (GRM). In the present work, a 

divide-and-conquer approach is taken: test configurations (TCs) are generated 

for one tile and duplicated for all tiles under test in the FPGA.

Due to the structure of the IRM and ORM, made of MUX switches, it 

is not possible to  configure all the PSs in one TC. Therefore, to  test all the 

local interconnects, more than  one TC is needed. The FPG A  programming 

time is usually relatively long (10 - 100 ms [35]) compared to  the time one test 

program takes to perform the actual test (see Section 3.6). Since one of the 

most im portant concerns in testing integrated circuits is to  reduce test time, 

a  heuristic way of minimizing the number of TC is needed.

This chapter first presents some constraints related to  the derivation of TCs 

followed by a definition of the problem. It will be followed by a presentation of 

a local interconnects model based on graph theory. A TC derivation algorithm 

based on a sequence of bipartite graph edge coloring is also presented. Finally, 

the last two parts of this chapter present an analysis and experimental results
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GRM IRM CLB ORM

Feedback Signals

OFF

LUT

LUT

Figure 4.1: CLB configuration example

of the algorithm.

4.1 Test Logic and Feedback R outing

As mentioned in Chapter 3, the local test logic used to  test local interconnects 

is a parity generator implemented in CLBs. In order to minimize the number 

of TCs, the algorithm has to maximize the number of PSs and wire segments 

used in these TCs. Therefore the parity generator implemented in the CLBs 

should be configured with the maximum number of CLB inputs and outputs.

In order to  configure a parity generator with the maximum number of 

inputs using the two LUTs of the CLB, feedback must be used. The structure 

of the CLB allows signals to  pass through it without entering into the logic. 

Consequently, another way to add more CLB inputs and outputs to  the test 

logic is to use these kinds of signal combined with feedback signals. The other 

feedback signals are used to  route the latched values of the logic to  tri-state 

buffers. Therefore, one of the constraints th a t the algorithm has to  deal with 

is building the TCs local routing according to the test logic.

Figure 4.1 shows an example of a CLB configuration w ith four feedback 

signals. In this example, it is possible to  observe th a t feedback is needed to 

be able to configure the two LUTs as a parity generator. The parity  output is 

latched by a D type flip-flop (DFF). Finally, the output needs another feedback 

signal to reach the tri-state buffer th a t will drive the test response on the tri-
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ORMIRM

{ H I

CLB

Figure 4.2: Local interconnect network

state bus.

4.2 Interconnect M odel

A local interconnect model is necessary for Virtex FPGAs in order to  support 

a TC derivation algorithm. Figure 4.2 shows a simple model of a CLB with 

the local interconnects, including the IRM, ORM, and the part of the GRM 

th a t connects the output lines (OLs) to the global network. The IRM and 

the ORM are made of multiplexer PSs, called input multiplexers (IMUXs) 

and output multiplexers (OMUXs) respectively. A multiplexer PS functions 

as a conventional many-to-1 MUX. The other kind of PS is called a basic 

PS  denoted by squares in the GRM. A basic PS connects two wire segments 

when it is programmed on. The basic PSs in the GRM between the OL wire 

segments and the short wire segments (Si, S 2 , S q )  are included in the local 

interconnects according to the definitions in chapter 2.

A routing m atrix can be modeled as a bipartite graph (G =  {V, E}), 

where wire segments and PSs are denoted by vertices (set V)  and edges (set 

E), respectively. In a bipartite graph, V  is split into two disjoint sets, V\ 

and V2 , and an edge is a link between two vertices, u  and v, where u  € 

Vi and v £ V%. The two disjoint vertex sets of a b ipartite graph represent 

two sets of wire segments. Edges of the graph represent PSs th a t can be 

programmed in order to connect two wire segments. Figure 4.3 shows an 

example of routing m atrix modeling. Two groups of lines, V\ and V2 , are
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(a) Routing matrix (b) Graph model

Figure 4.3: Routing m atrix modeling example 

g o r m  g g r m  g i r m

Figure 4.4: Modeled fc-partite graph

modeled as two groups of vertices, where Vi =  {A, B , C}  and Vi = {D , E, F}. 

All possible PS connections are also represented on the bipartite graph by 

edges.

Similarly, the IRM, the ORM, and the local interconnect part of the GRM 

from Figure 4.2 can be modeled by three bipartite graphs G i r m , Go rm , and 

Gg r m , respectively. Graphs are combined to  form a k-partite  graph, a graph 

with k  disjoint sets of vertices, where k = 4, by merging the common vertices 

shared between bipartite graphs. Figure 4.4 depicts the k-partite graph. The 

formation of the fc-partite graph is convenient to  trace a routing path  needed to
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Figure 4.5: Graph G\

M2

o — o

(b) Coloring C2 of Gi(a) Coloring C\ of G

Figure 4.6: Edge coloring examples

test local PSs and wire segments. For example, a routing path, Cfi —> O L 2 —> 

S t h ,  shown in bold lines, permits the test of one PS in the ORM, one PS 

in the IRM, one basic PS in the GRM, and corresponding wire segments.

4.3 A lgorithm

The proposed algorithm is based on the graph modeling of FPGA interconnects 

shown in the previous section. It is the first to  use bipartite graphs to model 

FPG A  local interconnects, and to  derive TCs from a fc-partite graph.

4.3.1 Edge Coloring

Finding a minimal or near-minimal set of TCs, which verify the integrity of 

local interconnects, can be considered as an edge coloring problem of graphs. 

Edge coloring involves coloring all edges of a given graph G =  {V, E }  with the 

minimum number of colors so th a t no two edges connected to the same vertex 

are assigned the same color (i.e., a coloring C — (M i, M2, ..., Mk}, where Mi 

is a set of edges of the same color). If each color represents a TC, then edges
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included in th a t TC are PSs th a t can be tested simultaneously.

Figure 4.5 shows a bipartite  graph called G\ and Figure 4.6 (a) shows an 

edge coloring of G\ called C\. The edge coloring of a bipartite  graph is often 

not unique. For example, Figure 4.6 (b) shows another possible coloring C% of 

the graph G\

The minimum number of colors, known as the edge chromatic number, is 

equal to the maximum vertex degree of the graph, A (G). Since each color of 

the graph G  represents a TC, the minimum number of TCs is A(G).  Maximum 

degrees of vertices for G irm  and Gorm  are A (Gi r m ) and A (Go r m ) respec­

tively. For Virtex FPGAs A {Gi r m ) > A (Go r m )- Therefore, the theoretical 

minimum number of TCs is determined by A (G i r m )-

4.3.2 Algorithm Overview

As stated in Chapter 2, no existing algorithms can be used to  solve coloring 

problems of a fc-partite graph for our test application mostly because of the 

constraints generated by the test logic. W hat is proposed in this algorithm 

is to first treat the fc-partite graph coloring problem as coloring problems of 

two bipartite graphs, Gorm  and Gi r m , to  obtain minimal solutions. The 

two colorings are consolidated to  form a maximal or near-maximal number of 

routing paths, which in tu rn  support the minimal or near-minimal coloring of 

the two bi-partite graphs (i.e., the minimal or near minimal number of TCs 

for the local interconnects).

The routing algorithm developed in the present research has three major 

parts:

P a r t i  Edge coloring of Gorm  +  Completion,

P a rt2 Feedback routing +  Completion,

P art3  Edge coloring rest of G ir m  +  Completion.

All the PSs programmed for each TC in ORM will be part of the feedback. 

Since feedback is critical to the test logic, the algorithm takes care of them  by
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Mj M2

OL

OLz

(b) Edge coloring of G o r m

Figure 4.7: Edge coloring of G o r m

configuring the ORM first. The first part of the algorithm is to configure PSs 

in the ORM by coloring its corresponding bipartite graph G o r m ■ The coloring 

of G o r m  is followed by what is called a completion of the coloring. Even if 

edge coloring of a particular bipartite graph ensures th a t all the PSs are used 

in at least one TC, some TCs will need more PSs to  be sure th a t the test 

logic is respected. Some edges, which were already present in other colors, are 

included in the specific TCs to complete then. The number of colors generated 

by this coloring is equal to  A ( G o r m )-

The purpose of the second part of the algorithm is to create correct test 

logic by routing the feedback. P art two finds feedback signals th a t include 

all the edges of all the colors of the G o r m ■ A completion of the TC is also 

necessary to route signals th a t are not part of the feedback signals. These 

signals are control signals (SR, CE, CLK) and logic inputs. After the second 

part is done, TCs numbered 1 to A ( G o r m ) are completed.

The last part of the algorithm colors the rest of the edges in G irm  th a t were 

uncolored in the previous part. This coloring configures PSs in TCs numbered 

A ( G o r m ) +  1 to A ( G j r m )- The completion is done by adding some already 

tested PSs, used in previous TCs, to create test logic.

4.3.3 Example

This subsection presents an example of applying of the algorithm. The algo­

rithm  will be applied on the simple local interconnect modeling presented in 

Section 4.2. From th a t model, the theoretical number of TCs the algorithm
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o —o  © © (EXi ..(E)....CZ)
o —o  © ©
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TC 1 0 TC2 0

Figure 4.8: Coloring of part 1

should derive is equal to A (Gi r m ) =  4.

As described in the previous section, the first part of the algorithm is to 

color G o r m • Figure 4.7 (a) and (b) show graph G o r m  and an edge coloring 

of it, respectively. Because all the vertices have the same degree in G o r m , the 

completion phase of the first part does not have to  be performed. These colors 

can be integrated into T C I and TC2 as shown in Figure 4.8. At this stage, 

TC3 and TC4 are still empty.

The second part of the algorithm makes feedback paths from the CLB out­

puts to the CLB inputs th a t include the edges configured in part 1. When the 

feedback paths are routed, the algorithm completes T C I and TC2 by adding 

edges in IRM. Added edges will be inputs of the local test configuration where 

the test vectors will be applied. Figure 4.9 shows T C I and TC2 completed 

by the inclusion of the routed feedback paths and the edges added by the 

completion.

All PSs in IRM th a t were not configured in T C I and TC2 need to be 

configured in TCS or TC4. An edge coloring is performed on the rest of Girm- 

Figure 4.10 (a) and (b) shows the rest of G i r m  and its corresponding coloring. 

Again, the colors can be transfered to the TCs as shown in Figure 4.11.

Since the ORM has been already tested, it is now possible to  use any PSs in 

it to route feedbacks for TCS and TC4. These TCs also need to  be completed 

because the coloring does not include all the CLB inputs necessary to  have 

correctly configured test logic in all TCs. Figure 4.12 shows the completed
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TC 2TC 1

Figure 4.9: Feedback paths and completion of part 2
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©
(a) Girm
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©

(b) Edge coloring of Girm

Figure 4.10: Edge coloring of G irm

Figure 4.11: Coloring of part 3
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OL,

0 L2

TC 4TC 3

Figure 4.12: Coloring and completion of part 3

TC3 and TC4 after the inclusion feedback paths and the completion of G /km 

coloring.

4.3.4 Algorithm Details

To gain a more in-depth understanding of the algorithm, some parts require 

further explanation. Most algorithms used in this thesis are presented with 

pseudo-code in Appendix A. More details can be found in Appendix B where 

all the Perl-coded programs are included.

In the first part of the algorithm, an edge coloring of a bipartite graph is 

performed on G o r m ■ In fact, this edge coloring of G o r m  is actually not a 

straight edge coloring of a bipartite graph. Some of the colors generated by 

an edge coloring of G o r m  are not compatible with any feedback combination. 

The result is th a t no test logic, as described in Section 4.1, can be used.

In order to  get compatible colors, an algorithm which employs enumeration 

of edge coloring of bipartite graphs is used. As mentioned earlier, the edge 

coloring of a specific graph is often not unique. In this case, it is possible to 

use th a t property of the edge coloring to  find a set of colors th a t can match a 

certain feedback routing. The procedure used is based on the work of Matsui 

and Uno in [36]. More details about this algorithm are presented by the 

Algorithm 2 in Appendix A.

The algorithm developed by M atsui and Uno in [36] takes a b ipartite graph 

as input and basically builds a tree of colors in a depth-first manner. Figure
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o o
o o

Figure 4.13: Example of edge coloring enumeration

Figure 4.14: All edge coloring

4.13 presents an example of the enumeration of the colorings of a bipartite 

graph. Every path  from the roots to the leaves is an edge coloring of the 

bipartite graph on the top of the figure. Figure 4.14 shows all the five possible 

edge colorings (Ci to C5 ) th a t can be derived from the tree of Figure 4.13. 

All edge colorings get the minimum number of three colors M i, M 2 , and M3. 

Because the number of possible colorings can be very high in this case, the 

run time of this algorithm can be long.

Since the present application needs only one edge coloring th a t can be 

routed in the FPGA, it is possible to  modify the algorithm and speed up the 

process. The modified algorithm checks if every new color found is able to 

generate at least one test logic configuration with feedback. If the color found
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cannot generate routable feedback paths, the algorithm does not continue 

further in th a t part of the tree. If the algorithm reaches the bottom  of the 

tree (a leaf), it stops the search. The pseudocode of the modified algorithm is 

presented in Algorithm 3 in Appendix A.

The non-modified enumeration algorithm used in part one has a time com­

plexity of 0 ( \V \N ) ,  where |V| represents the number of vertices and N  the 

number of edge coloring. This time complexity is from [36].

The modified algorithm checks the routablility of feedback paths for every 

new color generated according to  the CLB test logic configurations. To find 

the routability of the feedback paths, the algorithm performs a linear search 

through the CLB configurations and checks if all paths in those configurations 

can be routed in the FPGA. The added procedure increases the worst-case 

time complexity th a t is now 0 ( \V \N B S ) ,  where B  is the number of CLB 

configurations and S  the number of feedback paths per CLB configuration. 

The time complexity seems very high, but in fact, the algorithm does not have 

to pass through all of the enumeration. The O (B S)  complexity procedure 

actually speeds up the process because only one solution is necessary. In fact, 

the best case is O (A B S )  where A is the maximum degree of the bipartite 

graph. The average case is a lot faster than  the worst case of 0 ( \V \N B S ) ,  

but it is a function of the probability of finding a routable color.

The completion step of the first part of the algorithm is done in a worst time 

complexity of O (A IB S ) ,  where A represents the number of incomplete colors 

in the coloring, I  is an over-bounded value for the maximum number of missing 

edges in an incomplete color, and B  and S  are the same as before. Algorithm 5 

shows this completion pseudocode. Even if this procedure seems to be highly 

time consuming, the number of incomplete colors and their corresponding 

missing edges are low. In practice, the running time for this procedure is 

relatively low.

In the second part, the algorithm has to find feedback paths for all edges 

in colors th a t were generated by the coloring and completion in part one. The 

algorithm performs a sequential search for each color of the  coloring. The

40

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Section 4-3: Algorithm

worst-case tim e complexity for the sequential search is very high, O (A B S ),  

but it will most likely not happen because the search stops when a combination 

of paths is found. It does not have to search through all possibilities. This 

procedure is shown in Algorithm 6.

The completion phase of part two treats each color separately and adds 

edges in color IRM. For one specific color, the vertices related to  the edges 

already in the color are deleted. On the resulting Gi r m , a procedure tries to 

find a match (or a color). The edges th a t are part of the match are transferred 

from G irm  to  the color. Since finding a new match in a b ipartite graph can 

be done in 0 (m a x { \E \ ,  \V\ log\V\ log2A}) as described in [37], the present 

completion can be done in 0 (A (m a x{ \E \ ,  [U| log\V\ log2A })) ,  where A is the 

maximum degree of any vertex in G i r m - Algorithm 7 shows the pseudocode 

of this part of the algorithm.

The last part of the algorithm first performs a simple edge coloring of a 

bipartite graph on the rest of G i r m  to build the last TCs. A simple imple­

mentation of the edge coloring of bipartite graphs can run in 0 ( |R ||A |)  where 

|V| is the number of graph vertices and \E \  is the number of edges in G i r m -  

Algorithm 1 shows the pseudo-code of a simple edge coloring th a t runs in 

0 ( |R ||i? |) . This algorithm is presented in [38].

The last completion is performed in O (A IB S ) ,  similar to  the completion 

of the first coloring. Here, A =  A (G i r m ) — A (Go r m ) because it is part of the 

algorithm which colors the second part of G i r m - Algorithm 8 presents more 

details about this procedure.

4.3.5 Experim ents

The proposed algorithm was tested on Virtex FPGAs, whose A  ( G i r m )  — 26. 

The coloring algorithm, coded in Perl, modeled the interconnects resource into 

bipartites graphs and successfully derived a minimal set of 26 TCs with the 

edge coloring sequence described earlier in this chapter. The program ran in 

under 6 minutes. The experiments were carried out on a 750 MHz UltraSPARC 

III microprocessor w ith 2 GB of RAM.

41

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 4'- Interconnects Model and Routing Algorithm

The programs, presented in Appendix B and C, derived the set of 26 TCs. 

These TCs are presented by 26 conceptual diagrams in Appendix D. Figure 

4.15 shows the TC number 14. On this diagram, the routing matrices are 

identified in gray on Figure 4.15. The wire segments are represented as cir­

cles and the programmed PSs as straight lines in the routing matrices. Two 

CLBs and two tri-state buffers are identified by CLBO, CLB1, TO, and T l, 

respectively, on the diagram. The short lines are the only global lines shown 

on the periphery of the GRM. Some other global lines, like some hex lines, are 

connected to  the IRM. The inputs and the outputs of the CLBs are below and 

on top of the CLBs, respectively. The out lines, are shown at two places for 

more clarity: on the side of ORM and also on the side of GRM.

It should be mentioned th a t the set of TCs presented in Appendix D is 

not unique. T hat is according to the fact th a t the edge coloring of a bipartite 

graph is not unique as well. For example, other sets of TCs can be found if 

the order of the PSs is changed in the inputs of the program.

Since a divide-and-conquer approach was used, and the TCs derived are 

duplicated to  all remaining tiles to form a TC, the TC derivation algorithm is 

independent of the dimensions of Virtex FPGAs.
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Figure 4.15: Test configuration 14
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Chapter 5 

Proposed Diagnostic Schemes

Diagnostic tests are applied after a circuit has failed a pass/fail test. These 

tests have to identify a faulty part or area th a t should be replaced, modified, 

or avoided. Diagnostic tests, like normal pass/fail tests, can be applied to  an 

integrated circuit in its design system, manufacturing system, and application 

system. A diagnostic test is characterized by its diagnostic resolution, defined 

as the smallest faulty feature th a t the diagnostic test can detect. The diagnos­

tic resolution can be a t a transistor level, where transistors and wire segments 

can be faulty. At higher levels, the diagnosis can declare a register, a chip, or 

even a complete printed circuit board to  be faulty.

In the case of FPGA interconnects, the smallest resolution th a t can be 

achieved is at the wire segment and programmable switch (PS) level. Prac­

tically, it is not possible to  have a diagnosis at th a t level since not all wire 

segments and PSs are tested in one test configuration (TC). Therefore, the 

diagnostic resolution will be bigger.

It is useful to  develop FPGA diagnostic tests tha t can be embedded in the 

chip, like a diagnostic BIST scheme. For manufacturing diagnosis, this kind 

of embedded test avoids the use of expensive test machines such as automatic 

test equipment (ATE). When an FPGA is embedded in an electronic system, a 

diagnostic test can repair the FPGA. T hat is called a fault tolerant system. In 

order to repair an FPGA, the diagnostic test must let the FPG A  programming 

device know which parts are defective. The programming device can then avoid
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the defective parts of the FPGA.

A certain diagnosis can operate a t the tile level by keeping the same TCs as 

the previous section. In one TC, it is possible to  select a specific tile because 

two test responses are put on a tri-state bus for each tile, and the column select 

signals can control one column at a time. Consequently, it is possible to have 

a diagnostic resolution with a size of half a tile according to  the test scheme 

presented in Chapter 3. Of course, the BIST circuitry has to  be modified, 

but the circuit under test (CUT) of the scheme presented in Chapter 3 can be 

preserved.

This chapter presents two diagnostic test schemes th a t are modified ver­

sions of the scheme presented in Chapter 3. The first section presents a gen­

eral diagnostic scheme. The second and th ird  sections present a fault tolerant 

scheme and a manufacturing scheme respectively.

5.1 G eneral D iagnostic  Schem e

Chapter 3 presented advantages of having a BIST scheme. The present diag­

nostic scheme is also a BIST scheme. Some modifications are needed in the 

BIST part to  adapt it to  diagnosis. One new consideration th a t the diagnos­

tic scheme has to  deal with is to determine where and how diagnostic result 

information will be stored in the FPGA. Since the new scheme uses the same 

CUT part, the scheme can keep the same test vectors described in Chapter 3. 

Since some RAM blocks are not used for test vector storage, they can be used 

to store diagnostic test responses. When the test is over, test responses stored 

in RAM blocks can be sent out of the FPGA.

The sequence of the diagnostic test is similar to  the one presented in Chap­

ter 3. First, test vectors are applied in parallel to  the CUT part of the FPGA. 

Second, the column select signal from the BIST part selects two columns of 

tiles th a t will be under test. Four test responses per row are sent back to 

the BIST part in parallel via tri-state buses. Each test response received by 

the BIST part is compared with a fault-free signal. This process generates a
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sequence of T s and 0)s, meaning passed and failed, respectively.

One of the m ajor differences between the diagnostic test scheme and the 

regular one presented in Chapter 3 is th a t test responses need to be stored 

during the diagnostic test. Test responses are not analyzed in parallel by 

combinational logic like in the test scheme in presented Chapter 3. Figure 3.4 

shows the ORA th a t was composed of an AND, a NOR and a multiplexer. 

In the diagnostic scheme, test responses from the CUT are stored in a shift 

register and analyzed one by one. This is slower but it allows no loss of test 

response information.

Different FPG A  applications may need different diagnostic tests and thus 

may need a different kind of test result data. In the next subsections, two 

diagnosis schemes will be presented. Their differences come from the way 

the data  is stored for two different applications. The first diagnostic test is 

ideal when the FPG A  is used in a fault-tolerant system. The other diagnostic 

test can be applied in a manufacturing environment where a fine diagnosis is 

needed.

5.2 Fault Tolerant Schem e

A fault-tolerant system has the capacity to work in the presence of faults. In 

the case of FPGAs, fault tolerance is achieved by avoiding faulty resources the 

FPGA and using only good ones when programmed, allowing the design to 

function properly. Of course, when there are too many faulty resources, the 

FPGA design can not be implemented properly.

A diagnostic test scheme, based on the Chapter 3 scheme, can be devel­

oped for fault-tolerant systems with FPGAs. Diagnostic tests embedded in an 

integrated circuit can perform, inside the integrated circuit, testing computa­

tions th a t is usually computed outside. In the present scheme, diagnostic test 

outputs can be coordinates of faulty FPGA tiles. As mentioned before, the 

smallest resolution th a t a diagnosis program can achieve is half a tile. Since 

it is easier for an FPGA programming device to  avoid a faulty tile than  avoid
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Figure 5.1: Fault-tolerant diagnosis test scheme

only one particular faulty element in this tile, outputting the coordinates of 

faulty tiles is a good choice of output da ta  for a fault-tolerant scheme.

In this diagnostic scheme, the diagnostic results are stored in the available 

RAM blocks in the FPGA. In fact, not all the results need to  be saved. To 

comply with a fault-tolerant scheme, only row and column numbers of all 

faulty tiles have to  be saved. Figure 5.1 shows a diagram of the fault-tolerant 

scheme. When the BIST controller detects a faulty test response in a specific 

tile, its row and column number are saved in two separate RAM blocks. The 

address of both  memories will be incremented every time a new faulty tile is 

found. The test does not have to  pass through all test vectors: when a tile 

gets one faulty response, it is declared faulty and the test continues on to  the 

next tile.

Because memory space is a concern in the present scheme, more investi­

gation is needed to  prove the feasibility of the scheme. Every RAM block in 

the FPGA has 1 kB of memory divided into two 512-Byte ports. These ports 

can be configured as shown in Table 5.1. Many memory widths can be used. 

Table 5.2 shows some characteristics for every FPG A  in the Virtex family.

Practically, RAM ports need to be configured at least 8 bits wide to be able
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Table 5.1: RAM port configurations

Memory
W idth

Memory
Depth

1 4096
2 2048
4 1024
8 512
16 256

Table 5.2: Characteristics of Virtex FPGAs
Virtex FPGA 
Device

Number of 
Rows

Number of 
Columns

Number of 
RAM Blocks

XCV50 16 24 8
XCV100 20 30 10
XCV150 24 36 12
XCV200 28 42 14
XCV300 32 48 16
XCV400 40 60 20
XCV600 48 72 24
XCV800 56 84 28
XCV1000 64 96 32

to  store the row number of the biggest FPGA. A T b it wide memory is not 

sufficient. Due to the vertical division between the BIST part and the CUT 

part in the test scheme (see Chapter 3), only half of the to ta l RAM blocks are 

accessible to  save test information. Even with this constraint, there is enough 

space to store all tile addresses of the biggest FPGA in the worst case where 

all tiles are faulty. Table 5.3 shows th a t the number of bits is enough to  store 

the addresses of all the tiles in the CUT part of the FPGA.

When the test is over the RAM block information is read from outside the 

FPGA. The diagnostic results (column and row addresses of faulty tiles), for 

all the TCs, are accumulated outside the FPGA. These diagnostic results are 

used by the compiler tool to recompile the original design and then avoid the 

faulty resources.
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Table 5.3: Number of tiles under test
Virtex FPGA 
Device

Number of Tiles 
Under Test

Bytes
Available

XCV50 384 3584
XCV100 600 4608
XCV150 864 5632
XCV200 1176 6656
XCV300 1536 7680
XCV400 2400 9728
XCV600 3456 11776
XCV800 4704 13824
XCV1000 6144 15872

5.3 M anufacturing D iagnostic  Schem e

In certain tests, further analysis on the diagnostic test results is needed outside 

the FPGA. Manufacturing diagnostic test falls into in this category. The 

collection of all test results for all TCs can help to perform a more accurate 

diagnosis outside the FPGA. In th a t kind of test, no loss in the test results is 

allowed.

Storing test responses on-chip instead of sending them  one-by-one outside 

the chip can speed up the test process because the circuit outside does not 

have to be synchronized with the FPGA during the test. At the end of the 

test, the FPGA sends out stored values. W ith this kind of test scheme, many 

FPGAs can be tested in parallel, which further speeds up the testing process.

Because the available storage space is limited, a quick analysis is needed to 

see if there is enough space in the RAM block to save all of the test responses.

The length of the binary test vector sequence applied to  a tile is the same 

for every device in the Virtex family. On the other hand, FPGAs in the 

Virtex family get different numbers of test responses due to  their different 

sizes. Equation 5.1 describes the to ta l number of test responses applied during 

one TC.

_  , C olum ns n  ir , ,
r e s t  response total — ----- - x 2 x Rows x N um ber o f  test vectors

=  C olum ns  x Rows x N um ber o f  te st vectors (5.1) 
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Figure 5.2: A test configuration with two BISTs

The Number of test vectors variable in this equation is equal to  150 from 

test vector sets derived in Chapter 3. The number of C olum ns  is divided by 

two because the CUT takes only half the space divided vertically. It is also 

multiplied by two because there are two test responses per tile.

In the regular BIST scheme described in section 3, only half of the RAM 

blocks are accessible from the BIST because the CUT block the accesses the 

one adjacent to  it. Since the BIST part of the FPG A  is essentially the same 

for all TCs for all the FPGAs in the family, there are available logic resources 

in the BIST part of the TC for the biggest FPGAs. Therefore, to  be able to 

reach the RAM blocks on both  the right and left sides of the FPGA, a new TC 

partition of the FPG A  can be used. Figure 5.2 shows the proposed solution 

where the logic resources are split into four parts. Two test circuits are present 

in this TC. The BIST 1 tests the CUT 1 and uses the column of RAM Blocks 

on the left side. Similarly, BIST 2 tests CUT 2 and uses right side RAM blocks. 

Therefore the number of test responses will be divided by two for FPGAs that 

are twice as big as the smallest FPGA in the Virtex family, the XCV50. Some 

interactions are needed between the two BISTs because the values stored in 

the RAM blocks must be read only when both test circuits have finished there 

tests. Having more than  two test circuits in one TC will not give access to
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Table 5.4: Compression needed for all Virtex FPGAs

Virtex No. of No. of No. of Available Compression
FPGA BIST Test RAM Ports Memory Ratio
Device Used Responses Available (Bits) Needed
XCV50 1 57600 7 28672 2.01
XCV100 1 90000 9 36863 2.44
XCV150 2 64800 11 45056 1.44
XCV200 2 88200 13 53248 1.66
XCV300 2 115200 15 61440 1.88
XCV400 2 180000 19 77824 2.31
XCV600 2 259200 23 94208 2.75
XCV800 2 352800 27 110592 3.19
XCV1000 2 460800 31 126976 3.63

more memory, but it can speed up test application.

Table 5.4 shows the number of test responses for all the FPGAs in the Vir­

tex family. It is possible to  see th a t the number of test responses is influenced 

by the number of BISTs used in the TCs. It also shows the number of RAM 

ports available for each test circuit to store test responses. The available mem­

ory space is derived from the number of RAM ports available by multiplying 

it by 512, the number of bytes per port, and by 8, the number of bits in one 

byte.

Since the number of test responses is more than  the number of bits avail­

able in RAM blocks, the test responses need to  be encoded. Therefore, the 

minimum compression ratio needed is defined by the number of test responses 

divided by the number of bits available in the RAM blocks. The compression 

ratios needed are presented in Table 5.4. The biggest compression ratio needed 

is for the XCV1000, the biggest FPGA in the Virtex family.

Figure 5.3 shows a diagram th a t presents the manufacturing diagnostic test 

scheme. The m ajor difference between Figure 5.3 and Figure 5.1, which shows 

the fault-tolerant scheme, is the encoder.

5.3.1 Run-Length Encoding

Run-length encoding (RLE) is a technique used to  reduce the size of a sequence
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Figure 5.3: Manufacturing diagnosis test scheme

of characters by exploiting their repetitions. A repeating sequence of charac­

ters is called a run. RLE encodes a run into two values: a count and a symbol. 

For example, the binary sequence 111100111 can be encoded in three runs 

as {{4,1}, {2,0}, {3,1}} with a RLE encoder, where the first number in each 

couple is the count and the other is the symbol. In th a t way, RLE can encode 

any kind of data, but its compression ratio varies with the data  content to be 

compressed. RLE is easy to implement in FPGAs with a few resources and is 

also quick to execute due to its simplicity. Therefore, RLE is a good solution 

for the compression of diagnostic test results in the manufacturing diagnostic 

scheme because the space to program the BIST is limited. Furthermore, en­

coding part of the scheme must be performed as fast as possible because time 

is always a major concern in testing.

Practically, the FPGA implementation of the RLE encoder is not com­

plicated and can be implemented using a few FPGA logic resources. In the 

diagnostic test scheme, binary test results are stored in RAM blocks. The 

present work uses a simple and common way of storing the data  in the FPGA.

The same memory is used to store the count and symbol. Therefore, the 

count and symbol data have different bits assigned in the memory word. In
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Table 5.5: Example RLE in RAM port

Memory Memory Content
Address Symbol Count

$000 1 000 1001
$001 0 000 0001
$002 1 000 0100
$003 0 000 0010

the case of binary symbols, one bit in the word has to  be assigned for the 

symbols. Table 5.5 shows a RAM port with encoded data  of the stream  of 

data 1111111110111100 into it.

In this example, the RAM port is configured to  be 8 bits wide. The most 

significant bit of the word is assigned to  the symbol and the rest to  the count. 

In this particular case, the length of the counts can be up to  255. W hen a run 

has a count value greater than  255, the encoder resets the count and starts 

counting at the next memory space. W hen a RAM port is full, the encoder 

continues its encoding in the next port. W ith this kind of compression, all test 

responses can be recovered by a decoder outside the FPGA.

There is also no compression achieved in this example encoding because the 

number of bits in the input da ta  (16 bits) is less than  the number stored by the 

encoder (32 b its). T hat is due to  the short runs compared to the capacity of 

each memory space. However, if the runs are much longer, some compression 

will be achieved.

5.3.2 Feasibility of the Scheme

A quick explanation of the test sequence is necessary to  understand the feasi­

bility analysis of the manufacturing diagnostic scheme. First, the BIST applies 

a test vector to all tiles in the CUT part of the FPGA. Next, column select sig­

nals select a column th a t becomes the column under test. All test results from 

the tiles in the column under test are compared one by one w ith a fault-free 

signal in the BIST part of the FPGA. Finally, a 1 or a 0, meaning passed and
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1: f o r  all Test Vectors d o  
2: f o r  all Column € CUT d o
3: f o r  all Tile £ Column d o
4: Compare the test response of the Tile with fault-free signal
5: e n d  f o r
6: e n d  f o r
7: e n d  fo r

Figure 5.4: Test sequence

failed respectively, is sent to  the encoder. Figure 5.4 shows a small pseudocode 

th a t presents the test sequence. In the present subsection, the sequence is sim­

plified to make the concept easier to understand. But results on the feasibility 

of the scheme are according with the real scheme.

Since the feasibility of the scheme is related to the capacity of the encoder 

to  compress the sequence of test results, the analysis will present the best and 

the worst cases from the point of view of the encoder.

There are two cases where the encoder will perform the best compression. 

One of these cases is when the CUT is all fault-free. W hen this occurs, the 

sequence of test results has identical symbols of logic Is. In the case of a fault- 

free FPGA, all of the test responses can be stored if the RAM port w idth is 

set to 8 bits. The compression ratio can be easily calculated for the best case. 

Remember th a t the maximum number of test responses th a t can be stored in

a 8-bit wide memory by the RLE is 2s — 1 — 255. Therefore the compression

ratio achieved in this case is represented by the following equation:

N um ber o f  test responses
Com pression ratio = ------—-------------- ——--------

M em ory available

Capacity o f  a cell x N um ber o f  m em ory cells
W id th  o f  m em ory  x N um ber o f  m em ory cells

Capacity o f  a cell
W id th  o f  m em ory

(W id th  o f  m em ory )2 — 1— ------- -—_— ----------------- —_ (5.2)
W id th  o f  m em ory

From Equation 5.2 it is possible to  see th a t the compression ratio depends 

only of the Width o f memory and it is independent of the Number o f memory
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cells. Therefore, a compression ratio of 255/8 =  31.875 can be found for an 

8-bit wide memory. For a 16-bit wide RAM block, the compression ratio is 

even better. It is equal to (162 — 1)/16 =  4095.9. Since these compression 

ratios are larger than  the one in Table 5.4, all the test responses can be stored 

in the RAM ports. W ith a similar calculation, it is possible to  demonstrate 

tha t a 4 bit wide memory cannot store all the values even for the best case. 

That means th a t the RAM ports have to be configured either 8 bits or 16 bits 

wide.

A similar scenario occurs when the entire FPGA is faulty. In this case, the 

test responses will be all faulty and will generate a sequence of logic Os. The 

compression ratio will be the same as before. Even if this case is very unlikely 

to happen, it is interesting to  observe tha t all these values can be stored in 

the RAM blocks.

The worst case scenario for the encoder occurs when symbols are alternated 

every test response. In th a t case, there is not enough space in the RAM Blocks 

and the test must stop when the RAM blocks are full.

Let’s assume th a t a tile gets a fault th a t always returns faulty responses 

to the BIST. The worst case happens when faulty and fault-free tiles are 

alternated in the CUT part of the FPGA. Figure 5.5 shows this scenario in
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Table 5.6: Number of test vectors saved in the worst case
Virtex FPGA 
Device

Number of Test Vectors
8-bit Wide 16-bit Wide

XCV50 9.33 4.67
XCV100 7.68 3.84
XCV150 13.04 6.52
XCV200 11.32 5.66
XCV300 10.00 5.00
XCV400 8.11 4.05
XCV600 6.81 3.41
XCV800 5.88 2.94
XCV1000 5.17 2.58

the CUT part of the TC. This generates a checker board pattern  in the CUT. 

In this case, the  compression ratio is very low because only one value can be 

stored in one word in the memory regardless of the w idth of the memory.

To characterize the performance of the encoder in the worst case, the num­

ber of test vectors applied to the CUT th a t will fill the memories has been 

counted for each FPGA in the Virtex family. Table 5.6 shows these results. 

The numbers of test vectors are not integers because a fraction of a test vector 

can be stored in the RAM. Table 5.6 shows th a t for the worst case, it is better 

to  have a memory with narrower words and more memory cells. Therefore, 

8-bit wide RAM ports are better than  16-bit wide RAM ports in this case.

5.3.3 Postprocessing of Diagnostic Results

Similarly to  the  fault-tolerant diagnostic scheme, the information stored in 

the RAM blocks is read from outside the FPGA when the test is over. The 

diagnostic results from all the TCs can be analyzed outside the FPGA and can 

possibly lead to  an accurate diagnostic resolution. The post processing should 

analyze diagnostic results of all TCs simultaneously and consequently deter­

mined faulty relations between results from different TCs to  identify faulty 

resources as fine as an individual wire segment or PS. Therefore, the most ac­

curate diagnostic resolution can be achieved. This analysis is outside the scope 

of this thesis, but it is mentioned as further work in the conclusion chapter.
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Chapter 6 

Conclusion

State-of-the-art FPGAs, such as Xilinx Virtex FPGAs, are composed of tens 

of millions of programmable switches (PSs) and wire segments, which are ac­

cessible either through the programmable interconnect network or require the 

use of programmable logic blocks. The main challenge for interconnects test­

ing is to  verify the integrity of the tens of millions of programmable elements 

in the shortest time possible.

The way FPGA manufacturers test their FPGAs is proprietary informa­

tion. Since FPGAs need to be tested by users after manufacturing, much 

research has been done to  create FPG A  test strategies for th a t case. One 

common approach employs a divide-and-conquer technique th a t tests some of 

these elements at a time, and uses a set of tests to complete the verification. 

Testing local interconnects is an especially hard task because test signals have 

to  get in and out of configurable logic blocks (CLBs). Previous research is 

mostly on the XC4000 or similar architectures th a t have simpler local inter­

connect networks than  the Virtex FPGA. This thesis presents the first work 

tha t heuristically derives test configurations (TCs) for the Virtex FPGAs.

It should be mentioned th a t the built-in self-test (BIST) test scheme pre­

sented in this thesis can be applied in manufacturing test as well. Since the 

test processing is inside the FPGA, the  test can be performed in parallel on 

many FPGAs. The cost of testing can be considerably reduced if enough tests 

are done in parallel to beat the performance of automatic test equipment.
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6.1 M ain C ontributions

In Chapter 3, a new BIST scheme for the Virtex FPGA is presented. This 

BIST scheme is different than  previous schemes because test responses are 

carried by the tri-state  buses. The local interconnects related to  the tri-state 

buffer can then be tested. Another im portant feature of the BIST scheme is 

th a t test vectors are stored in the RAM blocks of the FPGA. Three sets of 

test vectors are created to  detect common types of interconnects faults such as 

segment stuck-at 0/1, segment stuck-open, segment/ programmable switch (PS) 

bridge, and PS stuck o n /o ff faults.

One critical aspect of the test scheme is the local routing itself. Chapter 

4 described an algorithm th a t can derive the minimum necessary number of 

TCs. The algorithm is based on a graph model. In the model, vertices and 

edges of the graph represent wire segments and PSs, respectively. The models 

of the three local interconnects are bipartite graphs. The algorithm uses graph 

coloring of b ipartite graphs to build the TCs. The experiments on the Vir­

tex resources show th a t the theoretical minimum number of TCs is equal to 

26. The algorithm can derive th a t minimum number of TCs. The to tal time 

complexity for the algorithm is 0 ( \V \N B S ) .  Though this tim e complexity 

may appear to be slow, the algorithm derives the Virtex FPG A  local TCs in 

approximately six minutes.

Two diagnostic test schemes were presented in Chapter 5. These two tests 

were created for two different applications: fault-tolerant diagnosis and man­

ufacturing diagnosis. In both schemes, test results are stored on chip in the 

RAM blocks, but they are stored differently. Because of the nature of a fault- 

tolerant system, it is only necessary to  store the addresses (rows and columns) 

of the faulty FPGA tiles. In the case of the manufacturing diagnostic scheme, 

all the test results need to be stored. Since the space in the RAM blocks is 

not sufficient to store all of the test responses, an encoder was needed. A 

run-length encoder (RLE) was chosen for its simplicity, which makes it easy 

to  implement and fast to execute in an FPGA. A two-BIST manufacturing
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scheme, tha t allows the access of the entire RAM block in the bigger Virtex 

FPGAs (XCV150 and over), was also presented. An analysis of the feasibility 

of this scheme with a RLE showed th a t all the test results can be stored when 

the FPGA is fault-free. The analysis also shows th a t, for the worst-case sce­

nario, the scheme can save the test responses of 5 complete test vectors over 

a total of 150 test vectors.

6.2 Further W ork

Though feasibility studies were performed on all the schemes presented in 

this thesis, none of the schemes were physically implemented in a real FPGA. 

Therefore, an implementation could be useful to  see if the BIST can be im­

plemented in half of the  FPGA for the smallest FPGA. Simulations and tests 

could then be performed on the different test schemes to see how fast the tests 

can be loaded and applied.

For the manufacturing diagnostic test scheme, it could be interesting to 

perform further investigation and have finer test resolution. T hat could be 

achieved by comparing test responses between TCs. New sets of test vectors 

could be developed to  have better diagnostic resolution. Therefore, test vectors 

could be different for every TC. They could also be adapted from the test 

results from the previously applied TCs.

More investigation into how TCs can be programmed in FPG As and how 

data in the RAM blocks can be read should be part of the further work of 

this project. One interesting property of the V irtex/Spartan-II is th a t it is 

possible to use run-tim e configuration to partially reconfigure some parts of 

the FPGA when other parts stay the same. In the present case, the BIST 

can stay the same and the CUT can be reprogrammed. This can speed up 

the programming of the FPGA and also reduce the size of the TC outside 

the FPGA. It seems also possible to read only the content of the RAM blocks 

from outside the FPGA. This could speed up the reading of the test results in 

the diagnostic schemes. The modularity of local TCs can also be used to  save
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memory space in the system outside the FPGA.
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A ppendix A  

A lgorithm ’s Pseudocode

A lgorithm  1 Edge Coloring of B ipartite Graph 
l: procedure B i p a r t i t e  J 3 r a p h _ E d g e _ C o l o r i n g ( G )
2: Vs <— Choose one set of vertices between Vi and V2

3: f o r  a l l  Vsource ^  hs d o
4: for all Vdrain £ of adjacency list of Vsource do
5: a  <— lower missing color at edges adjacent to  Vsource
6: (3 *— lower missing color at edges adjacent to Vdrain
7: i f  a  7£ (3 th en
8: P i — path  where colors a  and (3 alternate (start with (3 at

V  jvsource)
9: Interchange colors a  and (3 in P

10: end if
11: assign color (3 to  edge Vsource,Vdrain
12: e n d  f o r
13; e n d  f o r
14: e n d  p r o c e d u r e
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A lgorithm  2 Enum aration of Edge Coloring 
l: p ro c e d u re  E n u m _ E d g e _ C o l o r i n g ( G )
2: i f  G is a matching t h e n
3: p r i n t  ADD last color G
4: e l s e
5: V ' <— max_degree_vertices(G)
6: e edge incident to a vertex in V '
7: M  find_covering.matching(G)
8: enum_covering_matching(G+(e), V', M )
9: e n d  i f

10: e n d  p r o c e d u r e

11: p r o c e d u r e  E n u m _ C o v e r in g _M a t c h in g (G , V ', M ) 
12: i f  a new m atch M ' ^  M  can be found in G t h e n
13: e edge in M \M '
14: enum_covering_matching(G+(e), V ', M )
15: enum_covering_matching(G\e, V 1, M ')
16: e ls e
17: p r in t  ADD color M
18: enum_edge_color ing (G \M )
19: p r i n t  DELETE color M
20: e n d  i f
21: e n d  p r o c e d u r e
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A lgorith m  3 Enum aration of Edge Coloring (Modified)
1 p r o c e d u r e  E n u m _ E d g e _C o l o r i n g (G )
2 i f  G is a matching t h e n
3 i f  match_routable(G) t h e n > NEW
4 p r i n t  ADD last color G
5 exit program o NEW
6 e n d  i f
7 e ls e
8 V ' <r- max_degree_vertices(G)
9 e edge incident to a vertex in V '

10 M  <— find_covering_matching(G)
11 enum_covering_matching(G'+ (e), V ', M )
12 e n d  i f
13 e n d  p r o c e d u r e

14 p r o c e d u r e  E n u m _C o v e r in g _M a t c h in g (G , V \  M )
15 i f  a new match M ' ^  M  can be found in G t h e n
16 e edge in M \M '
17 enum_covering_matching(G+ (e), V ', M )
18 enum_covering-matching (G \  e, V 1, M ')
19 e ls e
20 i f  mat ch_r out able (G) t h e n > NEW
21 p r i n t  ADD color M
22 enum _edge_coloring (G \M )
23 p r i n t  DELETE color M
24 e n d  i f
25 e n d  i f
26 e n d  p r o c e d u r e
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A lgorithm  4 Verification of Color Rout ability 
1: procedure C o lo r  JJoUTABLE(M,CLB_conf,OUT_adj Jist)
2: f o r  a l l  Conf <G CLELconf do
3: conf_ok 4— 1
4: f o r  a l l  Request £ Conf d o
5: i f  not possible to route the Request with the corresponding edge

in M  according to the OUT_adj J is t t h e n
6: conLok <— 0
7: e n d  i f
8 : e n d  f o r
9: i f  conLok =  1 t h e n

10: Return 1
11: e n d  i f
12: e n d  f o r
13: Return 0
14: e n d  p r o c e d u r e

A lgorithm  5 Completion of G q r m  Coloring
l: p r o c e d u r e  G_ORM_CoLORiNG_CoMPLETiON(C',CLB_conf,

OUT_adj Jist, ORM_adj)
2: f o r  a l l  M  € Incomplete colors in C  d o
3: r e p e a t
4: CLBxonLtm p 4— CLB_conf
5: Conf 4— push(CLB_conf_tmp)

r e p e a t
M* 4— new_missing_edge_combination(M,M*,ORM_adj) 
conLok 4— 1 

9: f o r  a l l  Request € Conf d o
10: i f  not possible to route the Request with the correspond­

ing edge in M* according to the OUT_adj J is t t h e n  
11: conLok 4— 0
12: e n d  i f
13: e n d  fo r
14: u n t i l  No more M* o r  conLok =  1
15: u n t i l  CLB_conLtmp is empty o r  conLok =  1
16: i f  conLof =  1 t h e n
17: Replace M  by M*
18: e n d  i f
19: e n d  fo r
20: e n d  p r o c e d u r e
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A lgorithm  6 Feedback Routing
1
2
3
4
5
6
7
8 
9

10
11

12

13
14

p r o c e d u r e  F e e d b a c k  JRouTiNG(C,CLBmonf,OUT_adj,IRM_adj) 
f o r  a l l  M  G C  d o  

r e p e a t
CLB-ConLtmp <— CLBxonf 
Conf <— push(CLB_conf_tmp) 
conLok 1 
f o r  a l l  E  e  M  d o

i f  p athJsJo u n d (fL  Conf, OUT_adj, IRM_adj) =  0 t h e n  
conLok <— 0 

e n d  i f  
e n d  f o r

u n t i l  CLB_conLtmp is empty o r  conLok =  1 
e n d  fo r  

e n d  p r o c e d u r e

A l g o r i t h m  7  Completing Test Configurations in IRM 
1: p r o c e d u r e  C o m p l e t e _ C o l o r in g _1 (Feedbacks, G irM) 
2: f o r  a l l  C  G colors d o
3: Gtmp G J R M
4: f o r  all Feedback Edge E={u, v }  in G jrm  d o
5: Delete u  and v  in Gtmp
6: e n d  fo r
7: M  *r~ find a Match in Gtmp
8: P u t M  in C
9: e n d  f o r

10: e n d  p r o c e d u r e
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A lg o rith m  8 Completing Test Configurations in IRM 
1: p r o c e d u r e  CoMPLETE_COLORlNG_2(coloring, G j r m ,  OUTJine_adj)
2: f o r  a l l  C  £  coloring d o
3: r e p e a t
4: C LB xonLtm p C LBxonf
5: Conf <— push(CLBxonf_tmp)
6: conLok -s— 1
7: f o r  a l l  Request £ Conf d o
8: i f  Request cannot be route in IRM t h e n
9: conLok -f— 0

10: e n d  i f
11: e n d  f o r
12: u n t i l  CLBxonLtm p is empty o r  conLok =  1
13: Add the routing in the present color according to the configuration
14: Add edges in IRM to complete the coloring
15: e n d  f o r
16: e n d  p r o c e d u r e
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A ppendix B 

Perl Programs

B .l  E dge Coloring of G q r m

# ! /  u s r / l o c a l  /  b i n / p e r i  

= h e a d l  NAME

g o o d . c o l o r i n g

—h e a d X  AU T H O R  ( D A T E )

C h r i s t i a n  G i a s s o n  ( J u n e  1 8 t h ,  2 0 0 3 )

= h e a d l  S Y N O P S I S

e n u m . e d g e - c o l o r i n g  —a  { n a m e  o f  t h e  f i l e  t h a t  c o n t a i n s  t h e  ORMG}
—b  { n a m e  o f  t h e  f i l e  t h a t  c o n t a i n s  t h e  C L B - c o n f }
— c { n a m e  o f  t h e  f i l e  t h a t  c o n t a i n s  t h e  O U T _ a d j - l i s t }

= h e a d l  D E S C R I P T I O N

T h i s  p r o g r a m  f i n d  a  e d g e  c o l o r i n g  o f  a  p a r t i c u l a r  b i p a r t i t e  g r a p h  ( i f  o n e  
e x i s t )  t h a t  i s  a g r e e  w i t h  t h e  C L B . c o n f i g u r a t i o n  a n d  t h e  a d j  l i s t  o f  t h e  O U T  
lines .

T h i s  p r o g r a m  i s  b a s e d  o n  t h e  p a p e r :

A  F a s t  E n u m e r a t i n g  A l g o r i t h m  f o r  E d g e  C o l o r i n g  i n  B i p a r t i t e  G r a p h s  
b y  Y a s u k o  M A T S U I  a n d  UNO

= o v e r  4

= i t e m  I N P U T

ORMG
A  g r a p h  o n  a n  a d j a c e n c y  l i s t  f o r m a t .  T h i s  p r o g r a m  i s  o n l y  f o r  B i p a r t i t e  
G r a p h s .

N o t e :  t h e  e d g e s  o f  t h e  g r a p h  a r e  d e f i n e d  o n l y  f o r  t h e  f i r s t  g r o u p  o f
v e r t i c e s  ( V I ) .  T h e n  t h e  a d j a c e n t  l i s t  f o r  t h e  s e c o n d  g r o u p  { V 2 }  i s  e m p t y

C L B - c o n f

O  U T  - a d j  - l i s t

= i t e m  O U T P U T

O u t p u t s  i s  a  c o l o r i n g  a n d  i s  p a s s e d  a s  a  s t a n d a r d  o u t p u t .  T h e  o u t p u t  f o r m a t  
c a n  s e e m s  s t r a n g e  . I t  i s  c o m p o s e d  o f  ADD a n d  D E L E T E  o f  m a t c h e s  . T h e  o u p u t  
g e n e r a t e  a  t r e e  o f  c o l o r i n g .

= i t e m  D E P E N D E N C I E S

T h i s  p r o g r a m  h a s  s o m e  d e p e n d e n c i e s  o n  s o m e  l i b r a r i e s  :

G r a p h  ;
G r a p h  : : D i r e c t e d  ; 
G r a p h  : : U n d i r e c t e d ;  
G r a p h  : : W r i t e r  : : D o t  ; 
G r a p h  : : D F S ;
S e t  : : A r r a y  ;

75

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Appendix B Perl Programs

n o t e :  t h o s e  l i b r a r i e s  a r e  n o t  p a r t  o f  t h e  s t a n d a r d  P e r l  l i b r a r i e s  . Y o u  c a n
f i n d  t h e s e  l i b r a r i e s  w w w . c p a n . o r g

= c u t

u s e  w a r n i n g s  ; 
u s e  s t r i c t  ; 
u s e  G r a p h ;
u s e  G r a p h  : : D i r e c t e d  ; 
u s e  G r a p h  : ; U n d i r e c t e d ;  
u s e  G r a p h  : : W r i t e r  : : D o t  ; 
u s e  G r a p h  : : D F S ;  
u s e  S e t  : : A r r a y  ; 
u s e  G e t o p t  : : S t d ;

# G e . t  t h e  i n p u t s  o f  t h e  p r o g r a m  

g e t o p  t  s ( ’ h a : b : c : ’ ) ;
o u r ( $ o p t _ h , $ o p t _ a , $ o p t _ b , $ o p t _ c ) ;

i f  ( $ o p t - h )
{

p r i n t ” \ n \ t O p t i o n - o f - t h i s  ^ p r o g r a m  : \  n  
 .  \  t —h : - \ t \ t \ t h e l p
 -  t —a  - [  f i l e  j :  \  t \ t a d j _ l i s t  - o f - t h e  - ORMG
 ____ ____ \  t —b  w [ f i l e ] : \ t \ t l i s t  - o f - t h e - C L B -  c o n f i g u r a t i o n
 -  t ~ c  -  [ f i l e  ] : \ t \ t a d j . l i s t  -  o f - t h e  - O U T -  l i n e s \ n \ n ” ;

e x i t  ;
}
m y  @ a d j _ G _ i n p u t  =  & : r e a d - f i l e ( $ o p t _ a )  i f  ( {  $ o p t . a ) & & ( ! $ o p t _ h  ) )  ; 
m y  © C L B - c o n f - i n p u t  =  &c r  e  a  d - f  i l e  ( S o p  t  - b  ) i f  ( (  $ o p t  _ b  ) && : ( !  $ o p t - h  ) )  ; 
m y  @ O U T _ a d j _ i n p u t = & r e a d - f i l e ( $ o p t _ c )  i f  ( (  $ o p t . c ) & & ( ! $ o p t . h  ) ) ;

# b u i l d  t h e  O R M  g r a p h

m y  $ g l o  b  a l  _ g r  a p h  — G r a p h —> n e w  ( ) ;
# p u t  e d g e s  i n  t h e  G r a p h
m y  @ g r a p h _ e d g e s  =  &  a d  j  2 e d g e  ( \  @ a d j  _ G _ i n p u  t  ) ;
S g l o b a l - g r a p h  —> a d d - e d g e s  ( @ g r a p h _ e d g e s  ) ;

# g l o b a . l  c o u n t  t o  t e s t  t h e  p r o g r a m
m y  $ 1 e v e  1 =  1;
m y  $ c o u n t - c o l o r  i n g  =  0 ;

$$■$■$#■$> V J i f f t f t W f f / f //1/
# b u i l d  t h e  d a t a  s t r u c t u r e  o f  t h e  C L B - c o n f  a n d  t h e  O U T - a d j - l i s t
//////
# d a t a  s t r u c t u r e  f o r  C L B - c o n f  i s  a h a s h  o f  a r r a y s  
m y  % C L B _ c o n f ;
f o r e a c h  m y  S c o n f  ( @ C L B _ c o n f _ i n p u t }
{

i f  ( $ c o n f  = -  / ( . * ) :  ( . * ) / )
{

m y  $ c o n f - n a m e  =  $ 1  ; 
m y  $ f b  =  $ 2  ;
@ { $ C L B . c o n f { $ c o n f . n a m e } }  =  s p l i t  ( /  / , $ f b ) ;

}}
# d a t a  s t r u c t u r e  f o r  O U T - a d j  i s  a. h a s h  o f  a r r a y s  
m y  % O U T _ a d j _ l i s t  ; 
m y  % O U T _ a d j _ i i s t _ 0  ; 
m y  % O  U T - a d  j -1 i s t _ 1  ;
f o r e a c h  m y  $ O U T _ l i n e  ( @ O U T _ a d j _ i n p u t )
{

i f  C S O U T - l i n e  = '  / ( . * ) :  ( . * ) / )
{

m y  $ O U T  =  $ 1  ;
@ { $ O U T - a d j - l i s t  { S I  } }  =  s p l i t  ( /  /  , $ 2  ) ;
# p r i n t  ” @ { $ O U T . a d j - l i s t { $ l } } \ n ” ;

#  S p l i t  t h e  O U T  l i n e s  a d j  l i s t  i n t o  t w o  l i s t  o f  c o n n e c t i o n s
#  O  U T . a d j - l i s t - 0  : e d g e s  r e l a t e d  t o  CL B O
#  O U T - a  d , j - H s t _ l  : e d g e s  r e l a t e d  t o  C L B l
#  n o t e l :  T h e  C L B  i n p u t s  a r e  i n  t h e  s a m e  f o r m a t  t h a n  t h e  C L B
#  c o n f i g u r a t i o n  .
#  n o t e 2  : T h e  T  i n  O U T - a d j - l i s t - O  i s  TO a n d
#  T h e  T  i n  O  U T  . a  d j - l i s t - 1 i s  T l  .

f o r e a c h  ( @{ $ O U T _ a d j _ l i s t  { $ O U T }  })
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B. 1 Edge Coloring of Gqrm

{
i f  ( $ .  = -  / S ( \ d ) _ ( . * ) _ B  ( . * ) / )
{

m y  $ n u m  =  $ 3  ; 
i f  { $ 1  = =  0 )

{
i f  ( $ n u m  e q  ’ ’ )
{ p u s h  ( @{  $ O U T - a d j _ l i s t _ 0  { $ O U T  } } , ” $ 2  ” ) ; }  
e l s e
{ p u s h  ( @{ $ O  U T - a d  j  _1 i s  t  _0  { $ O U T }  > , ” $ 2 $ n u m ” ) ;  }

}
e l s e
{

i f  ( $ 3  e q  ’ ’ )
{ p u s h  ( @{ $ O U T - a d j _ l i s t _ l  { $ O U T } }  $ 2 ” ) ;  }
e l s e
{ p u s h  ( @{ $ O U T - a d j _ l i s t _ l  { S O U T }  } , ” $ 2 $ 3 ” ) ;}

}
}
# M  o d i f i c a t i o n s  t o  a l l o w  t h e  C L B O  t o  c o n n e c t  t o  t h e  
#  t r i — s t a t e  b u f f e r  1 a n d  v i c e  v e r s a

e l s i f  ( $ -  = '  /  T - I N  ( \  d  ) /  )
{

i f  ( $ 1  = =  0 )

{
p u s h  (<§>{ $ O U T _ a d j _ l i s t _ 0  { S O U T }  } , ” T 0 ” ) ; 
p u s h  ( @{ $ O U T - a d j _ l i s t _ l  { S O U T }  } , ” T O ” ) ;

}
e l s e
{

p u s h  ( @ { $ O U T . a d j _ l i s t _ l  { S O U T }  } , ” T l ” ) ; 
p u s h  ( a { $ O U T _ a d j . H s t - 0 { S O U T } }  , ” T 1 "  ) ;

}}}
# t  e s t
# p r i n t  ”$ O U T  C L B O :  @{ $ O U T  -  a  d j  -  U  s t - 0  { $ O U T } } \ n  ” ;
# p  r i n  t  ”$ O U T C L B l :  @{ $ O U T . a d j - l i  s t „  1 { $ O U T } } \ n  ” ;

}}

#  M a i n  p a r t :  c a l l  o f  t h e  p r i n c i p a l  r e c u r s i v e  f u n c t i o n  e n u m - e d g e - c o l o r i n g  

& c n u m . e d g e . c o l o r i n g  ( \ @ g r a p h - e d g e s  ) ;

# o u t p u t  t h e  g r a p h  i n  a . d o t  f o r m a t  ( g r a p h v i z )

# m y  $ d o t - w r i t e r  =  G r a p h : :  W r i t e r  : :  D o t —> n e w  ( )  ;
# $  d o t - w r i t e r  —>  w r i t e  - g r a p h  (  $ g r a p h  , ’ m. y  g r a p h  . d o t  ’ )  ;

#  F u n c t i o n s

# F u n c t i o n  N a m e :  e n u m - e d g e - c o l o r i n g
# I n p u t s  : A  l i s t  o f  e d g e s  t h a t  b e l o n g s  t o  G  
# O u t . p u t :
# n o t e  :

s u b  e n u m - e d g e -  c o l o r i n g  
{

# g e t  t h e  i n p u t  d a t a  
m y  © e d g e s  =  @{ ( s  h i  f t  { @ _ ) ) } ;
# b u i l d  t h e  g r a p h  G  
m y  $ G  — G r a p h — > n e w  ;
$G—> a d d - e d g e s  ( © e d g e s  ) ;

#  1 .  i f  a l l  e d g e s  a r e  i n c i d e n t  t o  a n  e d g e  o r
# i f  G  i s  a  m a t c h i n g  t h e n  o u t p u t  ’’ e d g e  c o l o r i n g  b y  a d d i n g ”
# a n  t h e  u n i q u e  e d g e  c o l o r i n g  o f  G.
#
# m o d i f i c a t i o n  t o  t h a t  p a . r t  o f  t h e  a l g o r i t h m  :
# c . h e c k  i f  t h e  g r a p h  i s  a m a t c h i n g
# i f  i t  i s  a m a t c h i n g  t h e n  O u t p u t  t h e  m a t c h
#
#  p r o b  a b l y  t h a t  p a r t  i s  t h e r e  t o  a v o i d  t h e  g e n e r a t i o n  o f  e m p t y  p r o b l e m s

# C a l l  t h e  c h e c k - i f - m a t c h
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m y  $ i f _ m a t c h  =  &c c h e c k - i f - m a t  c h i n g  ( \ © e d g e s  ) ; 
i f  ( $ i f _ m a t c h  = =  1)
{

m y  @ M _ c o p y  =  © e d g e s  ;
m y  $ O K  =  & m a t c h . o k  ( \  @ M _ c o p y , \ %  C L B - c o n f  , \ %  O  U  T  . a d j - l i s t  _0  , \ %  O  U  T _ a d  j _1 i s t _ 1  ) ;  
i f ( $ O K  = =  1)
{

p r i n t  ’’A D D - t  h e - M A T C H :  @ e d g e s \ n ” ;
# e x i t  t h e  p r o g r a m  w h e n  t h e  m a t c h  o f  a c o l o r i n g  i s  f o u n d  
e x i t  ;

}
e l s e
{

r e t u r n ;
}
S c o u n t . c o l o r i n g H —}-;
# p r i n t  ” C o l o r i n g  n u m b e r  $ c o u n t - c o l o r i n g \ n ” ; 
r e t u r n ;

}
if'//ft ff tilt/I/>///f'//if-if-ttflft h't'fIfIff!fff/i/flIf If If//// /N/it-tf-trff//ftft tf/ / / / 1 / $ Inf ftfffl if Iff/i/flit //it tffiit#-
#  2 .  f i n d  a  c o v e r i n g  m a t c h i n g  M  o f  G
# ( A  m a t c h  t h a t  c o v e r  e v e r y  v e r t e x  i n  V - m a x )

# i n d e n f i f y  t h e  s e t  V - m a x  
m y  @V _ ma x  =  Sz f i n d _ V - m a x  ( \  © e d g e s  ) ;
# f i n d  a f i r s t  c o v e r i n g  m a t c h i n g  
m y  @M =  & C 1 ( \  © e d g e s  ) ;
# n o t e  : t h e  f o u n c t i o n s  f i n d - c o v e r i n g  m a t c h i n g  a n d  & M D 2  a r e  o l d  f u n c t i o n s
#  t h a t  d i d  n o t  w o r k .  Y o u  c a n  f i n d  a  c o p y  o f  t h o s e  f u n c t i o n s  i n  t h e
#  l a s t  v e r s i o n  o f  e n u m - e d g e - c o l o r i n g  . C l  i s  t h e  g o o d  f u n c t i o n  t o
f f  f i n d  t h e  f i r s t  c o v e r i n g  m a t c h i n g .
# r n y  @M — &  f i n  d  - f i r  s t  - c  o v  e r  i n  g _ m  a t  c h i n  g ( \  @ e d g e s  , \  @ V - m a x  )  ;
# t e s t
# p r i n t  ’’ t h e  g r a p h  : @ e d . g e s \ n  ” ;
# m y  @M =  & M D 2 ( \  @ e d g e s  )  ;

#  3 .  C h o o s e  ( c a n  b e  r a n d o m  p i c k )  a n  e d g e  ” e ” i n  M

# l e t  ’ s  c h o o s e  t h e  f i r s t  o n e  
m y  @ M - c o p y  =  @M; 
m y  @ e ;
p u s h  ( @ e , s h  i f t  ( @ M _ c o p y  ) ) ; 
p u s h  ( @ e . s h i  f t  ( @ M _ c o p y  ) ) ;

#  p r i n t  f o r  t e s t
#  p r i n t  ”* * * * * * * * * * * * * * * * *  e n u m - e d g e - c o l o r i n g  * * * * * * * * * * * * * * * * * * * * * * * * \ n
#  p r i n t  ” E d g e s  o f  t h e  g r a p h  =  @ e d . g e s \ n
#  p r i n t  ’’ M a x i m u m  d e g r e e  v e r t i c e s  — @ V - m a x \ n ” ;
#  p r i n t  ” F i r s t  m a t c h  — @ M \ n ” ;
#  p r i n t  ” G l o b a l  e — @ e \ n

#  4 . C a l l  e n u m - c o v  e r i n  g - m a t c h i n g  ( G - f ( e  )  , V - ma , x  , M )

# G + ( e )  i s  t h e  s u b g r a p h  o f  G  o b t a i n e d  b y  r e m o v i n g  ” e ” a n d  a l l  e d g e s  
# a d j a c e n t  t o  ” e ” .
# c r e  a t e  G - p l u s - e  
m y  $ G _ p l u s - e  =  G r a p h —> n e w  ;
$ G _ p l u s _ e  —> a d  d . e d g e s  ( S e d g e s  ) ;

# p r i n t  ” e =  © e \ n  
# c r e a t e  t h e  g r a p h  G + ( e )  
f o r e a c h  ( @ e )
{

$ G - p l u s  _e — > d e  1 e t e - v e r t e x ( S - ) ;
}
# l i s t  o f  e d g e s  o f  G + ( e )
m y  @ G . p l u s . e . e d g e s  — $ G  _ p l u s - e —> e d g e s  ;
# p r i n t  ” @ G - p l u s - e - e d g  e s \ n  ” ;

& e n u m . c o v e r i n g . m a t c h i n g  ( \ @ G _ p l u s - e _ e d g e s  , \ S V _ m a x ,  \ @ M )  ;
}(i // / / t/ »t i/frii j/ m u u iiĵ  fffffffffff//ffffffffffffff//f‘ffffffffffffffffffffff//ifffffjf-
# F u n c t i o n  N a m e  : e n u m - c  o v  e r  i n  g - m a t c h i n g
# I n p u t s :
# O u t p u t  :
# n o t e  :

s u b  e n u m  . c o v e r i n g - m a t c h i n g  
{

# g e t  t h e  i n p u t  d a t a  
m y  @ e d g e s  =  @{ ( s  h  i f t  ( @ _ ) )  } ; 
m y  @V _ ma x  =  ® { ( s h i f t (  ) )  } ;
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m y  © M  — © { ( s h i f t  ( © > _ ) ) } ;
# b u i l d  t h e  G  p a s s e d  t o  t h e  f u n c t i o n  
m y  $ G  =  G r a p h — > n e w  ;
$ G —> a d d _ e d g e s  ( © l e d g e s  ) ;

#  C h e c k  i f  t h e  g r a p h  i s  e m p t y  ( p a r t  a d d e d  t o  t h e  A l g o r i t h m )

# r n y  $ e d g  e - c o u n t  =  © e d g e s ;
# i f  ( $ e d g e - c o u n t  = =  0 )
# { r e t u r n  0 ; }

C h e c k  i f  t h e r e  i s  a  c y c l e  o r  n o t  i n  G
f f  C a l l  t h e  f u n c t i o n  f i n d - c o v e r i n g - m a t c h i n g  ( )
i'/m.
# b u i l d  t h e  l i s t  @V1 a n d  @V2 t h e y  a r e  t h e  p a r t i t i o n  o f  t h e  g r a p h
m y  @V1 =  & f i n d _ V l ( \ @ e d g e s ) ;
# p r i n t  ” V1 — @ V l \ n ” ;
f f s u b  s t r a c t  @ V l  t o  a l l  t h e  v e r t i c e s  t o  g e t  @V2
# S e t  f o r  a l l  t h e  v e r i c e s  and,  f o r  V l  
m y  $ a l l _ V  =  S e t  A r r a y —> n e w  ; 
m y  $ V 1  =  S e t  : :  A r r a y —> n e w  ;
# b  u i d  $ a l l - V
f o r e a c h  ( © e d g e s  ) { $ a l l _ V  —> p u s h (  $ _  ) ; }
# b u i l d  $ V 1
f o r e a c h  ( @ V 1 )  { $ V 1 —> p u s h  ( S _ ) ;  }
# § V 2  -  $ a l l - V  \  $ V 1
m y  @V2 =  $ a l l _ V  —> d  i f f e r e n c e  ( $ V1  ) ;
i f  p r i n t  ” V 2  =  @ V 2 \ n ” ;

# ( \ @ {  l i s t - o f - e d g e s - G  } , \  V l } , \  @{ V 2 } , \  @{ V - m a x }  , \  @{ e d g e s - m a t c h }  )
m y  @ M - p r i m e  — &  f i  n  d _ c o  v e r  i n g . m a t  c h  i n g  ( \  © l e d g e s  , \  ©>V1, \  @V2,  \  @ V _ m a x ,  \ © M )  ;

#  i f  t h e r e  i s  n o  c y c l e  i n  D  t h e n  

m y  S M . p r i m e . c o u n t  ~  @ M _ p r i m e ;

# t  e s t
m y  $ M - p r i m e . t e x t  =  ” © M . p r i m e ” ; 

f f  p r i n t  f o r  d e b u g g i n g
H  p r i n t  ” * * * * * * * * * * * * * * * * *  e n u m - c  o v  e r  i n  g - m a t  c h i n  g ;
#  p r i n t  ’’ e d g e  o f  G  =  @ e d g e s \ n ” ;
H  p r i n t  ’’ V l  — @ V l \ n ” ;
#  p r i n t  ” V 2  =  @ V 2 \ n ” ;
H  p r i n t  ’’ V ^ r n a x  — @ V - m a x \ n ” ;
i f  p r i n t  ” c o u n t  =  S  M - p r i r n e - c  o u n t \ n  ” ;
#  p r i n t  ”M  =  @M\  n  ” ;
#  p r i n t  ” M - p r i m e  — § M - p r i m  e _ t  e x t \ n  ” ;

i f  ( S M . p r i m e . c o u n t  = =  1 )  # i f  t h e r e  i s  o n l y  a  0  i n  t h e  m a t c h - p r i m e  
{

f f N E W  : v e r i f y  i f  t h e  m a t c h  c a n  b e  r o u t e
m y  © M . c o p y  =  ©M;
m y  $ O K  =  & m a t c h . o k  ( \  © M _ c o p y  , \ % C L B _ c o n f  , \ %  O U T _ a d j - l i s t _ 0  , \ % O U T _ a d j - l i s t _ l  ) ; 
i f  ( $ O K  = =  1)
{

# O u t p u t ,  : ” A d d ” a n d  t h e  e d g e s  o f  M  
p r i n t  ”A D D ~ t h e  - m a t c h  : © M \ n ” ;

j f S u b s t a c t  t h e  M a t c h  M  f r o m  t h e  g l o b a i - g r a p h  
$ g l o b a l - g r a p h  —> d e  l e t  e _ e d  g e s  (@M)  ;

# t  e s t
# $  I e v  e I + + ;
# i f  (  $ I e v  e I <  7)

p r i n t  ’’ l e v e l :  $ l e v  e l  n u m  c o l o r i n g  d o n e  : $ c o u n t  _ c  o I o r i n g \ n  ” ; }
# p  r i n t  ” I e v  e I : $ I e v  e l \ n  ” ;

# C a l l  t h e  f u n c t i o n  e n u m - e d g e - c o l o r i n g  ( G \ M )
# T h i s  r e c u r s i v e  c a l l  d e f i n e s  a  n e w  p r o b l e m  w i t h  t h e  g r a p h  G  
# m i n u s  t h e  c o v e r i n g  m a t c h i n g  M  
m y  @ g r a p h _ e d g e s  as S g l o b a l  - g r a p h  —> e d g e s  ;
& e n u m - e d g e - c o l o r i n g  ( \  © g r a p h - e d g e s  ) ;

# O u t p u t  : ” D e l e t e  ” a n d  t h e  e d g e s  o f  M  
p r i n t  ” D E L E T E - t h e _ m a t c h  : ©i M\ n ” ;

# p u t  b a c k  t h e  m a t c h  M  i n  t h e  g l o b a l - g r a p h  
$ g l o b a l _ g r a p h  —> a d d - e d g e s  (@M)  ;

j f t e s t  
$ l e v  e l  ;

}}
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#  i f  t h e r e  i s  a  c y c l e  i n  D  t h e n
/ /  1/ it ft t f  ft it 1/fn'f-t f f f f f f f f f -f f f / f i i f  t i  f f / / / / / / i i i i i i -i i i i i i i i i f i i f i i i i f  i f  i f  i f t i i t i i i i i f i i f ^ ^

e l s e
{

# 1 .  C h o o s e  a n  e d g e  ” c ” i n  M \ M  ’ 
m y  $ s _ M  — S e t  : : A r r a y —> n e w  ; 
m y  $ s _ M _ p r i m e  =  S e t  : : A r r a y —> n e w  ;
# b u i l d  t h e  s e t  o f  e d g e s  i n  M  
m y  S i n d e x  =  1;  
m y  $ u  ; 
r a y  $ v  ;
f o r e a c h  m y  S v e r t e x  (@M)
{

i f  ( S i n d e x  = =  1)
{

$ u  — S v e r t e x  ;
S i n d e x  =  0 ;

}
e l s e
{

$ v  =  S v e r t e x ;
Ss_ . M—> p u s h  ( ” $ u —$ v ” ) ;
S i n d e x  =  1;

}>
# b u i l d  t h e  s e t  o f  e d g e s  i n  M ^ p r i m e  
S i n d e x  =  1;
f o r e a c h  m y  S v e r t e x  ( @ M _ p r i m e )
{

i f  ( S i n d e x  = = 1 )
{

$ u  =  S v e r t e x  ;
S i n d e x  =  0 ;

}
e l s e
{

S v  =  S v e r t e x ;
S s - M - p r i m e —> p u s h (  ” $ u —$ v ” ) ;
S i n d e x  =  1 ;

}}
ff f f i i i f f f f y f  i f  i f  i f f f i i r f i i f f i i i f  i f  i f  i f i i f i -ffiif^ fffN ^ if^ f i i i i i i f f i t  f f i f  if  if  ifffff~ffif ft'ff-f i i f
#  n e w  t h i n g  a d d e d  t o  t h e  a l g o r i t h m
#  C h e c k  i f  M ’ i n c l u d e  M  i f  t r u e  t h e n  s w a p  M c—> M ’

r a y  S n o t  . i n c l u d e  =  0 ;  # a s s u r n e  t h a t  i s  i n c l u d e  
$ s _ M —> f o r e a c h  ( s u b  {

i f  ( !  ( $ s _ M - p r i m e  — > e x i s t  s  ( $ _ ) ) )
{

S n o t . i n c l u d e  =  1;
}

});
r a y  @ d i f f - M s  ; 
i f  ( S n o  t  _i  n  c l  u  d  e = =  1)
{

# f \ M !
@ d i f f _ M s  =  $ s _ M —> d  i f  f  e r e n c  e ( $ s _ M - p r i m e  ) ;

}
e l s e
{

# M \M >
@ d i f f - M s  =  $ s  _ M - p r i m e — > d  i f  f  e r  e  n  c e ( $ s _ M  ) ;

i f  { s c a l a r  ( @ d i f f _ M s  ) =  =  0 )

p r i n t  ’’E R R O R :  - M - s a m e - a s  - M ’ \  n ” ; 
e x i t  ;

# g e t  a  e f r o m  t h e  d i f f e r e n c e  
m y  S e . t e m p  =  s h i f t  ( @ d i f f _ M s  ) ; 
m y  @e =  s p l i t  ( / - / , $ e . t e m p  ) ;

# p r i n t  f o r  t e s t  
# V  r i  n t  ” e — @e \  n  ” ;

# 2 .  B u i l d  t h e  g r a p h  G +  ( e )  
m y  $ G _ p l u s _ e  =  G r a p h —> n e w ; 
$ G _ p l u s _ e —> a d d _ e d g e s  ( © e d g e s  ) ; 
# c r e a t e  t h e  g r a p h  G + ( e )  
f o r e a c h  ( @ e )
{

$ G _ p l u s _ e  —> d e  l e t e . v e r t e x  ( $ -  ) ;
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}
# l i s t  o f  e d g e s  o f  G - h ( e )
m y  @ G _ p l u s _ e _ e d g e s  — $ G _ p l u s _ e —> e d g e s  ;
# p r i n t  ” @ G . p  l u  s .  e_ e d g  e s  \ n  ” ;

# 3 .  B u i l d  t h e  g r a p h  G \ e  
m y  S G - d i f f . e  =  G r a p h —> n e w  ;
$ G _ d i f f _ e  —> a d d _ e d g e s  ( © e d g e s  ) ;
$ G _ d i f f _ e  —> d e l e t e  . e d g e  ( © e ) ; 

r a y  © G _ d i f f _ e . e d g e s  =  $ G - d i f f _ e  —> e d g e s  ;
# p r i n t  ” @ G - d i f f _ e _ e  d g  e s \ n  ” ;

# 4 -  c a l l  e n u m . c o v e r i n g - m a t c h i n g  ( G- j - ( e )  , V . m a  x ,  M)  
^ e n u m . c o v e r i n g . m a t c h i n g (  \  © G . p l u s . e . e d g e s  , \  @ V _ m a x  , \ © M )  ;

# 5 .  c a l l  e n u m . c o v e r i n g - m a t c h i n g  ( G \ e  , V - m a x , M !)
& e n u r a . c o v e r i n g . m a t c h i n g  ( \ @ G _ d i f f _ e _ e d g e s  , \ © V _ m a x ,  \ @ M _ p r i m e ) ;

}}
# F u n c t i o n  N a m e :  f i n d . V I  
# I n p u t s  : A  l i s t  o f  g r a p h  e d g e s
# O u t p u t  : A  l i s t  o f  v e r t i c e s  t h a t  c o m p o s e d  V l  
# n o t e  :

s u b  f i n d . V  1
{

# g  e t  t h e  i n p u t  d a t a  
m y  © e d g e s  =  © { (  s h i f t  ( @ _ ) ) }  ;
# b u i l d  t h e  g r a p h  G  
m y  $ G  =  G r a p h —> n e w  ( ) ;
$ G—> a d d _ e d g e s  ( © e d g e s  ) ;

# d e f i n e  a. s e t  f o r  V l  
r a y  S V 1  =  S e t  : : A r r a y — > n e w ;

# f o r  a l l  t h e  e d g e s  
m y  S h a l f - i n d e x  =  © e d g e s ;
S h a l f - i n d e x  / — 2;  
f o r  ( 1 . .  S h a l f - i n d e x  )
{

m y  $ u  =  s h i  f t  ( © e d g e s  ) ; 
m y  $ v  =  s h i f t  ( © e d g e s  ) ;
$ V 1 —> p u s h  ( $ u  ) ;

- >
$ V 1 —> u n i q u e { ) ;  

m y  © V I ;
$ V  1—> f o r e a c h  ( s u b  ( p u s h  ( © V l , $ _ ) } ) ;  
r e t u r n  © V I ;

}
# F u n c t i o n  N a m e  : c h e c k . i f  . m a t c h i n g
# I n p u t s : A  l i s t  o f  g r a p h  e d g e s
f f O u t p u t  : 1 i f  i t  i s  a  M a t c h  a n d  0 i f  i t  ’ s  n o t  a M a t c h  
# n o t e  :

s u b  c h e c k . i f . m a t c h i n g  
{

# g e t  t h e  i n p u t  d a t a  
m y  © e d g e s  =  @{  ( s h i  f t  ( © _ ) ) }  ;
# b u i l d  t h e  g r a p h  G 
m y  $ G  =  G r a p h —> n e w  ( ) ;
$ G —> a d d _ e d g c s  ( © e d g e s  ) ; 
m y  © v e r t i c e s  =  $ G ~ > v e r t i c e s  ;
# c h e c k  i f  i t  i s  a  m a t c h i n g  
f o r e a c h  m y  S v e r t e x  ( © v e r t i c e s )
{

m y  © a d j  =  $ G —- > n e i g h b o r s  ( ” S v e r t e x  5? ) ; 
m y  $ a d j _ s i z e  — © a d j ;  
i f  ( $ a  d  j _ s i  z e  >  1)
{

# p r i n t  ’’ g r a p h  n o t  a  m a t c h \ n ' ’ ; 
r e t u r n  0 ;

}}
# p r i n t  ’’ g r a p h  i s  a m a . t c h \ n ”; 
r e t u r n  1;

}
# F u n c t i o n  N a m e :  f i n d . V . m a x  
# I n p u t s  : A  l i s t  o f  g r a p h  e d g e s
# O u t p u t  : A  l i s t  ( a r r a y )  o f  a l l  t h e  m a x  d e g r e e  v e r t i c e s  
# n o t e  :

s u b  f i n d _ V _ m a x
{

# g e t  t h e  i n p u t  d a t a
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m y  © e d g e s  =  @{  ( s h i  f t  ( @_ )  ) } ;
# b u i l d  t h e  g r a p h  G  
m y  $ G  =  G r a p h —> n e w  ( ) ;
$ G —> a d d . e d g e s  ( © e d g e s  ) ; 
m y  © v e r t i c e s  =  $G—> v e r t i c e s  ;

# f i n d  a s e t  o f  t h e  m a x im u m  d e g r e e  v e r t i c e s  
m y  @V _ m a x ;  
m y  $ m a x » d e g r e e  =  0 ;
# f i n d  t h e  m a x im u m  d e g r e e  
f o r e a c h  ( © v e r t i c e s )
{

m y  © a d j  =  $ G —> n e i g h b o r s  ( $ _  ) ; 
m y  S a d j . s i z e  =  @ a d j  ; 
i f  ( S a d j . s i z e  >  S m a x . d e g r e e )
{

S m a x . d e g r e e  =  S a d j . s i z e ;
}}

# f i n d  a l l  t h e  v e r t i c e s  w i t h  a d e g r e e  o f  $ m a . x - d e g r e e  
f o r e a c h  ( © v e r t i c e s )
{

m y  © a d j  =  $ G—> n e i g h b  o r s  ( $ _ ) ; 
m y  $ a d j _ s i z e  =  © a d j ;  
i f  ( S a d j . s i z e  = =  S m a x . d e g r e e )
{

p u s h ( @ V _ m a x  , ;
}>

r e t u r n  @ V - m a x ;
}

# F u n c t i o n  N a m e :  a d j 2 e d g e
# I n p u t s  : & a d j  2  e d g e  ( ©{  a d j -  l i s t } )
# O u t p u t  : r e t u r n  a  l i s t  w i t h  a l l  p a . i r  o f  v e r t i c e s  ( e d g e s )
# n o t e  : T h e  e l e m e n t  o f  t h e  a d j  s h o u l d ,  be  o n  t h a t  f o r m a t
#  A : B , C , D

s u b  a d j 2 e d g e  
{

m y  © a d j . l i n e  =  © {  ( s  h i f t  ( @ _ ) )  } ; 
m y  @ r  e t  u  r  n  _1 i s  t  ;

f o r e a c h  m y  S l i n e  ( @ a d j _ l i n e )
{

m y  S f . v e r t e x  ; 
rr^y © s . v e r t e x  ;

i f ( S l i n e  = -  / - ( . * ) : ( . » ) $ / )
{

$ f . v e r t  e x  =  $ 1 ;
© s . v e r t e x  =  s p  1 i t  ( ” , ” , $ 2  ) ;  
f o r e a c h  ( @ s _ v e r t e x )
{

p u s h ( © r e t u r n . l i s t  , ” $ f _ v e r t e x ” ) ;  
p u s h (  @ r e t u r n _ l i s t

}}}
r e t u r n  © r e t u r n . l i s t ;

}

# F u n c t i o n  N a m e :  d o t - t h e - g r a p h
#  I n p u t s  : & d o t - t h e - g r a p h  (  $  { n a m e }  I i s t  -  o f -  e d  g e s }  )
# O u t p u t : a  $ { n a m e } . d o t  f i l e  i n  t h e  c u r r e n t  d i r e c t o r y
# n o t e  : t h i s  f u n c t i o n  c r e a t e  a d i r e c t e d  . d o t  f i l e  n o  m a t e r  w h a t
imwm/HHNiyttiHHmiHmmHHHMHm mmmtimmHHHHHHHHHHHtmHHt#
s u b  d o t . t h e . g r a p h  
{

m y  $ l o c a I _ g r a p h _ n a m e  =  s h i f t ;  
m y  © l o c a l . e d g e s  =  ©_ ;
m y  $ l o c a l _ g r a p h  =  n e w  G r a p h  : :  U n d i r e c t e d ;
$ l o c a l ,  g r a p h  —> a d d _ e d g e s  ( © l o c a l . e d g e s  ) ;

# o u t p u t  t h e  g r a p h  i n  a  . d o t  f o r m a t  ( g r a p h v i z )  
m y  $ d o t . w r i t e r  =  G r a p h  : :  W r i t e r  : :  D o t —> n e w  ( )  ;
$ d o t  . w r  i t e r  —> w r  i t  e . g r  a p h  ( S l o c a l . g r a p h  , ” S l o c a l  . g r a p h ,  n a m e ,  d o t ” ) ;

}
immmiHHmffV iii/i/«//#####
# F u n c t i o n  N a m e  : f i n d - c o v e r i n g  . m a t c h i n g  
# I n p u t s  :
# ( \ @ {  l i s t - o f - e d g  e s - G  } : \ @ { V l }  , \ @ { V 2 }  , \@ {  V - m a x } , \  @{ e d g e s -  m a t c h }  )  
# O u t p u t  : r e t u r n  a. l i s t  ( a n  a r r a y )  o f  e d g e s  t h a t  r e p r e s e n t  t h e  m a t c h
#  o r  0  i f  t h e r e  i s  n o  m a t c h .
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s u b  f i n d . c o v e r i n g . m a t c h i n g  
{ -ff/fff//ff/ff/ 1/f f f ‘fft jfjff ffijfj/‘ffifif/fififf/'ffjfiiiiffjjff/fififj///if/ffiifiifjifii,ifj,iffif if fj

#  p u t  a l l  t h e  i n p u t  o f  t h e  f u n c t i o n  i n  a r r a y s

m y  @ g r a p h _ e d g e  =  @{ ( s h i  f t  ( ) ) } ;
m y  © g r a p h _ V l  =  @{ ( s h  i f t  ( ) ) } ;
m y  @ g r a p h _ V 2  =  © {  ( s  h i f t  ( ) )  } ; 
m y  @ g r a p h _ V _ m a x  =  @{ ( s h i  f t  ( © _ ) ) } ;  
m y  © g r a p h _ e d g e _ m a t c h  =  © {  ( s  h  i f t  ( @ _ ) )  } ;

# t  e s t
# p r i n t  ’’ g r a p h  =  @ g r a p h - e d g e \ n  
# p r i n t  ” V l  =  @ g r a p h - V  l \ n ”;
# p r i n t  ” V 2  =  @ g r a . p h - V 2 \ n

ffifif if if iffiffiifiiiiiur i/ff-i h h i i i t i t i i f  if ifitiiif iff/ififiii/iinrtff/iiifffi/fiiif
#  c r e a t e  t h e  s e t s  o f  v e r t i c e s  t h a t  a r e  c o v e r e d  b y  t h e  g r a p h

m y  $ s . g , c o v e r e d  =  S e t  : :  A r r a y —> n e w  ( © g r a p h - e d g e  ) ;
S s . g . c o v e r e d  — > u n i q u e  ;

#  c r e a t e  t h e  s e t s  V l  , V 2 , V - m a x ,  a n d  m - c o v e r e d

m y  $ s _ V l  — S e t  : :  A r r a y —> n e w  ( @ g r a p h - V l  ) ; 
m y  $ s - V 2  =  S e t  : :  A r r a y —> n e w  ( @ g r a p h _ V 2  ) ; 
f f c r e a t e  V - m a x  (  s e t  o f  m a x i m u m  d e g r e e  v e r t i c e s )  
m y  f s . V . m a x  =  S e t  : :  A r r a y —> n e w  ( © g r a p h _ V _ m a x  ) ;
#  c r e a t e  t h e  s e t  o f  v e r t i c e s  c o v e r e d ,  b y  t h e  i n p u t  m a t c h i n g  
m y  S s . m . c o v e r e d  =  S e t  : :  A r r a y ~ > n e w  ( © g r a p h . e d g e . m a t c h  ) ;

iMiHHHmmHHHHHHHHHmmmff/MmMsmtMimmmmmHHH?#
#  c r e a t e  t h e  s e t  $ s _ V _ ba.r
imm/fff/tmtmMiMffflmiHmfrMMHNmimiHHmfffmmt/fftMNHHf#
# c r e a . t e  V - b a r  ( a  s p e c i a l  s e t  i n  t h e  a l g o r i t h m )  
m y  S s . V . b a r  =  S e t  : : A r r a y —> n e w  ( )  ; 
m y  S s . t e m p l  =  S e t  : :  A r r a y —> n e w  ( )  ; 
m y  $ s _ t e m p 2  =  S e t  : :  A r r a y —> n e w  ( )  ;

# (  v  e r t i c e s  c o v e r e d  b y  M  i n  V l f t h a t  a r e  n o t  i n  V - m a x  i n  $ s - t e m p l  
$ s _ m - c o v e r e d  —> f o  r e a c h  ( s u b  { S s . t e m p l  —> p u s h  ( $ - ) } ) ;

m y  © t e m p i  ~  S s - t e m p i  —> i n t e r s e c t i o n  ( $ s _ V  1 ) —> d i f f e r e n c e  ( $ s _ V _ m a x  ) ; 
S s . t e m p l - > c l e a r  ;
f o r e a c h  ( @ t e m p l ) { S s . t e m p l  —> p u s h ( $ _ ) ; }

# (  v e r t i c e s  u n c o v e r e d  b y  M  i n  V 2 )  t h a t  a r e  n o t  i n  V - m a x  i n  $ s - t e m p 2  
$ s _ V 2 —> f o r e a c h  ( s u b  { $ s _ t e m p 2 — > p u s h  ( $ - ) } ) ;

m y  © t e m p 2  =  S s . t e m p 2 ~ >  d i f f e r e n c e  ( $ s . m . c o v e r e d ) - > d i f f e r e n c e  ( S s . V . m a x  ) ; 
$ s _ t e m p 2 —> c l e a r  ;
f o r e a c h  ( @ t e m p 2 )  { $ s _ t e m p 2 — > p u s h (  $ _  ) ; }

# U n i o n  s e t s  $ s - t e m p  1 a n  $ s - t e m p 2  i n  $ s - V - b a r  
@ t e m p l  =  S s . t e m p l - > u n i o n  ( S s . t e m p 2 ) ;  
f o r e a c h  ( © t e m p i ) { S s . V . b a r  —> p u s h ( $ _ ) ; }
# $  s - V - b a r  —>  p r i n t  ( 1 )  ;

iffi-iiiNifiIf It'ififitffit’fiifif-iiIIififiiif-f -fi-ii-iiiii/iiff~iirffif:fiit iifrif-fiif-ific.r* o r, f1 p / }i p <J p + g t T/ r P o f

# c r e a t e  § s - V - r  e s  t  ( I t ’ s  a s p e c i a l  s e t  i n  t h e  a l g  o r i t h r n )
# $ s - V - r e s t  =  $ S - g - c o v e r c d  \  (  (  $ S - V - m a x )  U ( $ s - V - b a r )  )
m y  S s . V . r e s t  =  S e t  : :  A r r a y —> n e w  ( )  ;
© t e m p i  — $ s . V . m a x - > u n i o n  ( $ s - V - b a r  ) ;
S s . t e m p l - > c l e a r  ;
f o r e a c h  ( @ t e m p i ) { S s . t e m p l  —> p u s h  ( $ _ ) ; }
© t e m p i  =  $ s . g . c o v c r e d - > d i f f e r e n c e  ( S s . t e m p l  ) ;  
f o r e a c h  ( © t e m p i )  { S s _ V _ r e s t - > p u s h (  $ . ) ;  }
# §  s - V - r e s t  —>  p r i n t  ( 1 )  ;

#  c r e a t e  t h e  n e w  d i r e c t e d  g r a p h  D

m y  $ g r a p h - D  =  n e w  G r a p h  : : D i r e c t e d  ;
#   f i r s t  : O r i e n t e  e d g e s  o f  M  f r o m  V l  t o  V 2   --------------
#  m y  @ e d g e - t e r n p  — @ g r a p h - e d g e - m a t c h  ;
f f  m y  $ f o r - v a r  =  @ e d g e - t e m p ;
#  S f o r . v a r  — $ f o r . v a , r / 2 ;
#  f o r  ( 1 ■ ■ ( $ f o r - v a r ) )
# {
#  m y  $ u  — s h i f t  ( @ e d g e - t e m p  )  ;
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#  m y  $ v  =  s h i f t  (  @ e d g e - t e m p  )  ;
#  i f  (■ (  $ s - V l  —>  e x i  s  t  s  ( ” $ u  ” )  )  & & ! (  $ s ~ V 2 —>  e x i s t s  (  ” $ v  ” )  )  )
# {
#  $ g r a p h - D —>  a d d . e  d g  e ( $ v  , $ u  )  ;
# }
#  e l s e
# {
■# $ q r a p h - D —> a d d - e d g e  ( S u  , $ v  )  ;

# }
#  }

# t  e s t
m y  @ e d g e _ t e m p  =  @ g r a p h _ e d g e _ m a t c h  ; 
f o r  ( 1 . .  ( s c a l a r  ( @ e d g e . t e m p ) / 2 ) )
{

m y  $ u  =  s h i f t  ( © e d g e . t c m p  ) ; 
m y  $ v  =  s h i f t  ( @ e d g e _ t e m p  ) ;
$ g r a p h _ D —> a d d _ e d g e  ( $ u  , $ v  ) ;

}
 #------------------—  s e c o n d :  O r i e n t e  e d g e s  o f  E \ M  f r o m  V 2  t o  V l  ■—
# c r e a t e  a  s e t  E  ( e d g e s  i n  t h e  i n p u t  g r a p h )

m y  @ g _ e d g e  ;
@ e d g e . t e m p  =  @ g r a p h _ e d g e ;  
m y  S f o r . v a r  =  @ e d g e , t e m p  ;
S f o r . v a r  =  S f o r . v a r / 2 ;  
f o r  ( 1 , . (  S f o r . v a r ) )
{

m y  $ u  =  s h i f t  ( @ e d g e _ t e m p  ) ; 
m y  $ v  =  s  h  i f t  ( @ e d g e _ t e m p  ) ;
i f  ( (  S s . V l - > e x i  s t  s  ( ” $ u ” ) )  &c&c ( $ s _ V 2 —> e x i s t  s  ( ” $ v ” ) ) )
{

p u s h (  @ g _ e d g e  , ” S v —> $ u ” ) ;
}
e l s e
{

p u s h (  @ g _ e d g e  , ” $ u —> $ v "  ) ;
}}

m y  $ s _ g _ E  =  S e t  : :  A r r a y —> n e w  ( © g . e d g e  ) ;
# c r e a , t e  s e t  M  ( e d g e s  i n  t h e  m a t c h )

# t  e s t
m y  @ m _ e d g e  ;
@ e d g e _ t e m p  =  @ g r a p h _ e d g e _ m a t c h  ; 
f o r  ( 1 . .  ( s c a l a r  ( @ e d g e . t e m p  ) / 2  ) )
{

m y  $ u  =  s h i f t  ( © e d g e . t e m p  ) ; 
m y  $ v  =  s h i f t  ( © e d g e . t e m p  ) ; 
p u s h  ( @ m _ e d g e  , w $ v —> $ u ” ) ;

}
m y  $ s _ m _ E  =  S e t  : :  A r r a y —> n e w  ( @ m _ e d g e  ) ;
# E \ M
m y  @ e d g e _ V 2 _ t o _ V l  =  $ s _ g _ E  —> d  i f  f  e  r  e  n  c e  ( $ s - m _ E  ) ;

f o r e a c h  m y  S l o c a L e d g e  ( @ e d g e _ V 2 _ t o _ V l  )
{

i f ( $ l o c a l _ e d g e  =  / ( ■ * )  — > ( - * ) / )
{

$ g r a p h _ D —> a d d _ e d g e  ( $1 , $ 2  ) ;
}}

^ — __-------------t h i r d :  c r e a t e  a  v e r t e x  S  i n  t h e  g r a p h --------------

$ g r a p h _ D —> a d d _ v e r t e x  ( ” S _ A D D ” ) ;

 #--------------------A d d  e d g e s  f r o m  S  t o  a l l  t h e  e l e m e n t  i n  V ^ b a r -------------

$ s  _ V _ b a r  “ > f o r e a c h  ( s u b  { $ g r a p h _ D —> a d  d _ e d g e  ( ’S _ A D D  ’ , ” $ _ ” ) ; } ) ;

 #----------------- — A dd , e d g e s  f r o m  V - r e s t  t o  V -------------

$ s _ V _ r e s t  —> f o r e a c h  ( s u b {  $ g r a p h _ D  —> a d d „ e d g e  ( ” $ ,  ’S _ A D D  ’ ) ; } ) ;

#  F i n d  a c y c l e  i n  t h e  g r a p h  D

 #--------------------- P u t  t h e  g r a p h  i n  a■ a d j a c e n c y  l i s t  f o r m ------------------
m y  S g r a p h . a d j  — ’ ’ ;
f o r e a c h  m y  S v e r t i c e  ( S g r a p h . D  —>  v  e r  t  i c e s  )
{

m y  © a d j  =  $ g r a p h . D - > s u c c e s s o r s  ( S v e r t i c e  ) ; 
m y  S t e m p  =  ’ ’ ;
f o r e a c h  ( @ a d j  ) { S t e m p  =  ” $ t e m p $ _  , ; }
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i f  ( S t e m p  = “ / ( • * ) ? $ / )
( S t e m p  — $ 1  ; }
S g r a p h - a d j  =  ” $ g r a p h _ a d j $  v e r t i c e  : $ t e m p \ n ” ;

}
— _ _ ----------C a l l  t h e  g r a p h ^ c y c l e . p l  p r o g r a m  t o  f i n d  a  c y c l e #---------------- —  C a l l  t h e  f u n c t i o n  g r a p h - c y c l e .  t o  f i n d  a c y c l e  —

m y  © g r a p h _ D - e d g e s  =  $ g r a p h _ D —- > e d g e s  ;

m y  © c y c l e  =  &c g r a p h  _ c y  c l  e  ( \  @ g r a p h - D  . e d g e s  ) ; 
m y  $ c y  c l e . l e  =  © c y c l e ;

i f  ( S c y c l e . l e  <  2 )
{

r e t u r n  0 ;
>
 #--------------------B u i l d  a  g r a p h  w i t h  t h e  p a t h ----------------------------------------

# n e e d  r e p e a t  i n  t h e  m i d d l e  
m y  $ c y  c 1 e _ l e  n  g t  h  =  © c y c l e ;
$ c y c  l e  _ l e n g  t h  —=  2;
p u s h  ( © c y c l e  , ( s h i f t  ( © c y c l e ) ) ) ;
f o r  ( 1 . . $ c y  c l e - l e n g t h  )
{

m y  $ c y c l e _ t e m p  =  s h i f t  ( © c y c l e  ) ; 
p u s h  ( @ c y c l e  , $ c y c l e _ t e m p  ) ; 
p u s h ( © c y c i e  , S c y c l e . t e m p  ) ;

}
p u s h  ( © c y c l e  , ( s h i f t  ( © c y c l e ) ) ) ;
# p  r i n t  ” @ c y  c l e \ n  ” ; 
m y  S c y c l e . l  =  © c y c l e ;
$ c y c l e - l  / =  2 ;

m y  S g r a p h . c y c l e  ~  G r a p h —> n e w  ( )  ; 
f o r  ( 1 . . S c y c l e . l )
{

m y  $ u  =  s h i f t  ( © c y c l e  ) ; 
m y  $ v  =  s h i f t  ( © c y c l e  ) ;
$ g r a p h - c y c l e  —>  a d d - e d g e  ( $ u  , $ v  ) ;

}
 #----------------------D e l e t e  t h e  v e r t e x  S ---------------------------------------------------------

S g r a p h - c y c l e  —> d e l e t  e . v e r t e x  ( ’S - A D D  ’ ) ;

#  c r e a t e  t h e  o t h e r  m a t c h

------------------------  2. B u i l d  a  S e t  o f  e d g e s  f r o m  t h e  i n p u t  m a t c h --

m y  $ s _ m _ e d g e s  =  S e t  : :  A r r a y —> n e w  ( )  ; 
m y  @ g r a p h . e d g e . m a t c h _ c o p y  =  © g r a p h _ e d g e _ m a t c h  ; 
m y  S h a l f - i n d e x  =  © g r a p h - e d g e _ m a t c h - c o p y  ;
S h a l f - i n d e x  /  =  2 ;  
f o r  ( 1 . . S h a l f - i n d e x )
{

m y  $ u  =  s h i f t  ( @ g r a p h _ e d g e _ m a t c h _ c o p y  ) ; 
m y  $ v  =  s h i f t  ( © g r a p h . e d g e . m a t c h . c o p y  ) ; 
i f  ( $ s _ V l  ~ > e x i s t  s  ( ” $ v ” ) )
{

$ s - m _ e d g e s  —> p u s h  ( ” $ v —$ u ” ) ;
}
e l s e
{

$ s _ m - e d g e s  —> p u s h ( ” $ u —$ v ” ) ;
}}

----------------------------- 2. B u i l d  a  S e t  o f  e d g e  f r o m  t h e  c y c l e -------------------------

m y  S s . c y ' c l e  =  S e t  : :  A r r a y —> n e w  ( )  ; 
m y  © c y c l e . e d g e s  =  S g r a p h - c y c l e  —> e d g e s  ;
S h a l f - i n d e x  =  © c y c l e . e d g e s  ;
S h a l f - i n d e x  / — 2;  
f o r  ( 1 h a l f - i n d e x  )
{

m y  $ u  =  s  h i  f t  ( © c y  c l e - e d g e s  ) ; 
m y  $ v  =  s  h i f t  ( ©  c y c l e - e d g e s  ) ; 
i f  ( $ s _ V  1 —> e x i s t  s  ( ” $ v ” ) )
{

$ s  _ c y  c 1e  —> p u s h ( ” $ v —$ u  ” ) ;
}
e l s e
{

$ s _c  y  c l e  —> p u s h  ( ” $ u —$ v ” ) ;
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# ----------------------------- 3. P e r f o r m ,  t h e  s i m e t r i c  d i f f e r e n c e  M ’= M  d e l t a  E ’

m y  @ n e w _ m a t c h  =  $ s _ m - e d g e s —> s y  m m e t r i c . d i f f e r e n c e  ( S s . c y c l e  ) ;
© n e w . m a t c h  =  s  p  l i  t  ( /  [ \  s  — ] /  , ” @ n e w _ m a t c h ” ) ; 
r e t u r n  @ n e w . r a a t c h  ;
# p  r i n t  ” © n e w - - m a t c h \ n  ”;

}
# F u n c t i o n  N a m e :  g r a p h - c y c l e
# l n p u t s  :
# ( \ © {  l i s t - o f - c d g e s - G } )
# O u t p u t :
# T h e  o u p u t  f o r m a t  i s  a  s t r i n g  w i t h  a l l  t h e  s e q u e n c e  o f  v e r t i c e s  i n  t h e  
j f t c y c l e  s e p a r a t e d  w i t h  s p a c e .
# n o t e  : t h a t  f u n c t i o n  h a s  b e e n  c l e a n e d  . p r e v i o u s  v e r s i o n  o f  t h a t  f u n c t i o n  c a n

b e  f i n d ,  i n  t h e  l a t e s t  v e r s i o n  o f  ’’ e n u m - e d g e - c o l o r i n g  ” .

s u b  g r a p h . c y c i e  
{

m y  @ g r a p h . e d g e  =  @{ ( s h i  f t  ( © _ ) ) }  ;
# b u i l d  t h e  g r a p h  
m y  S g r a p h  =  G r a p h —> n e w  ( ) ;

S g r a p h —> a d d - e d g e s  ( © g r a p h - e d g e ) ;

m y  © L v e r t i c e s  =  S g r a p h —> v  e  r t  i c e  s  ;

# d o  a  D F S  o n  t h e  g r a p h  
m y  % p a r a m  ;
m y  S d f s  =  G r a p h  : :  D F S —> n e w  ( S g r a p h  , % p a r a m  ) ; 
m y  © d f s . e d g e s  =  S d f s —> e d g e s ;

# p u t  t h e  D F S  r e s u l t  i n  a n  a r r a y  o f  e d g e s  
m y  S e d ;
m y  ©  d f  s . e d  g e . s e q  ; 
m y  $ t o g g ] e  = 1 ;
f o r e a c h  m y  S v e  ( © d f s . e d g e s  )
{

i f  ( S t o g g l e  - =  1)
{

S e d  =  S v e  ;
S t o g g l e  ~  2;

}
e l s e
{

S e d  =  ” S e d —$ v e ” ;
p u s h  ( @ d f s - e d g e _ s e q  , $ e d ) ;
S t o g g l e  =  1;

}}
# f i n d  a c y c l e  i n  t h e  D F S  e d g e s  s e q u e n c e  
# c u r e n t  e d g e  
m y  S s . c u r ; 
m y  S d . c u r  ;
# p r e v i o u s  e d g e  
m y  S s . p r e v ; 
m y  $ d _ p r e v ;
# S e t  o f  t h e  e l e m e n t s  o f  t h e  c y c l e  
m y  © s e t _ c y c l e  ; 
m y  S s e t . c y c l e ;
# F l a g  t h a t  t e l l  t h a t  a  p a t h  w a s  f o u n d  
m y  S f l a g . c y c l e  =  0 ;
# s h i f t  t h e  f i r s t  e d g e
m y  $ f i r s t _ e d g e  — s h i f t  ( @ d f s _ e d g e _ s e q  ) ; 
i f  ( S f i r s t . e d g e  = ~  / ( • * ) — ( • * ) / )
{

S s . c u r  =  S i ;
S d . c u r  =  $ 2 ;
p u s h  ( © s e t . c y c l e  , $ s _ c u r ) ;  
p u s h (  @ s e t _ c y c l e  , S d . c u r  ) ;

}
f o r e a c h  m y  S c u r . e d g e  ( © d f s . e d g e . s e q  )
{

S s . p r e v  =  S s . c u r  ;
S d . p r e v  =  S d . c u r  ;
i f  ( S c u r . e d g e  = ” / ( • * ) — ( • * ) / )
{

S s . c u r  =  S i  ;
S d . c u r  =  $ 2  ;

>
S s e t . c y c l e  =  ’’ © s e t . c y c l e ” ;

# C h e c k  i f  th e . p a t h  c o n t i n u e  
i f  ( S d - p r e v  e q  S s . c u r )
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{
#  c h e c k  i f  a c y c l e  i s  f o u n d
# c h e c k  i f  t h e  e l e m e n t  $ d . c u r  i s  i n  t h e  l i s t  
f o r e a c h  m y  S v e r t e x  ( S s e t . c y c l e  )
{

i f  ( S v e r t e x  e q  S d . c u r )
{

# n e e d  t o  s u p p r e s s  t h e  e d g e s  o f  t h e  p a t h  b e f o r e  t h e  c y c l e
p u s h (  © s e t . c y  c l e  , S d . c u r ) ;
m y  $ s h i f t  _ v a l = ;
w h i l e  ( $ s  h  i f  t  _ v  a  I n e  S d . c u r )
{

S s h i f t . v a l  =  s  h  i f t  ( @ s e t  . c y  c l e  ) ;
}
u n s h i f t  ( © s e t . c y c l e  , S s h i f t . v a l ) ;
# r c t u r n  t h e  c y c l e  
r e t u r n  @ s e t _ c y c l e  ;

}}
p u s h (  © s e t . c y c l e  , S d . c u r ) ;

}
# c h e c k  i f  t h e  c y c l e  i s  b r o k e n  
e l s e  
{

# c h e c k  i f  t h e  s o u r c e  o f  t h e  c u r e n t  e d g e  i s  i n  t h e  p a t h
m y  $ s _i  n  _ t  h e  _ p  a t  h  =  0 ;
f o r e a c h  m y  S v e r t e x  ( © s e t . c y c l e )
{

i f ( $ v e r t e x  e q  S s . c u r )
{

$ s _i  n  _ t  h e  _ p  a t  h  — 1;
1 a s t  ;

}}
# c h e c k  i f  t h e  d r a i n  o f  t h e  c u r e n t  e d g e  i s  i n  t h e  p a t h

i f  ( $ s . i n - t  h e . p  a  t  h  = =  1)
{

# r e m o v e  e d g e s  i n  t h e  p a t h  u n t i l  t h e  v a l u e  $ s - c w r  
# a n d  p u t  b o t h  S s . c u r  a n d  S d . c u r  
m y  S d u m p  =  ’ ’ ; 
w h i l e  ( S d u m p  n e  S s . c u r )

{
S d u m p  =  p o p  ( @ s e t  . c y  c l e  ) ;

}
p u s h (  © s e t . c y c l e  , S s . c u r ) ;

# c h e c k  i f  t h e r e  i s  a c y c l e  
f o r e a c h  m y  S v e r t e x  ( © s e t . c y c l e  )
{

i f ( $ v e r t e x  e q  S d . c u r )
{

p u s h  ( © s e t . c y c l e  , $ d _ c u r ) ;  
r e t u r n  © s e t . c y c l e  ;

}}
p u s h  ( © s e t . c y c l e  , S d . c u r ) ;

}
e l s e
{

# e l s i f  t h e  s o u r c e  o f  t h e  c u r r e n t  e d g e  i s  n o t  i n  t h e
# p a t h  t h e n  c l e a r  t h e  e n t i r e  p a t h  and. p u s h  t h e  c u r e n t
# e d g e  i n  t h e  c y c l e .
m y  © t e m p . a r r a y  ;
p u s h (  © t e m p . a r r a y  , S s . c u r  ) ;
p u s h (  @ t e m p . a r r a y  , S d . c u r  ) ;
© s e t . c y c l e  =  © t e m p . a r r a y  ;

}>}
r e t u r n  0 ;

}

# F u n c t i o n  N a m e :  C l  
# I n p u t s  :
# ( \ a {  l i s t .  o f .  e d g e s .  G  } )
# O u t p u t  : t h e  c o l o r  n u m b e r  1 o f  t h e  c o l o r i n g
#  ( t h e .  f o n c t i o n  f i n d  a n  e n t i r e  c o l o r i n g  b u t  r e t u r n  o n l y )
# D e p e n d e n c i e s  : f u n c t i o n s  :
#  l o w e r . c o l o r
#  a l t . p  a t  h
#  p a t h
#  i n v . p a t h . c o l o r
#  c h e c k . c o l o r
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s u b  C l
{

#  p u t  a l l  t h e  i n p u t  o f  t h e  f u n c t i o n  i n  a r r a y s

m y  © g r a p h . e d g e  =  © { ( s h i  f t ( @ _ ) ) } ;  
m y  @ g r a p h . e d g e _ c o p y  =  @ g r a p h _ e d g e  ;

f if fi i-i i^ i i i i f i i i i i i f i i i i f i i f f i f i f i i i i f f f f i i i i i i i i i i i i i i i i i i i i f i i i i f f i i i i i r i i i i i i i i i i f i f i i i i i i i i i i i i i i i f i i i i i^ iM ff i f f  
H  B u i l d  t h e  g r a p h

m y  $ G  — G r a p h  : : U n d i r e c t e d —> n e w  ;
$G—> a d d . e d g e s  ( © g r a p h . e d g e  ) ;

#  Se t .  a l l  t h e  e d g e s  c o l o r  t o  0
ffff-fii f /i f i i f f i i f f f i f i i  i i i i  i f i i f i f f iN f f f i f -if-ff i i f i i i ii i f  i f f  i f f  t iffff ' /fffff ' ff-f f i f i f f i f f j f f f  fffi-if-H  H i i  i i i i i i f f / / /H i

f o r  ( 1  . .  ( s c a l a r  ( © g r a p h . e d g e  ) / 2  ) )
{

m y  $ c o l  o r  =  0  ;
m y  S v s  =  s h i f t  ( © g r a p h . e d g e  ) ; 
m y  $ v d  =  s  h i  f t  ( @ g r a p h _ e d g e  ) ;  
p u s h  @ g r a p h _ e d g e  , $ v s  ; 
p u s h  © g r a p h . e d g e  , S v d  ;

$ G —> s  e  t . a t t r i b u t e ( ’ c o l o r  ’ , $ v s , $ v d , $ c o l o r ) ;
$ G —> s e  t  _ a t t r i b u t e (  ’ c o l o r  ’ , S v d , S v s  , $ c o l o r ) ;

}

#  S t a r  o f  t h e  m a i n  l o o p

m y  S a l p h a  ; 
m y  S b e t a  ;

f o r ( l  . .  ( s c a l a r  ( @ g r a p h . e d g e  ) / 2  ) )
{

m y  $ v s  =  s h i f t  ( © g r a p h . e d g e  ) ; 
m y  $ v d  =  s h i f t  ( @ g r a p h _ e d g e  ) ; 
p u s h  © g r a p h . e d g e  , $ v s  ; 
p u s h  © g r a p h . e d g e  , S v d  ;

i m m H l f f l t i t l t l M H m i t i f f f t i f f f l t i t t i H m i f m f f M M m f i f f f M J M / N H m i H H H H m
#  f i n d  t h e  l o w e r  c o l o r  m i s s i n g  a t  S v s
iiiiit i i i i i i i i i f i i i i i i i i  i i  i f  f f f f ff i f f i i i i i / ’i f i f i f i i iiiN ii '-f f iM i i i i f i i f i f f  i f f / f f  f f  ft f f  f f  f f  i i f i i i i f i i if i f f f f f i i f f f i f f

S a l p h a  =  & ! o w e r . c o l o r ( \ $ G  , $ v s  ) ; 

f f f i n d  t h e  l o w e r  c o l o r  m i s s i n g  a t  S v d
i i i i f i f f i i i f  i f f f / i f f i f f i i f i i f f i f f f f f  i f f i if -if-fi -i'-i i f f i i i i iN f i i i i i f i i ii i i fi if-/ii i i i i i  i i  i i i i  i i i i i i i f i f f / f f i i i i i t i i i i iH f

S b e t a  =  &c 1 o  w e r _ c o l o r  ( \ $ G  , $ v d  ) ;

#  C h e c k  i f  a l p h a  n o t  e q u a l  b e t a

i f  ( S a l p h a  ! =  S b e t a )
{

H  f i n d  a n  a l t e r n a t i v e  p a t h  a n d  s w a p  c o l o r  

& a l  t  . p a t h  ( \ $ G  , $ v s  , $ v d  , S a l p h a  , S b e t a ) ;
}iwHtmit///t//////m f / / / / / / / / / / / / ////ii
f f  c o  l o r  t h e  e d g e  ( v s  , v d )  w i t h  b e t a

$G—> s e  t  . a t t r i b u t e  ( ’ c o l o r  ’ , $ v s  , $ v d  , S b e t a  ) ;
$ G —> s e t _ a t t r i b u t e ( ’ c o l o r  ’ , $ v d , $ v s  , S b e t a ) ;

>
ff i f f f l f i i i i i i fN f i i i i S i i i f i f i i f i i i  i i  i i i i  i i i i  i f  i f  i i i i f f ^ -ff-f f i f f f i i i i i / 'i i i i i i f i i i i i i f -i iO ff jf ff ff7! / f i i i  i i Hi i Hifif-fi
f f  r e t u r n  c o l o r  1
m m / m ^ m f m m f f i m i i f f ^ f f f ^ f f f f f m i f f t t m f f i i ^ f i / i / i i i i i f f M i i f i f m i m m

m y  @ c o l o r l  . e d g e s  ;

f o r ( l  . .  ( s c a l a r  ( @ g r a p h _ e d g e  ) / 2  ) )
{

m y  S v s  =  s h i f t  ( @ g r a p h _ e d g e  ) ; 
m y  S v d  — s  h  i f t  ( © g r a p h . e d g e  ) ; 
p u s h  © g r a p h . e d g e  , S v s  ; 
p u s h  © g r a p h . e d g e  , S v d  ;

i f  {$G—> g e  t  . a t t r i b u t e  ( ’ c o l o r ’ , S v s , S v d )  = =  1)
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}

{
p u s h  @ c o l o r l . e d g e s  , $ v s  , S v d  ;

}
# t  e s t
m y  $ t e s t  — $ G —> g e  t  _ a t t r i b u t e (  ’ c o l o r  ’ , $ v s  , S v d  ) ; 
# p r i n t  ” c o l o r  $ i i s —S v d  =  $ t e s t \ n ”;

}
r e t u r n  © c o l o r l  . e d g e s  ;

# R e t u r n  t h e  l o w e r  m i s s i n g  c o l o r  a t  t h e  v e r t e x  
s u b  l o w e r . c o l o r  
{

m y  $ G  =  s h i f t  ; 
m y  S v e r t e x  =  s h i f t ;  
m y  S c o l o r  =  1;  
m y  © c o l o r . l i s t  ;

m y  © a d j . l i s t  — S $ G —> n e i g h b o r s  ( S v e r t e x  ) ;

# b u i l d  a  l i s t  o f  a l l  t h e  c o l o r  
f o r e a c h  m y  $ a d j _ v e r t e x  ( © a d j . l i s t )
{

m y  S t e m p  =  $ $ G — > g e  t  . a t t r i b u t e  ( ’ c o l o r  ’ , S v e r t e x  , S a d j . v e r t e x ) ;  
p u s h  © c o l o r . l i s t  , S t e m p ;

}
# f i n d  t h e  s m a l l e s t  m i s s i n g  
© c o l o r . l i s t  =  s o r t  ( €l  c o l o r . l i s t  ) ; 

m y  S p r e v . c  =  s h i f t  © c o l o r . l i s t  ; 
f o r e a c h  m y  $ c  ( s o r t  ( @ c o  I o  r  . 1 i s  t  ) )
{

i f ( $ p r e v _ c  = =  S c )
{ n e x t ; }
e l s i f ( $ c  ! =  S c o l o r )
{ l a s t  ; } 
e l s e
{ $ c o l o r - f - - | - ; }
S p r e v . c  =  $ c  ;

}
r e t u r n  S c o l o r ;

}
s u b  a l t . p a t h  
{

m y  $ G  =  s h i f t  ; 
m y  $ v s  =  s h i  f t  ; 
m y  S v d  =  s h i f t  ; 
m y  S a l p h a  =  s h i f t  ; 
m y  S b e t a  =  s h i f t  ;

m y  © a l t e r n a t e . p a t h  =  &: p a t h  ( \ $ G  , S v s  , S a l p h a  , S b e t a ) ;

i f  ( © a l t e r n a t e . p a t h  )
{

& £ i n v _ p a t h . c o l o r ( \ $ G , \  © a l t e r n a t e . p a t h  , S a l p h a  , S b e t a ) ;
}
e l s e
{

@ a l t e r n a t e _ p a t h  =  &£ p a t h  ( \ $ G  , S v d  , S a l p h a  , S b e t a  ) ; 
i f  ( © a l t e r n a t e . p a t h  )
{

& i n v _ p a t h _ c o l o r  ( \  $ G  , \ @ a l t e r n a t e _ p a t h  , S a l p h a  , S b e t a ) ;
}
e l s e
{ r e t u r n ; }

>>
s u b  p a t h  
{

m y  S G =  s h i f t  ; 
m y  S v e r t e x  =  s h i f t ;  
m y  S a l p h a  =  s h i f t ;  
m y  S b e t a  =  s h i f t ;

m y  S t e m p . c o l o r  =  S b e t a ;  
m y  © p a t h . l i s t ;  
m y  S n e x t . v e r t e x ;

$ n e x t  _ v e r t e x  =  & c h e c k _ c o l o r  ( \ $ G  , S v e r t e x  , S t e m p  . c o l o r  ) ;  
i f ( S n e x t . v e r t e x  e q  0 )
{ r e t u r n  @ p a t h _ l i s t  ; }

w h i l e  ( $ n e x t  . v e r t  e x  n e  0 )
{

p u s h  ( © p a t h . l i s t  , S n e x t . v e r t e x ) ;  
p u s h  ( © p a t h . l i s t  , S n e x t . v e r t e x  ) ;
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i f  ( $ t e m p - c o l o r  =  =  S a l p h a )
{ $ t e m p _ c o l o r  =  $ b e t a ; }  
e l s e
{ $ t e m p _ c o l o r  =  S a l p h a ; }

$ n c x t . v e r t e x  =  &  c h e c k . c o l o r  ( \ $ G , S n e x t . v e r t e x  , S t e m p . c o l o r  ) ;
}

m y  S e x t r a  =  p o p  @ p a t h _ l i s t ;  
u n s h i f t  ( @ p a t h _ l i s t  , S v e r t e x  ) ;  
r e t u r n  @ p a t h _ l i s t ;

}
s u b  i n v . p a t h . c o l o r  
{

m y  $ G  =  s h i f t  ; 
m y  © p a t h  =  © { (  s h i f t  ( @ _ )  ) }  ; 
m y  S a l p h a  =  s h i f t  ; 
m y  S b e t a  =  s h i f t ;

# t  e s t
# p r i n t  ” @ p a t h \ n ” ;

f o r  ( 1 .  . ( s c a l a r  ( © p a t h  ) /  2 ) )
{

m y  S s t a r t  — s h i f t  © p a t h ;  
m y  S v e r t e x  =  s h i f t  © p a t h ;

i f  ( $ $ S G —> g e  t  . a t t r i b u t e  (  ’ c o l o r ’ , S s t a r t ,  S v e r t e x )  = =  S b e t a )
{

S $ S G —> s  e t . a t t r i b u t e  ( ’ c o l o r  ’ , S s t a r t  , S v e r t e x  , S a l p h a  ) ;
$ $ $ G —> s  e t  . a t t r i b u t e  ( ’ c o l o r  ’ , S v e r t e x  , S s t a r t  , S a l p h a ) ;

}
e  1 s i f  ( $ $ $ G —> g  e t  -  a t t r i b u t e  ( ’ c o l o r ’ , S s t a r t ,  S v e r t e x )  = =  S a l p h a )  
{

$ $ $ G —> s e  t _ a t t r i b u t e (  ’ c o l o r  S s t a r t  , S v e r t e x  , S b e t a ) ;
$ $ $ G —> s  e t - a t t r i b u t e  ( ’ c o l o r  ’ , S v e r t e x  , S s t a r t  , S b e t a  ) ;

}}}
s u b  c h e c k _ c o l o r  
{

m y  $ G  =  s  h  i f t  ; 
m y  S v e r t e x  =  s h i f t  ; 
m y  S c o l o r  =  s h i f t  ;

m y  S e d g e - c o l o r ;

m y  © v e r t e x . a d j  =  $ $ $ $ G —> n e i g h b o r s  ( S v e r t e x  ) ; 
f o r e a c h  m y  $ v _ e n d  ( @ v e r t e x . a d j  )
{

S e d g e . c o l o r  =  $ $ $ $ G ~ > g e  t  _ a  11 r i  b  u  t  e  ( ’ c o  1 o  r  S v e r t e x  , $ v _ e n d  ) ; 
i f  ( $ e d g e _ c o l o r  = =  S c o l o r )
{

r e t u r n  S v . e n d ;
}>

r e t u r n  0 ;
}

# F u n c t i o n  N a m e :  r n a t c h - o k  
# I n p  u t s  :
#  M  a  m a t c h  ( a  l i s t )
#  C L B .C O N F  ( a  h a s h  t a b l e )
#  O U T  ~ad- j  . . l i s t  ( a  h a s h  t a b l e )
# 0 u t p u t :
#  1 i f  i t  i s  O K
#  0 i f  i t  i s  n o t  O K

s u b  m a t c h . o k
{

#  G e t  t h e  i n p u t  p a r a m e t e r s

# t h e  m a t c h  
m y  $ r e f _ M  =  s h i f t  ;
# t h e  C L B -C O N F  
m y  S r e f - C L B . C O N F  =  s h i f t  ;
# t h e  O U T ~ a d j - l i s t  0  a n d  1 
m y  $ r e f _ a d j _ l i s t _ 0  =  s h i f t ;  
m y  $ r e f _ a d j _ l i s t - l  =  s h i f t ;

#  t e s t  p r i n t
#  f o r e a c h  ( @ { $ r e f - M } )
# {
#  p r i n t  ” $  -  \  n  ” ;
# }
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#  f o r e a c h  m y  $ h a s h . k e y  (  k e y s % { $ r e f . C L B . C O N F }  )
# {
#  p r i n t  ” S h a s h . k e y  : @{ $ $ r e f . C L B ~ C O N F {  S h a s h . k e y  } } \ n  ” ;
# }
#  f o r e a c h  m y  S h a s h . k e y  ( s o r t  k e y s % { S r e f . a d j . l i s t . O } )
# {
#  p r i n t  ” S h a s h . k e y  : @{ $ $ r e f . a d j . T L s t . O { S h a s h . k e y } } \ n ” ;

# } '
f f  f o r e a c h  m y  S h a s h . k e y  ( s o r t  k e y s % { $ r e f _ a  d j  . 1 i s t .  1 } )
# {
#  p r i n t  ’’ S h a s h . k e y  : @{ $ $ r  e f  .  a d j  .  l i  s t .  1 {  $ h  a s h . k  e y  } } \ n  ” ;
# }

#  S p l i t  t h e  M  i n  MO and. M l
((-( ( '(((f-I 'f f ( l i f f f i t fH I t l /( (I(I(((frfl(((((((It ( I ( I itII tt( I ftI ( lt t( (h y (n( l ( ( /(tit'ftff~((((t t>( 
m y  @ M 0  ; 
m y  © M l ;
m y  @M_ t  =  @ { $ r e f _ M } ;  
f o r  ( 1 . .  ( s e a l  a r  ( @M_ t  ) /  2 ) )
{

m y  $ u  =  s h i f t  @ M _ t ; 
m y  $ v  =  s h i f t  @ M _ t ;

i f  ( $ u  = -  / S ( \ d ) . ( . » ) / )
{

i f  ( $ 1  = =  0 )
{

p u s h  @M0,  $ 2  ; 
p u s h  @M0,  $ v  ;

}
e l s e
{

p u s h  © M l ,  $ 2  ; 
p u s h  © M l ,  $ v  ;
}>}

#  S t a r t  t h e  c h e c k i n g  l o o p
( ( i ( m ( f ( / M f f M ( N m m m # ( m / / f f i i i i ( ( f f f ( ( m i i ( ( f / ( f ( H i i i ( ( i ( f f / f ( ( f ( i ( ( ( M f m i m i ( i / ^

m y  $ f i n d _ o n e _ C L B 0  =  0 ;  
m y  $ f i n d _ . o n e _ C L  B 1 — 0 ;  
m y  $ f i r s t _ T - I N  =  3 ;

f o r e a c h  m y  $ C L B _ c o n f _ n a m e  ( s o r t  k e y s % { $ r e f _ C L B - C O N F } )  
{

# p r i n t  ”----------------------- CL B O  \ n  ” ;
# p r i n t  ” \ n C h a n g e  i n  t h e  C L B  c o n f \ n ” ;
# p  r i n t  ”@ M 0 \ n \ n  ” ;

# S t a r t  t h e  c h e c k  f o r  c o n n e c t i o n s  r e l a t e d  t o  C LBO  
m y  $ c h e c k _ C L B _ 0  =  0 ;  # f a l s e  f i r s t
f o r e a c h  ixxy S c o n f . c o n n  ( © {  $ $ r e f _ C L B - C O N F { $ C L B  _ c o n f - n a m e  } } )
{

# p  r i n t  ” c o n f i g u r a t i o n  $ C  L B . c o n f . n a m e  : S c o n f . c  o n n \ n  ” ;

# f i n d  t h e  c o n n e c t i o n  i n  MO t h a t  g o t  t h e  s a m e  s o u r c e  a s  
# $ c o n f _ c o n n  .
# p r i n t  ” c o n f .  c o n n ,  b e f o r e  : $ c o n , f . c o n n \ n ” ;

m y  $ c o n f _ c o n n _ s o u r c e  ; 
m y  S c o n f . c o n n . d r a i n  ; 
i f  ( $ c o n f  _ c o n n  / ( • * )  — > ( • * ) / )
{

S c o n f . c o n n . s o u r c e  =  $ 1  ;
S c o n f . c o n n . d r a i n  =  $ 2 ;

}
m y  $ o u t - l i n e  =  0 ;
# p  r i n t  ” M 0 : @ M 0\ n  ” ;
f o r  ( 1  . .  ( s c a l a r  ( ©M0 )  /  2 ) )
{

m y  S s o u r c e  =  s h i f t  ( © M 0 ) ;  
m y  $ d r a i n  =  s h i f t  ( @M 0 ) ;

i f  ( S c o n f . c o n n . s o u r c e  e q  S s o u r c e )
{ S o u t . l i n e  =  S d r a i n ; }

p u s h  ( @M0 ,  S s o u r c e  ) ; 
p u s h  ( @M0 ,  S d r a i n  ) ;

}
# p  r i n t  ” O U T . l i n e  : $ o u t . l i n  e \ n  ” ;
# i f  t h a t  c o n n e c t i o n  d o e s  n o t  e x i s t  i n  M 0  t h e n  g o  t o  
j f  t h e  n e x t  C L B  c o n n e c t i o n  ( i n  t h e  s a m e  c o n f i g u r a t i o n )
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#  B e c a u s e  s o m e t i m e  t h e  c o n f i g u r a t i o n s  a r e  n o t  c o m p l e t e  
i f  ( S o u t . l i n e  e q  0 )

# {  l a , s t  ; }  # n e x t  C L B  c o n f i g u r a t i o n  
{ n e x t ; }  # s a m e  C L B  c o n f i g u r a t i o n

# p  r i n t  c o n f  : @{ $ $ r e f - C L B , C O N F {  $ C L B - c o n f . n a m e  } } \ n  ” ;
# p r i n t  ” W e  l o o k i n g  f o r  a  c o n n e c t i o n  a t  : S c o n f - c o n n .  d r a i n  a t  $  o u t - l i n e \ n ” ;
# p r i n t  ” c o n f - c o n n  : $ c o n f ~ c o n n \ n  ” ;
# c h e c k  i n  t h e  O U T  l i n e  a d j  l i s t  i f  t h e  i n p u t  c a n  b e  r e a c h  
# i f  t h e  l o o p  d i d  n o t  f i n d  a n y  p a t h  t h e  s t o p  t h e  f u n c t i o n  
# a n d  r e t u r n  f a l s e .  
m y  $ l o c a l _ c h e c k  =  0 ;
f o r e a c h  r a y  $ a d j _ o u t _ l i n e  (<§!{ $ $ r e f _ a d j _ l i s t _ 0  { S o u t . l i n e  } } )
{

# t  e s t
# p r i n t  ” $ a d j - o u t - l i n e  $ c o n f - c o n n - d r a i n \ n ” ;

# p r i n t  ” a d j - o u t - l i n e  $ o u t - l i n e  : $ a  d j  _ o  u t  - I  i n  e \ n  ” ;
i f  ( $ a d  j _ o u  t  _ l i  n e  e q  $ c o n f _ c o n n _ d r a i n  )
{

# p r i n t  ’’ F i r s t  l o o p  d r a i n :  S c o n f - c o n n - d r a i n \ n ’’ ;
$ local.check = 1; 
l a s t  ;

}
e  1 s i  f  ( $ a  d  j  _ o  u  t  _1 i n  e =  / ( T ) ( \ d ) / )

# p r i n t  ’’ E n t e r  i n  t h e  l o o p  w i t h  § 1 $ 2  a n d  c o n f - d r a i n  : $ c o n f - c o n n - d r a i n \ n ” ;
i f ( S c o n f . c o n n . d r a i n  e q  ’T ’ )
{

S l o c a l . c h e c k  =  1;
$ f i r s t _ T _ I N  -  $ 2  ;

# p r i n t  ” F - T - I N  : S 2 \ n ” ; 
l a s t  ;

}}}
# i f  t h e r e  i s  n o  c o n n e c t i o n  p o s s i b l e  f o r  t h a t  c o n n e c t i o n  
# t h e n  g o  o u t  o f  t h e  l o o p  a n d  c h a n g e  t h e  C L B  c o n f  
i f  ( $ 1 o c  a  l _ c  h  e c k  = =  0 )
{

S c h e c k . C L B . O  =  0;  
l a s t  ;

}
# p r i n t  ’’ c o n f  O K \ n  ” ;
S c h e c k - C L B - O  =  1;

}
# n e x t  C B L  c o n f  i f  i t  i s  n o t  g o o d  
i f  ( $ c h e c k _ C L B - 0  = =  0 )
{

n e x t ;
}
e l s e
{

# g o t  o u t  o f  t h e  l o o p  i f  o n e  C L B  c o n f i g u r a t i o n  w o r k s  w i t h  t h e  m a t c h  
$ f i n d _ o n e _ C L B 0  =  1;  
l a s t  ;

}}
# p r i n t  ’’ f i n d  C L BO  c o n f  =  $ f i n d - o n e - C  L  B  0 \ n ; 
i f  ( $ f i n d _ o n e _ C L B 0  = =  0 )
{

r e t u r n  0 ;

f o r e a c h  r a y  S C L B . c o n f . n a m e  ( s o r t  k e y s % { $ r e f _ C L B _ C O N F } )
{

# p r i n t  ”-----------------------C L B l -------------- --------------- \ n  ” j
# S t a r t  t h e  c h e c k  f o r  c o n n e c t i o n s  r e l a t e d  t o  C L B l  
m y  S c h e c k - C L B - l  =  0 ;
f o r e a c h  m y  S c o n f . c o n n  ( @{ S $ r e f _ C L B _ C O N F  { S C L B . c o n f . n a m e  } } )
{

# p  r i n t  ” c o n  f i g  u r a t i o n  § c o  n f - c  o n n \ n ” ;
# f i n d  t h e  c o n n e c t i o n  i n  M 0  t h a t  g o t  t h e  s a m e  s o u r c e  a s  
# $ c o n f - c o n n  , 
m y  S c o n f . c o n n . s o u r c e  ; 
m y  S c o n f . c o n n . d r a i n  ; 
i f  ( S c o n f . c o n n  = "  / ( • * )  — > ( • * ) / )
{

S c o n f . c o n n . s o u r c e  =  S i ;
S c o n f . c o n n . d r a i n  =  $ 2 ;

}
#  p r i n t  ” M l  : @ M 1 \n  ” ;
m y  S o u t . l i n e  =  0 ;
f o r  ( 1  . .  ( s c a l a r  ( @M1)  /  2 ) )
{

m y  S s o u r c e  =  s h i f t  ( @M 1 ) ;  
m y  S d r a i n  — s h i f t  ( @ M 1 ) ;

i f ( S c o n f . c o n n . s o u r c e  e q  S s o u r c e )
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{ $ o u t . l i n e  =  S d r a i n ; }

p u s h  ( @M1 ,  S s o u r c e  ) ;  
p u s h  ( @M1 ,  S d r a i n  ) ;

}
# p r i n t  ” O  U T A i n e  : S o u t  _ I i n  e \ n  ” :
i f  ( $ o u t _ l i n e  e q  0 )
{ n e x t ; }

# c h e c k  i n  t h e  O U T  l i n e  a d j  l i s t  i f  t h e  i n p u t  c a n  b e  r e a c h  
# i f  t h e  l o o p  did.  n o t  f i n d  a n y  p a t h  t h e  s t o p  t h e  f u n c t i o n  
# a n d  r e t u r n  f a l s e  . 
m y  $1 o c a l . c h e c k  =  0 ;
f o r e a c h  m y  $ a d j _ o u t _ i i n e  ( @{ $ S r e f _ a d j _ l i s t _ l  { $ o u t _ l i n e  } } )
{

# t  e s t
# p r i n t  ” $  a d j - o u t - l i n  c $ c o n f . c o n n - d r a i n \ n  ” ;

i f  ( $ a  d  j _ o  u  t  _ l i  n e  e q  S c o n f . c o n n . d r a i n )
{

S l o c a l . c h e c k  =  1;  
l a s t  ;

}
e  1 s  i f  ( $ a  d  j _ o  u  t  _1 i n e  =  / T ( \ d ) / )
{

i f ( $ c o n f . c o n n . d r a i n  e q  ’T ’ )
{

# p  r i n t  ” T S l  f i r s t - T . I N  : $ f i r s t - T - I N \ n ” ; 
i f ( $ l  n e  $ f  i r  s t  _ T  _ I N  )
{

S l o c a l . c h e c k  =  1;  
l a s t  ;

}}}}
i f  ( S l o c a l . c h e c k  — =  0)
{

S c h e c k . C L B . l  =  0 ;  
l a s t  ;

}
$ c h e c k - C L B - l  =  1;

}
i f  ( $ c h e c k - C L B - l  = =  0 )
{

n e x t ;
}
e l s e
{

$ f i n d _ o n e _ C L B l  =  1;  
l a s t  ;

}}
# p r i n t  ’’ f i n d  C L B l  c o n f  — $ f i n d - o n  e . C  L  B  l \ n  
i f  ( S f i n d . o n e . C L B l  = =  0 )
{

r e t u r n  0 ;
>
r e t u r n  1;

>
#  F u n c t i o n  N a m e :  r e a d - f i l e
#  I n p u t s  :
#  n a m e  o f  t h e  f i l e  y o u  w a n t  t o  o p e n  
# O u t p u t :
#  t h e  a r r a y  t h a t  c o n t a i n  a l l  t h e  l i n e  o f  t h e  f i l e

s u b  r  e  a  d  - f  i l e 
{

m y  ( S f i i e n a m e )  =
o p e n  ( F I L E S f i i e n a m e ” ) \ j d i e ( ” c o u l d - n o t - o p e n - t h e - f i l e  ” ) ;
m y  © f i l e  — < F I L E > ;  
c l o s e  ( F I L E  ) ;  
c h o m p ( @ f i l e  ) ; 
r e t u r n  © f i l e  ;

}

B .2 C om pletion  o f G q r m  Edge C oloring
# ! / u s r / b i n / e n v  p e r i

smHmttimimPfMitiitn/iiiiiiinMnfitffiHNiiuiitmfiiiiiih'ntfiiHmMmMmHttm-im
#  F i l e  n a m e :  c o m p l e t e - O R M . c o l o r i n g  . p i
#  A u t h o r : C h r i s t i a n  G i a s s o n
#  D a t e  : ? ? ?
#  C o m m e n t s : T h i s  s c r i p t  c o m p l e t e  O R M  c o l o r i n g
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u s e  w a r n i n g s  ; 
u s e  s t r i c t  ; 
u s e  G e t o p t : : S t d ;

# G e t  t h e  i n p u t s  o f  t h e  p r o g r a m  

g e t o p t s (  ’ h a : b : c :  ’ ) ;
o u r ( $ o p t - h  , $ o p t _ a  , $ o p t _ b  , $ o p t _ c ) ;

i f  ( S o p t - h )
{

p r i n t ” \ n \ t O p t i o n  —o f —t h i s  - p r o g r a m  : \  n  
- -  - - - - \ t  — h  : - \  t \ t \ t h e l p
 _________ \  t —a  - [  f i l e  ] : \ t \ t c o l o r i n g  - o f - t h e  - ORMG

t  —b  — [ f i l e ] : \ t \ t l i s t  -  o f - t h e  - C L B -  c o n  f i g  u  r a t i o n
 - __ c - [  f i l e  ] : \  t  \  t a d j  -  l i s t  -  o f  -  t h e  - O U T -  l i n e s \ n \ n ” ;

e x i t  ;
}
m y  © l i n e s  =  &  r  e a  d  _ f  i 1 e  ( $ o p  t  _ a  ) i f  ( (  S o p  t  _ a  ) & & ( !  $ o p t  _ h  ) )  ; 
m y  @ c l b _ c o n f _ 2  — &c r  e  a  d - f  i 1 e ( S o p  t  _b  ) i f  ( ( $ o p t - b  ) & & ( !  $ o p t - h  ) ) ; 
m y  @ o u t _ a d j _ l i s t  = & r e a d _ f i l e ( $ o p t _ c )  i f  ( ( S o p t . c  ) & & ( ! $ o p t _ h  ) ) ;

# g e t  t h e  c o l o r  1 t o  8 w i t h o u t  t h e  ’’A D D ” l a b l e  
# r e p l a c e  t h e  Y A  b y  Y  
m y  @ c o l o  r _ l _ 8  ; 
f o r e a c h  m y  S l i n e  ( © l i n e s )
{

i f ( $ l i n e  / : ( .  + ) / )
{

m y  $ t m p  =  $ 1 ;
S t r a p  = “ s  / S Q - Y A / S O - Y  / g  ;
S t r a p  = "  s / S l _ Y A / S l _ Y / g ;  
p u s h  © c o l o r _ l _ 8  , $ t m p  ;
# p r i n t  ” $ t m p \ n  ” ;

}
}
# m y  @ o u t - a d j - l i s t  ~  & r e a d . f i l e  ( ’ O  U T - a d j - l i s t  ’) ;
# m y  @ c l b - c o n f - 2  =  &  r  e a  d - f i l  e (  ’ C L B - C O N F - 2  ’ ) ;

# b u i l d  t h e  d a t a  s t r u c t u r e  o f  t h e  C L B - c o n f  a n d  t h e  O U T - a d j - l i s t

# d a t a  s t r u c t u r e  f o r  C L B - c o n f  i s  a h a s h  o f  a r r a y s
m y  % C L B _ c o n f ;
f o r e a c h  m y  S c o n f  ( ©  c l b . c o n f - 2  )
{

# i f (  S c  o n }  = '  / ( . * ) :  ( . * )  ( . * )  ( . * )  ( . * ) / )
i f (  S c o n f  = -  / ( . * ) :  ( . » ) / )
{

m y  S c o n f . n a m e  =  $ 1 ;  
m y  S f b  — $ 2 ;
© {  S C L B . c o n f  { S c o n f - n a m e  } } =  s p l i t ( /  /  , $ f b ) ;

}}
# d a t  a  s t r u c t u r e  f o r  O U T - a d j  i s  a. h a s h  o f  a r r a y s  
m y  % O U T _ a d j _ l i s t  ; 
r p y  % O U T _ a d j - l i s t _ 0  ; 
m y  %  O  U  T - a d  j _I i s t  _1 ;
f o r e a c h  m y  $ O U T _ l i n e  ( @ o u  t - a d  j _1 i s  t  )
{

i f (  S O U T - l i n e  = '  / ( . * ) :  ( • * ) / )
{

m y  S O U T  =  $ 1  ;
Q { $ O U T _ a d j _ U s t  { S I  } }  =  s p l i t ( /  / , $ 2 ) ;
# p  r i n t  ” @ { $ O U T - a d j - l i s t f $ l } } \ n ” ;

#  S p l i t  t h e  O U T  l i n e s  a d j  l i s t  i n t o  t w o  l i s t  o f  c o n n e c t i o n s
#  O U T - a d j - l i s t - 0  : e d g e s  r e l a t e d  t o  CLBO
#  O U T - a d j - l i s t - 1  : e d g e s  r e l a t e d  t o  C L B l
#  n o t e l  : T h e  C L B  i n p u t s  a r e  i n  t h e  s a m e  f o r m a t  t h a n  t h e  C L B
#  c o  n f i  g u r a t i o n  .
#  n o t . e 2 :  T h e  T  i n  0  U T - a d j - l i s t - 0  i s  TO a n d
#  T h e  T  i n  O U T - a d j - l i s t - 1  i s  T l .

f o r e a c h  ( @{  S O  U  T  . a d  j . l i s t  { S O U T }  } )
{

i f  ( * .  = '  / S ( \ d ) . ( . » ) . B ( . * ) / )
{

m y  $ n u m  =  $ 3  ; 
i f  ( $ 1  = =  0)

i f  ( $ n u m  e q  ’ ’ )
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{ p u s h  ( a { $ O U T _ a d j - l i s t _ 0 { S O U T } }  $ 2 ” ) ; } 
e l s e
{ p u s h  ( @ { $ O U T - a d j _ I i s t - 0 { $ O U T } } , ” $ 2 $ n u m ” ) ; }

}
e l s e
{

i f  ( $ 3  e q  ’ ’ )
{ p u s h  ( ® {  $ O U T - a d j _ l i s t - l  { $ O U T } }  $ 2 ” ) ; }
e l s e
{ p u s h  ( @{  $ O U T _ a d j _ l i s t _ l  { $ O U T } }  S 2 S 3 ” ) ;  }

}>
e l s i f  ( S -  = -  /  T - I N  ( \ d  ) /  )
{

i f  ( $ 1  = =  0 )

{
p u s h  ( B { $ O U T - a d j _ l i s t _ 0 { $ O U T } }  , ” T 0 ” ) ; 
p u s h  ( @{  $ O U T _ a d j _ l i s t _ l  { $ O U T }  } , ” T O ” ) ;

}
e l s e
{

p u s h  { @ { $ O U T _ a d j _ l i s t _ l  { S O U T }  } , ” T l ” ) ;  
p u s h  ( Q { $ O U T . a d j - l i s t . O { $ O U T } } , ” T l ” ) ;

}}
# p r  i n t  ’’S O U T  C L B O : @{ $ O U T - a d j - l i a t - 0  { $ O U T } } \ n  ” ; 
# p  r i n t  ’’S O U T  C L B l :  ®{ $ O U T . a i j . l i a t .  1 { $ O U T } } \ n  ” ;

}
# A  h a s h  o f  a r r a y s  t h a t  i n c l u d e  a l l  t h e  c o l o r i n g  
m y  % a l 1 _ c o l o r i n g  ;
# T h e  c o m p l e t i o n  o f  t h e  m a t c h e s  .
m y  © c l b . l i s t  =  q w ( S 0 _ X B  S 0 . X Q  S 0 _ Y  SCLYB S 1 _ X B  S 1 _ X Q  S l . Y  S 1 _ Y B ) ;
m y  © o u t . l i s t  =  q w ( O U T O  O U T l  O U T 2  O U T 3  O U T 4  O U T 5  O U T 6  O U T 7 )  ;
m y  @ c l b _ o u t _ m i s s i n g  ;
m y  @ o u t _ m i s s i n g  ;
m y  S c o l o r . c o u n t  =  0 ;
f o r e a c h  m y  S c o l o r  ( @ c o l o r _ l _ 8 )
{

$ c o l o r _ c o u n t +  +  ;
# c h e c k .  i f  t h e r e  i s  s o m e  c o n n e c t i o n  m i s s i n g  
m y  © c o u n t  =  s p l i t  ( /  / ,  S c o l o r ) ;  
m y  S c o u n t  =  © c o u n t ;  
i f  ( S c o u n t  = =  1 6 )
{

# p  r i n t  ” @ c o u n t \ n  ” ;
@{ S a l l _ c o l o r i n g { ” S c o l o r . c o u n t  ” } }  — © c o u n t ;  
n e x t ;

}
# c h e c k i n g  t h e  m i s s i n g  C L B  o u t p u t
@ c l b _ o u t _ m i s s i n g  =  @ c l b _ l i s t ;
f o r  ( 1  . .  s c a l a r  ( @ c l b _ o u t _ m i s s i n g  ) )
{

m y  S m a t c h  =  0 ;
m y  S p i n  =  p o p  @ c l b _ o u t _ m i s s i n g  ; 
f o r e a c h  m y  $ c o  1 o r  _ v e  r  t  e x  ( © c o u n t )
{

# p r i n t  ” S p i n  $ c o I o r _ u  e r t  e x \ n  ” ;
i f  ( S p i n  e q  $ c o  l o  r  _ v e r  t  e x  )
{

S m a t c h  =  1;
# p  r i n t  ” m a t c h \ n  ” ; 
l a s t ;

>>
i f  ( S m a t c h  = =  0 )
{

# p r i n t  ” n o  m a t c h \ n ” ;
u n s h i f t  © c l b _ o u t . m i s s i n g  , S p i n  ;

}}
# c h e c k i n g  t h e  m i s s i n g  O U T  l i n e s
@ o u t _ m i s s i n g  =  @ o u t _ l i s t ;
f o r  ( 1  . .  s c  a l a r  ( © o u t  . m i s s i n g  ) )
{

m y  S m a t c h  =  0;
m y  S p i n  =  p o p  @ o u t _ m i s s i n g  ;
f o r e a c h  m y  $ c o  1 o r  _ v e  r  t  e x  ( © c o u n t )
{

# p r i n t  ” $ p i n  - —  $ c o I o r  ~ v  e r t  e x \ n  ” ; 
i f  ( S p i n  e q  $ c o l o r _ v e r t e x )
{

S m a t c h  =  1;
# p  r i n t  ” m a t c h \ n  ” ; 
l a s t  ;
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}}
i f  ( S m a t c h  = = 0 )
{

# p r i n t  ” n o  m a t c h \ n ” ; 
u n s h i f t  @ o u t _ m i s s i n g  , S p i n  ;

}
>

i f  ( s c a l a r  ( @ o u t _ m i s s i n g  ) = =  1)
{

p u s h  © c o u n t ,  p o p  © c l b _ o u t _ m i s s i n g  ; 
p u s h  © c o u n t ,  p o p  @ o u t _ m i s s i n g  ;
© {  $ a l l _ c o l o r i n g { ” S c o l o r . c o u n t ” } }  =  § c o u n t  ;
# p r i n t  ” @ c o u n t \ n  ” ; 
n e x t ;

}
# p r i n t  ” C O L O R S c o l o r -  c o u n t  : @ c l b  - o u t  - m i  s  s i n  g ---------@ o u t - m i s s i n g \ n ” ;
# p r i n t  ’’ n e w  c o l o r  : @ c o u n t \ n ” ;
p u s h  © c o u n t ,  p o p  © c l  b _ o  u t  _ m i s s i  n g  ; 
p u s h  © c o u n t ,  p o p  @ o u t _ m i s s i n g  ; 
p u s h  © c o u n t ,  p o p  @ c l b _ o u t . . m i s s i n g  ; 
p u s h  © c o u n t  , p o p  © o u t _ m i s s i n g  ; 
p u s h  © c o u n t ,  p o p  @ c l b _ o u t _ m i s s i n g  ; 
p u s h  © c o u n t ,  p o p  @ o u t _ m i s s i n g  ;
# m y  $ c o l o r _ o k  =  & m a t c h - o k  ( \  © c o u n t  , \ %  C L B - c o n f  , \ %  O U  T - a d  j - l i s t - 0  , \ %  O U T - a d j - l i  s t - 1  ) ;  
# p r i n t  ” c o l o r - o k  ~  $ c o l o r  -  o k \ n  ” ;

@{ $ a I l _ c o l o r i n g  { ” S c o l o r . c o u n t  ” } }  =  @ c o u n t  ;
# p r i n t  ” @ c o u n t \ n  ”;

}

# d u p  l i  c a t  e t h e  c o l o r  1 t o  8  t o  g e t  c o l o r  9  t o  1 6
#  w i t h  s u b t i t u t i o n s .  
m y  @ c o l o r _ 9 _ 1 6  ;
f o r e a c h  m y  S c o l o r  ( s o r t  ( k e y s ( %  a  1 1 _ c o 1o r i n g  ) ) )
{

m y  S l i n e  =  ” ©{  $ a  11 . c o  1 o  r  i n  g  { $ c o l o  r  } } ” :
$ c o l o r . c o u n t + - ) - ;
S l i n e  s / S 0 _ Y  / S 0 _ X  / g ;
S l i n e  = ’  s  / S 0 _ X Q / S 0 _ Y Q /  g  ;
S l i n e  =  “ s  /  S 1 _ Y  / S 1 _ X  /  g  ;
S l i n e  = "  s / S l - X Q / S l - Y Q / g ;

© {  $ a  11 _c  o  1 o  r  i n  g  { ” $ c o l o r  _c o u  n t  ” } } =  s p l i t  ( /  / ,  S l i n e ) ;
# p u s h  @ c o l o r - 9 - 1 6  } $ l i n  e ;

}
f o r e a c h  m y  S c o l o r  ( s o r t  { $ a  < " >  $ b  } k e y s ( %  a  11 _ c  o  1 o  r  i n  g  ) )
{

m y  @ c o l o r _ c o p y  =  @{ $ a  11 _c  o  1 o  r  i n  g  { $ c o  1 o r  } } ;
# p  r i n t  ” @ c o  l o r - c o p y \ n  ” ;
f o r  ( 1  . .  s c a l a r  (@{ $ a  11 _c  o  1 o  r  i n  g  { $ c o 1 o r  } } ) /  2 )
{

m y  $ s  =  s h i f t  @ c o l o r _ c o p y ;  
m y  $ d  =  s h i f t  @ c o l o r _ c o p y  ; 
p r i n t  ’’ C O L O R S c o l o r :  $ s _ $ d \ n ” ;

}
# p  r i n t  ” S c o l o r  : @{ S a l l - C o l o r i n g {  $ c o I o r  } } \  n  ” ;

>
f o r e a c h  m y  S c o l o r  ( @ c o l o r _ l _ 8 )
{

#  ;p r i n t  ” $ c o l o r \ n  ” ;
}
f o r e a c h  m y  S c o l o r  ( @ c o l o r . 9 . 1  6 )
{

#  p r i n t  ” § c o I o r \ n  ” ;
}

# F u n c t i o n  N a m e :  m a t c h - o k  
# I n p u t s  :
#  M  a m a t c h  ( a  l i s t )
#  C L B -C O N F  ( a  h a s h  t a b l e )
#  O U  T -  a d j - l i s t ,  ( a  h a s h  t a b l e . )
# O u t p u t  :
#  1 i f  i t  i s  O K
#  0  i f  i t  i s  n o t  O K
MU It HU fitJU if HUHtt-f f -f f ’' ? ? f f n  f fl f f f i f i f f f if'n / ! ') ) “! /n / f / fa  fi Ifu  " '" i f / / f f f f f f n f f n  " "  " "  f f ififi? '
s u b  m a t c h _ o k  
{

i m i H H H H f iH m iHH m m H H H H H H H H H H H H H H m H P I H m i N l l t / t m t H H H H H H t m m # #
#  G e t  t h e  i n p u t  p a r a m e t e r s

# t h e  m a t c h  
m y  $ r e f _ M  =  s h i f t ;
# t h e  C L B -C O N F
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m y  S r e f . C L B . C O N F  =  s h i f t  ;
# t h e  O U T - a . d j - . l i 3 t  0 a n d  1 
m y  $ r  e  f  _ a  d  j _1 i s  t  _ 0  — s h i f t  ; 
m y  S r  e  f - a  d  j -1 i s  t  _ 1 =  s h i f t ;

#  t e s t  p r i n t
#  f o r e a c h  ( @ { $ r e f - M } )
# {
#■ p r i n t  ” $ - \ n  ” ;
# }
#  f o r e a c h  m y  $ h a s h - k e y  ( k e y s % { S r e f - C L B - C O N F j )
# {
#  p r i n t  ” S h a s h - k e y  : @{ $ $ r e f - . C L B - C O N F {  S h a s h - k e y  } } \ n  ” ;
# }
#  f o r e a c h  m y  § h a s h - k e y  ( s o r t  k e y s % { $ r e f _ a  d j - I i s  t  _ 0  } )
# {
#  p r i n t  ” S h a s h - k e y  : $  $ r  e f  -  a  d j  - l i  s t  -  0  { $ ha .  s h - k e y } } \ n ” ;
# }
#  f o r e a c h  m y  S h a s h - k e y  ( s o r t  k e y s % { $ r e f - a d j - l i s t - 1  } )
# {
#  p r i n t  K S h a s h - k e y  : @{ S S r e f - a d j - l i s t - 1  { S h a s h - k e y } } \ n  ” :
# }

-ftitih”$/t v-tf-ft'-tt //■$$•//■■$f t f l  
#  S p l i t  t h e  M  i n  MO a n d  M l  
-ft if'//■//////'///////if/iMf-ffffrfi/-t////i-//7N/^t/M///^it'//////if If-iff if//////-$//■//■///////&$/////////̂
m y  @M0;  
m y  © M l ;
m y  © M - t  s= @{ $ r e f _ M  } ;
f o r  ( 1 . .  ( s c a l a r  ( © M _ t ) / 2 )  )
{

m y  $ u  =  s h i f t  © M _ t ; 
m y  $ v  =  s h i f t  @ M _ t ;

i f  ( $ u  = -  / S ( \ d ) . ( . . ) / )
{

i f  ( S I  = =  0 )
{

p u s h  @M0,  $ 2  ; 
p u s h  @M0,  $ v  ;

}
e l s e
{

p u s h  © M l ,  $ 2  ; 
p u s h  © M l ,  $ v  ;

>

#  S t a r t  t h e  c h e c k i n g  l o o p
iffiiHf//ffiff/if/iffif iff///////wi/j/ff//////////-////ffw //if//$$$if if if if'ff~/f////////ffif//If ifffffififi/ififffiNHf
m y  $ f i n d _ o n e _ C L B 0  =  0 ;  
m y  $ f i n d _ o n e _ C  L B  1 =  0 ;  
m y  $ f i r s t _ T _ I N ;

f o r e a c h  m y  S C L B . c o n f . n a m e  ( s o r t  k e y s % { $ r e f _ C L B _ C O N F } )
{

# p r i n t  ”----------------------- CL B O ------------------------------\  n  ” ;

# S t a r t  t h e  c h e c k  f o r  c o n n e c t i o n s  r e l a t e d  t o  CL BO  
m y  $ c h e c k _ C L B  _0 =  0 ;  # f a l s e  f i r s t
f o r e a c h  m y  S c o n f . c o n n  ( © { $ $ r e f _ C L B _ C O N F {  $ C L B - c o n f _ n a m e  } } )
{

# p  r i n t  ” c o n f i g u r  a t i o n  S c o n f - c o n n \ n  ” ;

# f i n d  t h e  c o n n e c t i o n  i n  MO t h a t  g o t  t h e  s a m e  s o u r c e  a s  
# $ c o n f - c o n n  . 
m y  S c o n f - c o n n  _ s o u  r  c e  ; 
m y  S c o n f . c o n n . d r a i n  ; 
i f  ( S c o n f . c o n n  — ~ / ( • * )  — > ( ■ * ) / )
{

S c o n f . c o n n . s o u r c e  — $ 1 ;
S c o n f . c o n n . d r a i n  =  $ 2 ;

}
m y  S o u t . l i n e  — 0 ;
# p  r i n t  ” M 0 : @ M 0\ n  ” ;
f o r  ( 1  . .  ( s c a l a r ( @ M 0 ) / 2 ) )
{

m y  S s o u r c e  =  s h i f t  ( @ M 0 ) ;  
m y  S d r a i n  =  s h i f t  ( @ M 0 ) ;

i f ( S c o n f . c o n n . s o u r c e  e q  S s o u r c e )
{ S o u t . l i n e  =  S d r a i n ; }

p u s h  ( @M0 ,  S s o u r c e  ) ; 
p u s h  ( @M0 ,  S d r a i n  ) ;
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# p  r i n t  ” O U T . l i n e  : $ o u t - l i n e  \  n  ” ;
i f  ( S o u t - l i n e  e q  0 )
{ n e x t ; }
# c h e c k  i n  t h e  O U T  l i n e  a d j  l i s t  i f  t h e  i n - p u t  c a n  h e  r e a c h  
# i f  t h e  l o o p  d i d  n o t  f i n d  a n y  p a t h  t h e n  s t o p  t h e  f u n c t i o n  
# a n d  r e t u r n  f a l s e .

}

m y  S l o c a l . c h e c k  — 0 ;
f o r e a c h  m y  $ a d j _ o u t _ l i n e  ( $ $ r e f . a d j _ l i s t - 0 { $ o u t _ l i n e } } )  
{

# t  e s t
# p  r i n t  ” $ a d j - o u t . - l i n e  $ c o n f ~ c o n n - d r a i n \ n ” ;

i f  ( $ a  d  j _ o  u  t  _1 i n e  e q  S c o n f . c o n n . d r a i n )
{

S l o c a l . c h e c k  =  1;  
l a s t  ;

}
e  1 s  i f  ( $ a d  j _ o  u  t  _1 i n  e =  / T ( \ d ) / )
{

i f  ( S c o n f . c o n n . d r a i n  e q  ’T ’ )
{

S l o c a l . c h e c k  =  1;
S f i r s t . T . I N  =  $1  ; 
l a s t  ;

}}}
i f  ( S l o c a l . c h e c k  = =  0 )
{

S c h e c k . C L B . O  =  0;  
l a s t  ;

}
S c h e c k . C L B . O  =  1;

f  ( S c h e c k . C L B . O  = =  0 )

# r e t u r n  0 ;  
n e x t ;

S f i n d . o n e . C L B O  =  1;
# p r i n t  ” $ C L B - c o n f - n a m e  ( 0 )  
# I a s t  ;

i n d . o n e . C L B O  =  =  0 )i f  ( $
{

r e t u r n  0 ;
}
f o r e a c h  m y  S C L B . c o n f . n a m e  ( s o r t  k e y s % { $ r e f _ C L B _ C O N F } )
{

# p r i n t  ”----------------------- C L B l -------------------------\ n  ”>
# S t a r t  t h e  c h e c k  f o r  c o n n e c t i o n s  r e l a t e d  t o  C L B l
m y  S c h e c k . C L B . l  =  0 ;
f o r e a c h  m y  S c o n f . c o n n  (@){ S S r e f . C L B . C O N F  { S C L B . c o n f . n a m e  } } )
{

# p  r i n t  ” c o  n f i g u r a t i o n  $ c o n f - c o n n \ n  ” ;
# f i n d  t h e  c o n n e c t i o n  i n  M 0  t h a t  g o t  t h e  s a m e  s o u r c e  a s
# $ c o  n . f -  c o n n  . 
m y  S c o n f . c o n n . s o u r c e  ; 
m y  S c o n f . c o n n . d r a i n ; 
i f  ( $  c o n f  . c o n n  = “ / ( • * )  — > ( • * ) / )
{

S c o n f . c o n n . s o u r c e  =  $ 1 ;
S c o n f . c o n n . d r a i n  =  $ 2 ;

}
# p - r i n t  ”M l : @ M l \ n ” ; 
m y  $ o u t _ l i n e  =  0 ;
f o r  ( 1  . .  ( s c a l a r  ( @ M l ) / 2 ) )
{

m y  S s o u r c e  =  s h i f t  ( @M 1 ) ;  
m y  S d r a i n  =  s h i f t  ( @M 1 ) ;

i f ( $ c o n f . c o n n  . s o u r c e  e q  S s o u r c e )
{ S o u t . l i n e  =  S d r a i n ; }

p u s h  ( @M1 ,  S s o u r c e  ) ; 
p u s h  ( @M1 ,  S d r a i n  ) ;

}
# p  r i n t  ” O U  T - l i n e  : $ o u t - l i n  e \ n  ,r;
i f  ( S o u t . l i n e  e q  0 )
{ n e x t ; }

# c h e c k  i n  t h e  O U T  l i n e  a d j  l i s t  i f  t h e  i n p u t  c a n  b e  r e a c h
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# i f  t h e  l o o p  d i d  n o t  f i n d  a n y  p a t h  t h e  s t o p  t h e  f u n c t i o n  
# a n d  r e t u r n  f a l s e  . 
m y  S l o c a l . c h e c k  =  0;
f o r e a c h  m y  $ a  d  j _ o  u  t  _1 i n  e  ( @{ $ $ r  e f  _ a  d  j  _1 i s  t  _ 1 { $ o  u  t  _1 i n  e  } } ) 
{

# t  e s t
#  p r i n t  ” $  a  d j  - o u t  - I  i n  c $ c o n / _  c o n  n  _ d r  a i n  \  n  ” ;

i f  ( $ a d  j  _ o u  t  _1 i n  e  e q  S c o n f . c o n t i - d r a i n  )
{

S l o c a l . c h e c k  =  1;  
l a s t ;

}
e l s i f  ( S a d j . o u t . l i n e  = *  / T ( \ d ) / )
{

i f ( S c o n f . c o n n . d r a i n  e q  ’T ’ )
{

i f ( $ l  n e  S f i r s t . T . I N )
{

S l o c a l . c h e c k  — 1;  
l a s t  ;

}}}}
i f  ( S l o c a l . c h e c k  —=  0)
{

S c h e c k . C L B . l  =  0;  
l a s t  ;

}
S c h e c k . C L B . l  =  1;

}
i f  ( S c h e c k . C L B . l  = =  0 )
{

# r e t u r n  0 ;  
n e x t ;

}
e l s e
{

S f i n d . o n e . C L B  1 =  1;
# p  r i n t  ” $ C L B - c o n f - n a m e  ( 1 )  ” ;
# 1  a s t  ;

}}
i f ( $ f i n d _ o n e _ C L B l  = = 0 )
{

r e t u r n  0 ;
}
r e t u r n  1 ;

>
F u n c t i o n  N a m e :  r e a d - f i l e

#  I n p u t  s :
#  n a m e  o f  t h e  f i l e  y o u  w a n t  t o  o p e n  
# O u t p u t :
#  t h e  a r r a y  t h a t  c o n t a i n  a l l  t h e  l i n e  o f  t h e  f i l e

s u b  r e a d . f i l e  
{

m y  ( S f i i e n a m e )  =
o p e n  ( F I L E  S f i i e n a m e ” ) 1 | d i e ( ” c o u l d _ n o t _ o p e n w t h e - f i l e ” ) ;  
m y  @ f i  l e  =  < F I L E > ;  
c l o s e  ( F I L E  ) ; 
c h o m p  ( © f i l e ) ;  
r e t u r n  @ f  i l e  ;

}

B .3 Feedback R outing
# ! / u s r /  l o c a l  / b i n  / p e r i  

= h e a d l  NA3ME 

c o l o r . p a t h . l _ 1 6  . p i  

—h e a d  1 A U T H O R  ( D A T E )

C h r i s t i a n  G i a s s o n  ( J u l y  2 3 r d ,  2 0 0 3 )

—h e a d  1 S Y N O P S I S

c o l o r _ p a t h _ l _ 1 6 . p l  —a  { 1 6  c o l o r s  o f  t h e  ORMG} 
—b  { C L B  c o n f i g u r a t i o n  2 a n d  4 }
—c { C o n f i g u r a t i o n  f o r  e a c h  c o l o r s )  
—d  { L i s t  o f  s i n g l e  p a t h s )
—e  { L i s t  o f  d o u b l e  p a t h s )
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f l a g s  
—h  h e l p

- h e a d l  D E S C R I P T I O N

T h i s  p r o g r a m  g e n e r a t e  r o u t a b l e  p a t h s  i n  t h e  V i r t e x  F P G A  f r o m  e a c h  o f  t h e
c o l o r s  ( t e s t  c o n f i g u r a t i o n s )  g e n e r a t e d  b y  t h e  p r o g r a m  e n u m . e d g e . c o l o r i n g  . p i  .

= o v e r  4

—i t e m  I N P U T

T h e r e  i s  a  l i s t  o f  a l l  t h e  f i l e  n e e d e d  b y  t h e  t h i s  p r o g r a m :

T h e  c o l o r i n g  o f  t h e  O R MG.  T h a t  f i l e  i n c l u d e s  c o m p l e t e  ( 8  p a t h s  b y  c o l o r )  
c o l o r s  f o r  t h e  f i r s t  1 6  c o l o r s .

C L B  c o n f i g u r a t i o n  l i s t  . c o n f 2  a n d  c o n f 4  a r e  n e e d e d  i n  t h e  s a m e  f i l e  .

T h e  l i s t  o f  a l l  t h e  C L B . c o n f i g u r a t i o n  o f  e a c h  C O L O R  a n d  b o t h  C L B
c o n f i g u r a t i o n s  g e n e r a t e d  b y  t h e  p r o g r a m  g e t _ C L B _ c o n f . p l .

A  l i s t  o f  a l l  t h e  p o s s i b l e  p a t h  f o r  a  r o u t i n g  b e t w e e n  t h e  t h e  O U T  l i n e s  a n d  
t h e  C L B  i n p u t s  ( a c t u a l l y  t w o  f i l e s  s i n g l e  a n d  d o u b l e  p a t h ) .

—i t e m  O U T P U T

T h a t  p r o g r a m  w i l l  g e n e r a t e  a  d e t a i l  l i s t  o f  t h e  r o u t i n g  f o r  e a c h  c o l o r .  A l s o
t h e  CL BO a n d  C L B l  c o n f i r a t i o n  w i l l  b e  p r i n t  f o r  e a c h  c o l o r  ( o r  t e s t i n g
c o n f i g u r a t i o n  ) .

= i t e m  D E P E N D E N C I E S

N o  d e p e n d e n c i e s  o n  o t h e r  p r o g r a m s  o r  n o n e  b u i l t  i n  f u n c t i o n s  

—c u  t

u s e  w a r n i n g s  ; 
u s e  s t r i c t  ; 
u s e  G e t o p t  : : S t d ;

# G e t  t h e  i n p u t s  o f  t h e  p r o g r a m  

g e t o p t s ( ’ h a : b : c : d : e : ’ ) ;
o u r ( $ o p t _ h , $ o p t _ a , $ o p t _ b  , $ o p t _ c  , $ o p t _ d  , $ o p t _ e ) ;

i f  ( $ o p t _ h )
{

p r i n t ” \ n \ t O p t i o n - o f - t h i s  -  p r o g r a m  : \  n  
 -  -  - ____ \ t —h : _ \ t \ t h e l p
  t —a  — [ f i l e  ] :  -  \ t l 6 - c o l o r s - o f  — t h e _ O R M G \ t \ t
— _________ \  t —b  - [ f i l e  } : -  \  t C L B - c o  n f  i g u  r  a t  i o n - 2 - a n d - 4 \ t \ t
 _____ , _ - \ t —c -  | f i l e  j : -  \  t C L B - c o  n  f i g  u r  a t  i o  n  s - f o r - e a c h - c o l o r s \ t \ t
— t  —d  -  [ f i l e  ] : -  \  t L i s t - o f - s i n g l e - p a t h s \ t \ t
 ______\  t  —e  -  [ f i l e  ] : — \  t L i s t - o f - d o u b l e - p a t h s \ t \ t \ n \ n ” ;

e x i t  ;
}
j j t p u s h  e v e r y  l i n e s  o f  e a c h  f i l e  i n s i d e  a n  a r r a y
m y  @ O R M _ c o l o r _ l  =  &  r  e a  d  _ f  i 1 e  ( $ o p t  _ a  ) i f  ( ( S o p  t  _ a  )&c&c (!  S o p  t  _ h  ) ) ; 
m y  @ C L B _ c o n f _ 2 _ 4 _ l  =  So r  e a  d  _ f  i 1 e  ( $ o p t  _ b  ) i f  ( ( $ o p t  _ b  ) & & ( !  $ o p t  _ h  ) )  ;
m y  @ C L B _ c o n f _ c o l o r _ l  =  &  r  e a  d  _ f  i 1 e  ( $ o p  t  _c  ) i f  ( ( $ o p t  _c ) &&: ( !  $ o p t _ h  ) ) ;
m y  @ p  a  t  h  _s  i n  g  1 e _ l  i s  t  =  So r  e  a  d  _ f  i 1 e ( $ o p t  _ d  ) i f  ( (  $ o p t  _ d  ) && : ( !  S o p t  _ h  ) )  ;
m y  @ p  a t  h  _ d o u  b l e  _I i s  t  =  So r e a d  _ f i  1 e  ( S o p  t  _ e  ) i f  ( ( $ o p  t  _ e  )SoSo (! $ o p t  _ h  ) )  ;

#  N e w
#  S u p p r e s s  a l l  t h e  o r t h o g o n a l  d o u b l e  p a t h s

f o r
{

( 1  . .  s e a l  a r  { © p a t h  _ d  o u  b  l e  _1 i s t  ) )

@ p a t h _ d o u b l e _ l i s t  ;m y  S p a t h  =  s h i f t  
i f  ( S p a t h  
{

i f  ( $ 2  e q

/ ' \ w - f - > ( [ N S E W ] ) ( \  d + ) -

$ 4 )

>  ( [NSEW] ) ( \ d  +  ) /  )

n e x t
n e x t
n e x t
n e x t

( ( $ 1  e q  
( ( $ 1  e q  
( ( $ 1  e q  
( ( $ 1 e q

’N ’ ) & & ( $ 3  e q  
’ S ’) & & ( $ 3  e q  
’E ’) & & ( $ 3  e q  
’W ’ ) & & ( $ 3  e q

’ S ? ) ) ;  
’N ’ ) ) ;’W’ ) ) ; 
‘E > ) ) ;

# p u s h @ p a t h - d o u b l e - l i s t S p a t h  i f ( ( $ 1 eq ’N ' ) & & ( $ 3 e q ' S  ’ ) ) ;
# p u s h @p  a t h .  d o u b l e  -  l i s t . S p a t h  i f ( ( S i eq • S ’) & & ( $ 3 e q
# p u s h @ p  a t h - d o u b l e - l i s t S p a t h .  i f ( ( $ 1 eq ' E ’) & &  ( S 3 e q ’W ’) ) ;
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#  p u s h  @p  a t h -  d o u b l e -  l i s t  , S p a t h  i f  ( ( $  1 e q  ’W ’) & &  ( $ 3  e q  ’ E  ’) ) ;

}
}
p u s h  @ p a t h _ d o u b l e _ l i s t  , S p a t h ;

}

#  N e w  t e s t
#  C h e c k  H o w  m a n y  c o n n e c t i o n s  c a n  c o n n e c t  t o  t h e  C L B  i n p u t s  

# m y  % o c c u r e n c e  ; 
# f  o r  e a c h  (  @ p a t h - d o u b l e - l i s t )
#{
#  i f  ( /  ~ ( \ w + ) ~ > - * - > ( \ w + ) $  / )# {
#  i f ( e x i s t s  $ o c c u r e n c e { ” $  1 $ 2 ” } )
# {
#  $ o c c u  r  e n  c e { " $ 1 $ 2  ” } F  - f ;
#  }
#  e l s e
# {
#  $ o c c u r  e n  c e { ” $1 $  2 ” }  — 1;
#  } 
# >#}
# p r i n t  
# f  o r  e a c h  ( s o r t  k e y s ( % o c c u r e n c e ) )
#{
#  p r i n t  ” $ -  : S o c c u r e n c e { $ - } \ n ” ;
#}
# e x i t  ;

# d a t a  s t r u c t u r e  v a r i a b l e s  
m y  % O R M _ c o l o r  ; 
m y  % C L B _ c o n f _ 2 . 4  ; 
m y  % C L B . c o n f . c o l o r  ; 
m y  % p a t h _ s i n g l e  ; 
m y  % p a t h _ d o u b l e ;
# b u i l d  t h e  da, to.  s t r u c t u r e
& d a t a , s t r u c t  ( \ % O R M _ c o i o r  , \ @ O R M _ c o l o r _ l  ,

\ % C L B - c o n f _ 2 _ 4  , \  ©  C L B - c o n f _ 2 . 4 _ 1  ,
\ % C L B . c o n f - c o l o r  , \  @ C L B - c o n f _ c o l o r _ 3  ,
\ % p a t h _ s i n g l e  , \  ©  p a t  h  _s  i n g i  e _1 i s t  ,
\ % p a t h _ d o u b l e  , \ @ p a t h _ d o u b l e _ l i s t ) ;

# #  M A IN  p a r t  o f  t h e  p r o g r a m  # #
#^////M W /////////M //W

$ ■/?-/?-/ / / / / / / / / / $  ftw in'/'/f-t t -tt -If-tf-tfft-i f f f i f f i •//'rfift l-ft I fn  iffJ'//■//'//'If-ftft-I / f i  t " t" f f - t t j / th 't'-h'ftM-t" i/  /fifr
#  N e w
#  C r e a t e  a n  a r r a y  o f  a l l  t h e  s h o r t  l i n e s  t o  c h e c k  i f  t h e  o t h o g o n a l  s h o r t
#  l i n e  a r e  n o t  t a k e n  i n  t h e  s a m e  t i m e , .

m y  © s h o r t _ I i s t  ; 
f o r  ( 0 . . 2 3 )
{

p u s h  @ s h o r t _ l i s t  , ( ” N $ _ ” , ” S $ _ ” , ” E $ _ ” , ” W $ _ ” ) ;
}

# C h e c k  i f  e a c h  c o l o r  c a n  b e  m a t c h  w i t h  a  C L B  c o n f i g u r a t i o n  w i t h  
# S I N G L E  P A T H s  

# n e w
m y  © c o l o r _ s e q u e n c e  =  ( ’C O L O R l ’ , ’C O L O R 2 ’ , ’C O L O R 3 ’ , ’C O L O R 4 ’ ,

’C O L O R 5 ’ , ’C O L O R 6 ’ , ’C O L O R 7 ’ , ’C O L O R S ’ .
’C O L O R S ’ , ’C O L O R I O  ’ , ’C O L O R 1 1 ’ , ’C O L O R 1 2 ’ ,
’C O L O R 1 3  ’ , ’C O L O R l 4  ’ , ’C O L O R 1 S  ’ , ’C O L O R 1 6  ’ ) ;

# C O L O F L P A T H  i s  a  h a s h  o f  a  h a s h  o f  a r r a y s  { c o l o r } { p a t h  n u m } — a r r a y  o f  
# c o n n e c t i o n s  t h a t  m a k e  t h e  p a t h .  
m y  % C O L O R _ P A T H ; 
# f o r  a l l  t h e  C O L O R  
# f o r e a c h  m y  S c o l o r  ( s o r t  k e y  s  ( % 0  R M - c o l o r ) )  
f o r e a c h  m y  S c o l o r  ( © c o l o r _ . s e q u e n . e e  )
{

m y  $ f o u n d _ C L B _ m a t c h  =  0 ;
# f o r  a l l  t h e  C LBO c o n f i g u r a t i o n s
f o r e a c h  r a y  $ C L B O . c o n f  ( s o r t  k e y s ( % {  $ C L B  _ c o  n f - . c o l o r  { $  c o l  o  r  } {  ’C L B O ’ } } )  )
{

# f o r  a l l  t h e  C L B l  c o n f i g u r a t i o n s
f o r e a c h  m y  $ C L B l _ c o n f  ( s o r t  k e y s ( % {  $ C L  B _ c o n f  . c o l o r  { $  c o  1 o r  } {  ’C L B l  ’ } } ) )
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# O n e  p a s s  f o r  t h e  ( C L B Q —> T O  C L B l —> T l )
# a n d  a n o t h e r  o n e  w i t h  ( C L B O —> T l  C L B 1 —~>TQ)  
m y  S C L B O . t r i  =  ’ T . I N Q ’ ; 
m y  $ C L B  1 _ t r i  =  ’ T . I N l ’ ; 
f o r e a c h  m y  $ o r d e r  ( ’ s t a  ’ , ’ r e v  ’ )
{

i f ( $ o r d e r  e q  ’ r e v ’ )
{

$ C L B O . t r i  =  ’ T J N l  ’ ;
S C L B l . t r i  =  ’ T . I N O  ’ ;

}

# f o r  a l l  t h e  c o n e c t i o n s  i n  t h e  c o l o r  
# t r y  t o  c o n n e c t  t o  t h e  i n p u t ,  o f  t h e  c o n f  
S f o u n d . C L B . m a t c h  =  1;
f o r e a c h  m y  $ C L B _ o u t  ( s o r t  k e y s ( % {  S O R M . c o l o r  { $ c o l  o r  } } ) ) 
{

# O U T  l i n e
m y  $ O U T _ l i n e  =  S O R M . c o l o r  { $  c o l o  r  } {  S C L B . o u t  } ;

# C L B  c o n f . O  a n d  c o n f l  a r r a y
m y  © c o n f O  =  @ { $ C L B _ c o n f . 2 _ 4 { S C L B 0 . c o n f } }  ;
m y  © c o n f l  =  @{ $ C L B . c o n f . 2 . 4  { S C L B l . c o n f  } } ;

m y  $ C L B ;
m y  S s h o r t . n a m e . C L B . o u t  ; 
i f  ( S C L B . o u t  = ~  / S ( [ 0 1 ] ) - ( \ w + ) / )
{

$ C L B  =  $ 1 ;
S s h o r t . n a m e . C L B . o u t  =  $ 2 ;

}
# f i n d  t h e  S C L B . i n  
m y  S s h o r t . n a m e . C L B . i n  ; 
i f  ( $ C L B  = =  0 )
{

f o r e a c h  ( © c o n f O )
{

i f  ( $ _  =  /  S s h o r t . n a m e . C L B . o u t  —> ( \ w + ) / )
{

S s h o r t . n a m e . C L B . i n  =  $1  ; 
l a s t  ;

}}}
e l s e
{

f o r e a c h  ( © c o n f l )
{

i f  ( $ .  =  /  S s h o r t . n a m e . C L B . o u t  —> ( \ w + ) / )
{

S s h o r t . n a m e . C L B . i n  =  $ 1 ;  
l a s t  ;

}}
}
# P u t  t h e  C L B  i n p u t  n a m e  i n  l o n g  f o r m a t  
m y  S C L B . i n  ;
i f  ( S s h o r t . n a m e . C L B . i n  e q  ’T ’ )
{

i f  ( $ C L B  = =  0 )
{

S C L B . i n  =  ’’ S C L B O . t r i ” ;
}
e l s e
{

$ C L B J n  =  ” $ C L B l _ t r i ” ;
}>

e i s i f  ( S s h o r t . n a m e . C L B  J n  =  /  ( [ G F ]  ) ( \  d  ) / )
{

$ C L B - i n  =  ” S $ C L B ” . ” . $ 1 "  . ” _ B $ 2 ” ;
}
e l s i f  ( S s h o r t . n a m e . C L B . i n  =  / ( B [ X Y ] ) / )
{

S C L B . i n  =  ” S S C L B ” . ” 1 ” . ” _ B ” ;
}

‘/ J A / //in'/jfif
F i n d  a  p a t h

fl/t t ! / / f t / / ut i f f t i n / / i f f /1/ 1>!/ / fi tf/t' t/f/tt-t f i f f t  .‘r 
# f i n d  a  p a t h  — 1 ,  n o  p a t h  =  0 
m y  S f i n d . a . p a t h  ; 
m y  © c o n n e c t i o n  . o f . p a t h  ;
# c a l l  t h e  f u n c t i o n  t o  f i n d  a  p a t h

i n d . a . p a t h  =  & f i n d _ p a t h  ( \ © c o n n e c t i o n . o f . p a t h  ,
\ % p a t h _ s i n g l e  ,
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S O U T . l i n e  ,
S C L B . i n  ) ;

# l o o k  f o r  p a t h  i n  t h e  s i n g l e  f e e d b a c k  
i f  ( $ f  i n  d  _ a _ p  a t  h  =  =  1)
{

# s a v e  t h e  p a t h  i n  t h e  C O L O R - P A T H  h a s h  
u n s h i f t  © c o n n e c t i o n . o f . p a t h  , S C L B . o u t ;
p u s h  @ { $ C O L O R J P A T H {  $ c o l o r } { ” S :  „  S C L B . o u t —> ” S C L B . i n "  } } ,

©  c o n n e c t  i o n  . o f  . p a t  h  ;
}
# l o o k  f o r  a, p a t h  i n  t h e  d o u b l e  f e e d b a c k  
e  1 s  i f  ( $ f i  n  d  _ a  . p a t  h  = =  0 )
{

m y  © c o n n e c t i o n . o f . p a t h . 2  ;
# c h e c k  f o r  t h e  d o u b l e  p a t h
S f i n d . a . p a t h  =  & f i n d . p a t h . 2  ( \  @ c o n n e c t i o n  . o f  . p a t h . 2  ,

\ % p a t h _ d o u b l e  ,
S O U T . l i n e  ,
S C L B . i n )  ;

i f  ( S f i n d . a . p a t h  — — 1)
{

u n s h i f t  ©  c o n n e c t i o n  . o f  . p a t h  . 2  , S C L B . o u t  ;
p u s h  @ { $ C O L O R . P A T H {  S c o l o r  } { ” D :  w S C L B . o u t —> ” . ” S C L B . i n ” } }  , 

© c o n n e c t i o n _ o f . p a t h _ 2  ;
}}

#  i f  t h e r e  i s  n o  p a t h  f o r  o n e  c o l o r  c o n n e c t i o n

i f  ( $ f  i n d  _ a _ p  a t h  = =  0 )
{

S f o u n d . C L B . m a t c h  =  0 ;
# d e l e t e  e v e r y  p a t h s  i n s i d e  t h e  C O L O R - P A T H  h a s h
f o r e a c h  m y  S p a t h . n a m e  ( s o r t  k e y s ( % { $ C O L O R _ P A T H {  $ c o l  o  r  } } ) )
{

# p u t  b a c k  a l l  t h e  p a t h  i n  t h e  p a t h - s i n g l e  h a s h  
m y  $ a  =  s h i f t  @ { $ C O L O R _ P A T H {  $ c o  1 o r  } {  S p a t h . n a m e  } }  ;
m y  $ b  =  s h i f t  @ { $ C O L O R _ P A T H {  $ c o l o r  } {  S p a t h . n a m e  } }  ;
m y  S c  =  s h i f t  © { $ C O L O R - P A T H {  $ c o l  o r  } {  S p a t h . n a m e  } }  ;
m y  $ d  =  s h i f t  @ { $ C O L O f L P A T H {  $ c o l o r  } {  S p a t h . n a m e  } }  ;

i f  ( S p a t h . n a m e  — “ / ^ S / )
{

$ p  a t  h  . s i  n  g l  e  { $ a  } { $ b  } { S c  } { $ d  } =  1;

}
e  1 s  i f  ( S p a t h . n a m e  =  /  D / )

m y  $ e  — s h i f t  @{ S C O L O R _ P A T H {  $ c o l o r  } {  $ p a t h _ n a m e  } };  
S p a t h _ d o u b l e { $ a } { $ b } { $ c } { S d } { $ e }  =  1;

}
d e l e t e  $ C O L O R _ P A T H {  S c o l o r  } {  S p a t h . n a m e  } ;

}
l a s t  ;

}}
# c h e c k  i f  t h e  c o l o r  i s  g o o d  
i f  ( S f o u n d . C L B . m a t c h  ===== 1)
{

m y  S g o o d . c o l o r  =  &c c h  e c k  _c o l  o r  ( \ % { $ C O L O F L P A T H {  $ c o l o  r  } } ) ;
# p r i n t  ” g o o d  — $  g o  o d - c  o l o  r \ n  ’’ ;
# l a s t  i f  (  (  $ f o u n d - C L B - m a t c h  — =  1 ) & & (  $ g o  o d . c  o I, a r  = — 0 ) ) ;  
l a s t  i f  ( S g o o d . c o l o r  = =  1 ) ;
S f o u n d . C L B . m a t c h  =  0 ;
# h a v e  t o  p u t  b a c k  a l l  t h e  p a t h  i n  p  a t h - s i n g  e a n d  
# p  a . t h  - d o u b l e

}}
l a s t  i f  S f o u n d . C L B . m a t c h  = =  1;

>
l a s t  i f  S f o u n d . C L B . m a t c h  = =  1;

}

f o r e a c h  ( s o r t  k e y s ( % { $ C O L O R _ P A T H {  $ c o l o  r  } } ) )
{

p r i n t  ” S c o l o r  : ^ @ { $ C O L O R P A T H {  $ c o l o r  } {  S . } } \ n ” ;

# d e l e t e  a l l  t h e  p a t h  r e l a t e d  t o  t h e  p a t h  i n  1 R M
& d e l e t e _ p a t h  ( \ @ { $ C O L O F L P A T H {  S c o l o r  } { $ - } }  , \ %  p a t h . s i n g l e  , \ %  p a t h - d o u b l e  ) ;

# F u n c t i o n  N a m e :  
# I n p u t s :
# O u t p u t :

f i n d - p  a t h
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s u b  f i n d . p a t h  
{

i n p u t  v a r i a b l e s  
r a y  $ c o n  n e  c t  i o n  _ o f  _ p  a t  h  _ r  e f  =  s h i f t  
m y  $ p  a t  h  . s i  n  g  l e  . r e f  — s h i f t  
m y  $ O U T . I i n e - v a r  =  s h i f t  <8L; 
m y  $ C L B _ i n _ v a r  — s h i f t

#_f l  a g v a r i a b l e  
m y  $ g o t _ a _ p a t h  — 0 ;

f o r e a c h  m y  $ s h o r t - l i n e  ( s o r t  k e y s ( % {  $ $ p  a  t  h  - s  i n  g  1 e  _ r  e f  { $ O U  T _ . l i n e . v a r  } } ) )
{

f o r e a c h  m y  S n o d e . l i n e  ( s o r t  k e y s { % {  $ $ p  a  t  h  _s  i n  g l e  _ r  e f  { $ O U T _ l i n e _ v a r  } { $ s  h  o r  t  _1 i n  e } } ) )
{

f o r e a c h  m y  $ C L B  _ i n - p a t h  ( s o r t  k e y s ( % {  $ $ p a t h _ s i n g l e _ r e f { $ O U T - J i n e _ v a r }  
{ $ s h o r t . l i n e } { $ n o d e _ l i n e } } ) )

{
i f  ( $  C L B  _ i n - p a t h  e q  $ C L B _ i n _ v a r )
{

$ g o t _ a _ p a t h  =  1;
p u s h  @{ S c o n n e c t i o n . o f . p a t h . r e f  } , (  $ O U T _ l i n e - v a r  ,

$ s h  o r  t  _1 i n  e ,
S n o d e . l i n e  ,
$ C L B _ i n _ v a r  ) ;

# n e w
# d e l e t e  t h e  p a . t h  f r o m  t h e  h a s h  i f  i t  i s  a C L B  i n p u t  
# i f  ( $ C L B . i n . p a t h  =  ~ / S  [ 0 1 ]  .  ( . *  )  - B / )  
i f  ( $ C L B _ i n _ p a t h  = '  / S  [ 0  1 j _ [ F G ]  _ B / )
{

# d e l e t e  $ $ p a t h - s i n g l c - r e f { $ O U  T - l i n e - v a r } {  $  s  h  o r  t -  l i n  e }
$ n o  d e - l i n  e } {  $ C  L B .  i n - p a t h  }

}
l a s t  ;

}}
l a s t  i f  $ g o t _ a _ p a t h  = =  1;

}
l a s t  i f  $ g o t _ a _ p a t h  == — 1;

}
i f  ( $ g o t _ a _ p a t h  =  =  0 )
{ r e t u r n  0 ; }  
e l s e
{ r e t u r n  1 ; }

}

# F u n c t i o n  N a m e :  f i n d - p  a t h - 2  
# I n p u t s  :
# O u t p u t :

s u b  f i n d _ p a t h _ 2  
{

# i  n p u t  v a r i a b l e s
m y  S c o n n e c t i o n . o f . p a t h . r e f  =  s h i f t  
# m y  S d e l e t e d - p a t h - r e f  =  s h i f t  ; 
m y  $ p  a t  h _ d o  u b l  e _ r e f  =  s h i f t  
m y  $ O U T - l i n e - v a r  =  s h i f t  @_;  
m y  S C L B . i n . v a r  =  s h i f t

# f l  a g  v a r i a b l e  
m y  $ g o t _ a _ p a t h  =  0 ;

f o r e a c h  m y  $ s h o r t _ l i n e l  ( s o r t  k e y s ( % {  $ $ p  a t h - d o  u  b l e _ r  e f  { S O  U T _ l i n e _ v a r  } } ) )

f o r e a c h  m y  $ s  h  o  r  t  _I i n  e  2 ( s o r t  k e y s ( % {  $ $ p a t  h - d o u  b  1 e - r e f  { $ O  U T - l i n e . v a r  }
{ $ s h o r t _ l i n e l  } } ) )
{

f o r e a c h  m y  S n o d e . l i n e  ( s o r t  k e y s ( % {  $ $ p a t h _ d o u b l e _ r e f { $ O U T _ l i n e - v a r }
{ $ s h o r t _ l i n e l  } {  $ s h o r t _ l i n e 2  } } ) )
{

f o r e a c h  m y  $ C L B _ i n _ p a t h  ( s o r t  k e y s ( % {  $ $ p  a t  h  . d o u  b l e  _ r  e f  { $ O  U T _ l i n e _ v a r  } 
{ $ s h o r t _ l i n e l } { $ s h o r t - l i n e 2 } { $ n o d e _ l i n e } } ) )
{

i f  ( $ C L B _ i n - p a t h  e q  I C L B - i n . v a r )
{

$ g o t _ a - p a t h  =  1;
p u s h  @{ S c o n n e c t i o n . o f . p a t h . r e f }  , ( $ O U T . l i n e . v a r  ,

$ s h o r t _ l i n e l  ,
$ s h o r t _ l i n e 2  ,
S n o d e . l i n e  ,
S C L B . i n . v a r  ) ;

# n e w
# d e l e t e  t h e  p a t h  f r o m  t h e  h a s h  i f  i t  i s  a  C L B  i n p u t  
# i f  (  $ C L B - i n - p a t h  — “ / S  [ 0  1 ] -  ( .  * )  _B  / )  
i f  ( $ C L B - i n - p a t h  = ~  / S  [ 0  1 ] -  [ F G ]  _B / )
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{
# d e . l e t e  $ $ p a t h - d o u b l t - r e f { $ O U  T - l i n e . v a r }  {  $  s  h  o r t  -  l i n  e 1 } 
# {  $ s h  o r  t - l i n  e 2  } {  $ n  o d  e - l i n  e } { $ C  L  B  - i n - p  o£/ i  } ;

}
L a s t  ;

}}
l a s t  i f  $ g o t _ a _ p a t h  —=  1;

>
l a s t  i f  S g o t . a . p a t h  = =  1;

}
l a s t  i f  S g o t . a . p a t h  = = s  1;

}
i f  ( S g o t . a . p a t h  = =  0 )
{ r e t u r n  0 ; }  
e l s e
# d e l e t e  t he .  p a t h  f r o m  t h e  h a s h  
{ r e t u r n  1 ; }

}
# F u n c t i o n  N a m e :  c h e c k - c o l o r
# I n p u t s  :

O u t p u t  :
fit! f'fit tf-f t t f  i f f if f- ft i i i i  i i  i f  / I i f  i f f f  i f  i f f f f f i f i f -i''ifit’ i f  ifff-ff-f i /'/'i i i i i f  i f i f i f i f i f i i i f  O ff i f / / / / / / I ff t  i f  ifif'it'iii i-i i -iiiiit 'ii 'ff ff if if iH f
s u b  c h e c k - c o l o r  
{

m y  $ c o  l o  r  _ p  a  t  h  _ r  e f  =  s h i f t ;
m y  % c o l o r . p a t h . l o c a l  =  % { $ c o l o r _ p a t h _ r e f } ;

#  v e r i f y  i f  t h e  s a m e  s h o r t  l i n e  a p p e a r  t w o  t i m e s

f o r e a c h  m y  $ p a t h _ n a m e  ( k e y s ( %  c o  1 o r  _ p  a t  h  _1 o  c a  1 ) )
{

m y  S a r r a y . p r i n t  — ” @{ $ c o  1 o  r  _ p  a  t  h  _1 o  c a l  { S p a t  h _ n a m e  } } ” ; 
m y  © s h o r t  ;
i f  ( S a r r a y . p r i n t  = “ / O U T \ d  ( [ NS EW]  \  d  + )  [ N S E W ] _ / )
{

p u s h  © s h o r t  , $ 1  ;
}
e l s i f  ( S a r r a y . p r i n t  = ~  / O U T \ d  ( [ N S E W ] \ d  +  ) ( [ N S E W ] \ d  +  ) [ N S E W ] - / )
{

p u s h  © s h o r t  , ( $1  , $ 2  ) ;
}
# f i n d  i f  t h e r e  i s  a n o t h e r  s a m e  s o r t  l i n e  
f o r e a c h  m y  $ s h o r t _ c o n n  ( @ s h o r t )
{

f o r e a c h  m y  $ p a t h . n a m e 2  ( k e y s ( %  c o  1 o r  _ p  a  t  h  _ l o  c a  1 ) )
{

n e x t  i f  ( $ p a t h _ n a m e 2  e q  S p a t h . n a m e ) ;  
f o r  ( @{  S c o l o r . p a t h . l o c a l  { S p a t h  . n a m e  2 } } )
{

r e t u r n  0  i f  ( $ .  e q  S s h o r t . c o n n  ) ;
}}}}

#  v e r i f y  i f  n o  o r t h o g o n a l  s h o r t  l i n e s  a r e  u s e d

f o r e a c h  m y  S p a t h . n a m e  ( k e y s ( %  c o  l o r  _ p  a  t  h  _l  o  c a  I ) )
{

m y  S a r r a y . p r i n t  — S c o  l o r - p  a t  h  _ l o  c a l  { S p a t h . n a m e  } }  ” ;
m y  @ s h o r t  ;
i f  ( S a r r a y . p r i n t  =  “ / O U T \ d  ( ( NSEW]  \  d  +  ) [ N S E W ] . / )
{

p u s h  © s h o r t  , $ 1 ;
}
e l s i f  ( S a r r a y . p r i n t  = ~  / O U T \ d  ( [ N S E W ] \ d  +  ) ( [ N S E W ] \ d + )  [ N S E W ] . / )
{

p u s h  © s h o r t ,  ( $ 1 , $ 2 ) ;
}
# f i n d  i f  t h e  o p p o s i t e  l i n e  i s  u s e d  i n  t h e  
f o r e a c h  m y  S s h o r t . c o n n  ( @ s h o r t )
{

# f i n d  t h e  o p p o s i t e  
i f  ( S s h o r t . c o n n  =  " / N ( \ d - f ) / )
{

S s h o r t . c o n n  — ” S $ 1 ”
}
e  1 s  i f  ( $ s h  o r  t  . c o n n  = '  / S ( \ d  +  ) / )
{

S s h o r t . c o n n  =  ” N $ 1 ” ;
}
e l s i f  ( S s h o r t . c o n n  =  / E ( \ d  +  ) / )
{
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S s h o r t . c o n n  =  ” W $ 1 ” ;
}
e l s i f  ( S s h o r t . c o n n  =  / W (  \  d  - f ) / )
{

S s h o r t . c o n n  =  ” E $ 1 ” ;
}
f o r e a c h  m y  $ p a t h _ n a m e 2  ( k e y s ( % c o l o r . p a t h . l o c a l  ) )
{

n e x t  i f  ( $ p a t h _ n a m e 2  e q  S p a t h . n a m e ) ;  
f o r  ( @{ S c o l o r . p a t h . l o c a l  { $ p a t h _ n a m e 2 }  } )
{

r e t u r n  0  i f  ( $ _  e q  S s h o r t . c o n n ) ;
}}}}

r e t u r n  1 ;
}
1fif! / f f / f / / -f f f f / f / />/ / / i / ^ / / t t »/ / tt 
# F u n c t i o n  N a m .e :  d e l e t e - p a t h
# I n p u t s  :
# O u t p u t  :

s u b  d e l e t e . p a t h  
{

m y  S c o l o r . p a t h . r e f  =  s h i f t  
m y  $ p  a  t  h  _s  i n  g l e  _ r  e f  ~  s h i f t  
m y  $ p a t  h . d o u b l e . r e f  =  s h i f t  ;

m y  S C L B . i n . l i n e  =  p o p  @{ $ c o  l o  r  _ p  a  t  h  . r e  f  } ; 
m y  S n o d e . l i n e  =  p o p  @{ S c o l o r . p a t h . r e f  } ; 
p u s h  @ { $ c o l o r _ p a t h _ r e f } ,  S n o d e . l i n e  ; 
p u s h  @{ S c o l o r . p a t h . r e f  } , S C L B . i n . l i n e  ;

# d e l e t e  t h e  p a t h  f r o m  t h e  h a s h  i f  i t  i s  a  C L B  i n p u t  
# i f  (  $ C L B - i n - l i n e  =  ~ /  S  [ 0 1 ] - ( . * ) - B  / )  
i f  ( S C L B . i n . l i n e  = '  / S  [ 0  1]  _ ( F G ]  _ B / )
{

# d e l e t e  r e l  a t  e d  p a t h s  i n  s i n g  I e
f o r e a c h  m y  S O  U T  . l i n e . v a r  ( s o r t  k e y s ( / - o {  $ p  a  t  h  . s  i n g  1 e  _ r  e  f  } ) )
{

f o r e a c h  m y  S s h o r t . l i n e l  ( s o r t  k e y s ( 9 o {  $ S p  a  t  h  _s  i n g  l e  _ r  e  f  { $ O  U T . l i n e . v a r  } } ) )
{

i f ( e x i s t s ( $ $ p a t h _ s i n g l e _ r e f { $ O U T _ l i n e _ v a r } { $ s h o r t _ l i n e l } { $ n o d e _ l i n e }
{ S C L B . i n . l i n e } ) )
{

# p r i n t  ” . ” ;
d e l e t e  $ $ p a t h _ s i n g l e . r e f { $ O U T _ l i n e _ v a r } {  S s h o r t . l i n e l  } {  S n o d e . l i n e }  
{ $ C L B  - i n - l i n e  } ;

}}}
# d  e I e t  e r e l a t e d  p  a t  h s  i n  d o u b l e
f o r e a c h  m y  S O U T . l i n e . v a r  ( s o r t  k e y s ( % {  $ p  a  t  h  . d o  u  b  1 e _ r  e f  } ) )
{

f o r e a c h  m y  S s h o r t . l i n e l  ( s o r t  k e y s ( % {  $ $ p  a t  h  _ d  o  u  b  l e  . r  e f  { $ O U T . l i n e . v a r  } } ) )
{

f o r e a c h  m y  S s h o r t _ l i n e 2  ( s o r t  k e y s ( % {  $ $  p a t  h - d o  u  b  l e  . r e f  { $  O  U T . l i n e . v a r  } 
{ S s h o r t . l i n e l  } } ) )
{

i f ( e x i s t s ( $ $ p a t h _ d o u b l e _ r e f { $ O U T _ l i n e _ v a r } { $ s h o r t _ l i n e l }
{ S s h o r t _ l i n e 2 } { $ n o d e _ l i n e } { $ C L B _ i n _ l i n e } ) )
{

# p r i n t  ” . ’’ ;
d e l e t e  $ $ p a t h _ d o u b l e _ r e f { $ O U T . l i n e . v a r } {  S s h o r t . l i n e l  }
{ $ s h o r t _ l i n e 2  } {  S n o d e . l i n e  } {  S C L B . i n . l i n e  } ;

} }

}
fff /J /ff / / / / / / / / / / '/ /  i f f " $  ft f t  ififftftfftifftf-f tf t-f t f t  tf-ftftftftftf-ft-ftf tf ft ft  f t f t  f t  f t  f t  f t f t  f tf t f f i f t f t f t  f t  f t  fti f  HIt M i/ftftftiftrftft f t  
# F u n c t i o n  N a m e :  d a t a - s t r u c t
# I n p u t s  :
# O u t p u t :
ri f t  f t f t f t f f t f t f t t f f t f t f f t i f t f t f t f t f t f t f t f t f t  f t  f i t / f t  f t f t  f t f t  if  f t f t  f f t i f f f f i f t r f t f t i f f t -f t f t f t f f t f t  f t  f t f t  f t  f t  ft-f t f t f t f t f t f t f t f t -ftftt f f  f t j f f i f  f t  
s u b  d a t a . s t r u c t  
{

# i n p u t .  v a r i a b l e s
m y  S O R M . c o l o r . r e f  =  s h i f t  ;
m y  S O  R M  . c o l o r - l . r e f  =  s h i f t  <b_;
m y  $ C L B . c o n f . 2 _ 4 _ r e f  =  s h i f t
m y  $ C  L B  . c o n f  . 2  . 4 . 1 - r e f  =  s h i f t  ;
m y  $ C L B  . c o n f . c o l o r  _ r e f  =  s h i f t
m y  $ C L B . c o n f  _ c o l o r  .1 _ r e f  =  s h i f t  <§).;
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m y  $ p  a  t  h  _ s i n g l  e - r  e  f  =  s h i f t  ; 
m y  $ p  a t  h  _ s  i n  g  1 e  _1 _ r  e  f  =  s h i f t  
m y  $ p a t h _ d o u b l e _ r e f  =  s h i f t  
m y  S p  a t  h - d o u  b  1 e _ 1  _ r  e f  =  s h i f t

# d a t a ,  s t r u c t u r e  f o r  t h e  1 6  c o l o r s  
f o r e a c h  ( @{ $ O  R M  . c o l o r . L r  e f  } )
{

i f  ( S _  = '  / ( C O L O R \ d  +  ) : ( \ w + )  ( \ w + ) / )
{

$ $ O R M  . c o l o r . r e f { $ l } { $ 2 }  =  $ 3 ;
>}

# d a t a  s t r u c t u r e  f o r  t h e  l i s t  o f  c o n f i g u r a t i o n s  
f o r e a c h  ( @{  $ C L B . c o n f . 2 . 4  _ l _ r  e f  } )
{

i f ( $ .  = -  / ( \ w + ) :  ( . . ) / )
{

m y  $ t e m p  =  $ 2  ; 
c h o m p  S t e m p  ;
p u s h  ( @{ $ $ C L B _ c o n f _ 2 _ 4 _ r e f { $ l > } , s p l i t  ( /  /  , $ 2  ) ) ;

}}
# d a t a  s t r u c t u r e  f o r  t h e  l i s t  o f  c o n f i g u r a t i o n s  t h a t  f i t  w i t h  t h e  c o l o r s  
f o r e a c h  ( @{ $ C L B _ c o n f _ c o l o r _ l _ r e f } )
{

i f ( $ -  = "  / ( \ w + ) : ( \ w + ) : ( \ w + ) / )
{

$ $ C L B _ c o n f . c o l o r _ r s f { $ l } { $ 2 } { $ 3 }  =  1 ;
}}

# d a t a ,  s t r u c t u r e  f o r  t h e  l i s t  o f  s i n g l e  p a t h s  
f o r e a c h  ( ® {  $ p a t h _ s i n g l e _ l _ r e f } )
{

i f  ( $ -  = '  / ( \ w + ) - > ( \ w + ) - > ( \ w + ) - > ( \ w + ) / )
{

$ $ p a t h _ s i n g l e _ r e f { $ l } { $ 2 } { $ 3 } { $ 4 }  =  1;
>

}
f o r e a c h  ( @{ $ p  a t  h - d o  u b  1 e  _1 _ r  e f  } )
{

i f ( $ _  = '  / ( \ w + ) - > ( \ w + ) - > ( \ w + ) - > ( \ w + ) - > ( \ w + ) / )
{

m y  $ m l  =  $ 1  ; 
m y  $ m 2  =  $ 2  ; 
m y  $ m 3  — $ 3  ; 
n \ y  $ m 4  =  $ 4  ; 
m y  $ m 5  — $ 5  ;
#  t o  a v o i d  o v e r l a p  b e t w e e n  t h e  s i n g l e  a n d  d o u b l e  p a t h  
f o r e a c h  ( k e y s ( % { $ p a t h _ s i n g l e _ r e f  } ) )
{

i f  ( e x i s t s  $ $ p a t h _ s i n g l e _ r e f { $ _  } { $ m 3 } { $ m 4 } { $ m 5  } )

{}
e l s e
{

$ $ p a t h _ d o u b l e _ r e f  { $ m l  } { $ m 2 } { $ m 3 }  { S m 4 }  { $ m 5  } =  1;

}}}}}

# F u n c t i o n  N a m e :  r e a d . f i l e
# I n p u t s  :
#  n a m e  o f  t h e  f i l e  y o u  w a n t  t o  o p e n  
# O u t p u t  :
#  t h e  a r r a y  t h a t  c o n t a i n  a l l  t h e  l i n e  o f  t h e  f i l e

s u b  r  e  a  d  _ f  i l e 
{

m y  ( S f i i e n a m e )  =
o p e n (  F I L E  S f i i e n a m e "  ) |  j d i e  ( "  c o u l d ^ n o t - o p e n ^ t h e w f i l e  ” ) ;  
m y  © f i l e  =  < F I L E > ;  
c l o s e  ( F I L E ) ;  
c h o m p  ( @ f  i I e  ) ; 
r e t u r n  © f i l e  ;

}

B .4  C om pletion  o f Feedback R outing
# !  / u s  r / l o c a l /  b i n / p e r  I
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= h e a d l  NAME 

c o l o r . I R M  . p i

= h e a d l  A U T H O R  ( D A T E )

C h r i s t i a n  G i a s s o n  ( A u g u s t  7 t h ,  2 0 0 3 )

= h e a d l  S Y N O P S I S  

c o l o r . I R M

= h e a d l  D E S C R I P T I O N

T h i s  p r o g r a m  b u i l d  ( o r  c o l o r )  t h e  c o n f i g u r a t i o n s  i n  t h e  I R M

T h e  c o l o r i n g  p a r t  o f  t h e  p r o g r a m  i s  b a s e d  o n  t h e  V i z i n g  a l g o r i t h m  f o r
e d g e —c o l o r  b i p a r t i t e  g r a p h s .

= o v e r  4

= i t e m  I N P U T

T h e  l i s t  o f  t h e  c o n n e c t i o n s  ( r e d u c e d )  i n  t h e  I R M .

T h e  f e e d b a c k  p a t h s  a s s o c i a t e  w i t h  a l l  t h e  T e s t i n g  c o n f i g u r a t i o n s  1 t o  1 6 .

“ i t e m  O U T P U T

T h e  o u t p u t  t h e  c o n n e c t i o n s  o f  t h e  t e s t i n g  c o n f i g u r a t i o n s  1 t o  2 4 .

= c u t

u s e  w a r n i n g s  ; 
u s e  s t r i c t  ; 
u s e  G r a p h  ;
u s e  G r a p h  : : D i r e c t e d  ; 
u s e  G r a p h  : : U n d i r e c t e d  ; 
u s e  G r a p h  : : W r i t e r  : : D o t  ; 
u s e  S e t  : : A r r a y  ; 
u s e  G e t o p t  : : S t d  ;

# G e t  t h e  i n p u t s  o f  t h e  p r o g r a m

g e t o p t s ( ’ h a : b : ’ ) ;  
o u r ( $ o p t _ h  , S o p t . a  , $ o p t _ b ) ;

i f  ( $ o p t  _ h )
{

p r i n t ” \ n \ t O p t i o n _ o f _ t h i s _ . p r o g r a m  : \ n
 _______, \  t  — h  : -  \  t \ t \ t h e l p
- _____________  \  t  —a  - [ f i l e  ] : - I R M -  C o l o r  \  t  \  t
 - - - - - - - \  t —b  - [ f i l e ] : -  N o d e - a d j  - l i s t \ t \ t \ n \ n ” ;

e x i t  ;
}

m y  @ g r a p h - e d g e _ l  =  &: r  e  a  d  _ f  i 1 e  ( $ o p t  _ a  ) i f  ( ( $  o p  t  _ a  ) & & ( !  $ o p t  _ h  ) )  ; 
m y  @ f  e e d  b  a c  k  _c  o l  o r - 1  =  &  r  e  a  d  _ f  i 1 e  ( $ o p t  _ b  ) i f  ( (  $ o p t  _ b  ) &cSc( ! $ o p t  _ h  )  ) ;

$|  =  1 ;

tfiNf ' It 'v-t t /Nt-t ft t '//' f f i f / / ■/ / $-/ /$/ / ' / / ir/tt't'ft
#  G e t  t h e  I R M  c o n n e c t i o n s

# G e t  t h e  g r a p h  e d g e s  b y  t h e  s t a n d a r d  i n p u t
m y  @ G _ e d g e s  ;
f o r e a c h  ( @ g r a p h _ e d g e _ I )
{

i f  ( / ( \ w + )  - >  ( \ w + ) / )
{

p u s h  @ G _ e d g e s  , ( $1  , $ 2  ) ;
}}

#  G e t  t h e  f e e d b a c k  p a t h s  1 t o  1 6

m y  % f b _ I R M  ; 
m y  S e n  =  0;
f o r e a c h  ( @ f e e d  b a c k  _ c o l  o r _ 3  )
{

i f  ( $ -  = "  / ( C O L O R \ d  +  ) :  . *  ( \ w + )  ( \ w + ) $ / )
{
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p u s h  @ { $ f b _ I R M { $ l  } }  , ” $ 2 - > $ 3 ” ;
# T e s t
$cn- f -*H
f f p r i n t  ” $1  $ 2 —> $ 3 \ n ” ;

}}MmHNHHHNHmtifftMIMMIt/HNHHmtim*###
f f  G e t  t h e  o p p o s i t  s h o r t  l i n e  o f  t h e  d o u b l e  p a t h  f o r  c o l o r  1 t o  1 6

r a y  % s J i o r t _ o p p o s i t  ; 
f o r e a c h  ( @ f  e e d  b  a c k - c o l o r  _1 )
{

i f  ( $ .  =  ~ / ( O O L O R \ d  +  ) :  \ w + O U T \ d  ( \ w + )  ( \ w + )  \ w + \ w + $ / )
{

$ s h o r t _ o p p o s i t { $ l } { $ 3 }  =  ” $ 2 ” ;
}}

f f  M a i n  p r o g r a m

-/ / / / / / f f f f f t -f t 'I f f  I f f f t  Hf f ff f f f f f f f f f f f f f f  f f f f f f f f -ff-f f f f f f f f f f f t fff f-ffff  f f f f f f
#  b u i l d  t h e  g r a p h  G

m y  $ G  — G r a p h  : : U n d i r e c t e d —> n e w  ;
$ G —>  a d  d r e d g e s  ( @ G - e d g e s  ) ;

f f f f f f f f f f f f f f f f f f f -ff f f f f f f f f f f f f f f f f f f f f f f f f f f~ffff~ff~ffif f f f f  f f  ff  f f  f f  f f f f  f f f f
#  R e m o v e  a l l  t h e  e d g e s  t h e  g r a p h  G t h a t  a r e  a l r e a d y  u s e d  b y  t h e  f e e d b a c k# paths
f f  f f f f f f f f  ff f f  ff f f  I f i t f f f f f f i f i f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f fff f t f f f f f f f i f i f

f o r e a c h  r a y  S c o l o r  { s o r t  k e y s ( % f b _ I R M  ) )
{

f o r e a c h  m y  S c o n n  ( @{ $ f b _ I R M  { $ c o l o r  } } )
{

i f  ( S c o n n  =  /  ( \  w + )  — >  ( \ w  +  ) / )
{

# d e l e t  e t h a t  e d g e  i n  t h e  g r a p h  G  
$ G —> d  e l  e t  e - e d g e  ( $ 1  , $ 2  ) ;
# p r i n t  ” $ c o l o r  : $ 1 ------ $ 2 \ n ” ;

}}}
# t  e s t
# m y  © t e s t - e  =  $G —>  e d g e s  ( )  ;
# r n y  $ n u m  — @ t e s t _ e ;
# $ n u m  — $ n u m  /  2 ;
# p  r i n t  ” $ n u m \ n  ” ;

#  f o r  t h e  c o l o r  1 t o  1 6

m y  $ c o l o r _ i n d e x  =  1;  
m y  %  c o  1 o r  i n  g  ;
f o r e a c h  m y  S c o l o r  ( s o r t  k e y s ( % f b - I R M  ) )
{

m y  O e d g e . g  =  $ G—> e d g e s ( ) ;  
m y  © i c o l o r - c o n n  — @{ $ f b _ I R M  { $ c o  l o  r  } } ;
# g e t  t h e  m a t c h  (  c o l o r )
m y  @ I R M _ c o l o r _ e d g e  =  & g e t _ I R M _ m a t c h  ( \  @ e d g e _ g  , \ @ c o l o r _ c o n n  , S c o l o r ) ;

f f  p u t  t h e  e d g e s  i n  t h e  c o l o r i n g  h a s h
f o r ( l  . .  ( s c a l a r  ( @ I R M . c o l o r _ e d g e  ) / 2 ) )
{

m y  $ v s  =  s h i f t  ( @ I R M _ c o l o r - e d g e  ) ; 
p u s h  @ I R M _ c o l o r _ e d g e  , $ v s  ; 
m y  $ v d  =  s h i f t  ( @ I R M _ c o l o r _ e d g e  ) ;  
p u s h  @ I R M - c o l o r _ e d g e  , $ v d  ;

p u s h  @{ $ c o l o r i n g { ” S c o l o r — $ c o l o r _ i n d e x ” } }  $ v s - - > J v d "  ;
>
f f  d e l e t e  t h e  e d g e s  i n  t h e  G r a p h  ” G ”
f o r  ( 1 . .  ( s c a l a r (  @ I R M . c o l o r _ e d g e )  /  2 ) )
{

m y  $ v s  =  s h i f t  ( @ I R M _ c o l o r _ e d g e  ) ;
m y  $ v d  =  s h i f t  ( @ I R M _ c o l o r _ e d g e  ) ;

$G—> d e l e t e _ e d g e  ( S v s ,  S v d ) ;
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}
f f i n c r e m e n t  t h e  c o l o r  i n d e x  
$ c o l o r _ i n d e x H —j-;

}

#  p r i n t  t h e  r e s u l t
f f  f f  f f  f f  f f  f f  f f  f f  f f  f f  f f  ' / / / / / f f  f f  f f f f  f f  f ff ff- f- f f  f f f f f f f f f f f f f f f  / /  f f  
m y  $ c =  1;
f o r e a c h  m y  S c o l o r  ( s o r t  k e y s ( % c o l o r i n g  ) )
{

f o r e a c h  ( @ { $ c o l o r i n g { $ c o 1o r } } )
{

p r i n t  " S c o l o r  ;
# $ c  +  +;

}
}
# p r i n t  ” $ c \ n ” ; 

# t e s t
m y  @ t e s t _ e d g e s  =  S G —> e d g e s ( ) ;
# m y  $ d  =  0;
f o r  ( 1 . . ( s c a l a r  ( @ t e s t _ e d g e s  ) / 2 ) )
{

m y  $ v s  =  s h i f t  © t e s t . e d g e s  ; 
m y  $ v d  =  s h i f t  @ t e s t _ e d g e s  ;

f f  p r i n t  ” $ v s  — >  $ v d \ n ” ;
#  $ d + + ;

}
# p r i n t  ’’ n u m b e r  o f  c o n n e c t i o n s  l e f t  i s  $ d \ n ” ; 

# S d  =  $ d / 2 ;  
# § c  =  $ c  + $ d ;  
# p r i n t  ” $ c \ n ” ;

# t  e s t  f o r  f i n d - c o v e r i n g - m a t c h i n g  f u n c t i o n  
# m y  @ G - e d g e s  — q w  ( A  D A  E  A  F  B  E  B  F  C D  C  F ) ;
# m -y  © G - e d g e s  =  q w ( A  D A B A F B D B E B F C D C E C F ) ;
# m y  @ G „ e d g e s  -  q w ( A  C A D A E A F B C B D B E B F ) ;
# m y  @ G - e d g e s  =  q w ( A  E A F A G B E B F B H C G D G D  H ) ;

# m y  @M  ̂
f f p  r i n t

& C 1  ( \  @ G . e d g e s  ) ;

f f  F u n c t i o n s

# F u n c t i o n  N a m e :  g e t - I R M - m a t c h  
f f  I n p u t s  :
f f  T h e  r e m a i n i n g  e d g e s  i n  G ( I R M  c o n n e c t i o n s )  
f f  T h e  c o n n e c t i o n  o f  t h e  c o l o r s  i n  I R M
f f  O u t p u t :
f f  A  s e t  o f  e d g e s  i n  I R M  t h a t  m a t c h  w i t h  t h e  c o l o r  e d g e s

WWW#
s u b  g e t _ I R M - m a t  c h
{

# g e t  t h e  i n p u t s  o f  t h e  f u n c t i o n  
m y  S g r a p h  . e d g e . r e f  =  s h i f t ;  
m y  $ c o l o  r - c o n n  . r e f  — s h i f t ;  
m y  S c o l o r  =  s h i f t ;

m y  @ g r a p h _ e d g e  =  
m y  @ c o l o r . c o n n  =

r a p h _ e d g e _ r e f  } ;  
c o l o r . c o n n . r e f  };

# b u i l d  t h e  l o c a l  g r a p h  G 
m y  S G  =  G r a p h  : : U n d i r e c t e d  —> n e w  ; 
$ G —> a d d - e d g e s  ( © g r a p h - e d g e ) ;

'//‘I!'//'////‘f f '/,
f f  R e m o v e  a l l  t h e  v e r t i c e s  i n  t h e  g r a p h  G t h a t  a r e  r e l a t e d  t o
f f  f e e d b a c k s  c o n n e c t i o n  i n  t h e  I R M
ff/ f f f -fff f f f f f f f / f f f !f( f f  f f f f f f f f ff f  f f f f f f f f f  f f  ffff-ff

f o r e a c h  m y  S e d g e  ( © c o l o r . c o n n )
{

i f  ( S e d g e  — /  ( \  w + ) ~ > ( \ w + ) / )
{

$ G —> d e l e t e - v e r t e x ( $ 1  ) ;
S G—> d e l e t e - v e r t e x  ( $ 2  ) ;

}}
ff f f f f i t
f f  N E W
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f f  R e m o v e  t h e  e d g e s  r e l a t e s  t o  t h e  o p p o s i t e  s h o r t  l i n e  i n  G R M
f f  n o t e :  m o d i f i e d  f o r  d i a g o n a l  s h o r t  c o n n e c t i o n s  ( n o t  o r t h o g o n a l )

f o r e a c h  m y  S e d g e  ( © c o l o r . c o n n )
{

i f  ( S e d g e  =  / ( \ w + ) - > ( \ w + ) / )
{

m y  S n o d e . l i n e  =  $ 1 ;  
m y  S o p  — 0 ;
i f  ( S n o d e . l i n e  = ~  /  ( [NSEW] ) _P ( \  d +  ) / )
{

i f  ( e x i s t s  ( S s h o r t . o p p o s i t  { $ c o l o r } { ” S 1 $ 2 " } ) )
{

S o p  =  S s h o r t . o p p o s i t  { $ c o l o r } { ” $ l S 2 , ! } ;
}
i f  ( S o p  = '  /  ( [ NSEW]  ) ( \ d  +  ) / )
{

f f r e m o v e  t h e  f i r s t  s h o r t  e d g e  i n  t h e  d o u b l e  p a t h  
S G—> d e l e t e _ v e r t e x ( ” $ l ” . ” . P  $ 2  ” ) ;
# r e m .o v e  t h e  o p o s i t e  o f  t h a t  e d g e  t o o  
i f ( $  1 e q  ’N ’ )
{

$ G—> d e l e t e _ v e r t e x ( ” S . P $ 2 !’ ) ;
}
e l s i f ( $ l  e q  ’ S ’ )
{

$ G —> d e l  e t  e  -  v e r t e x  ( ” N - P $ 2 ” ) ;
}
e  1 s  i f  ( $ 1 e q  W ’ )
{

$ G—> d  e l e t  e  _ v e r  t  e x  ( ” E _ P $ 2 " ’ ) ;
}
e  1 s  i f ( $ 1  e q  ’E  ’ )
{

$ G —> d e  l e t  e . v e r  t  e x  ( ” W _ P $ 2 ” ) ;
}}}

i f  ( $  n o d e - l i n e  = “ / S _ P  ( \ d - f ) / )
{

$G—> d e l e t e  . v e r t e x  ( ” N _ P $ 1  ” ) ;
}
e  1 s  i  f  (  $ n o d  e - l i  n e  =  / N _ P ( \ d  +  ) / )
{

$ G —> d e l e t e . v e r t e x ( ” S . P S l ” ) ;
}
e  1 s  i f  ( $ n o  d e _ l i n e  =  / E _ P ( \ d  +  ) / )
{

$ G —> d e l  e t  e . v e r t e x  ( ” W _ P $ 1 ” ) ;
}
e  I s  i f  ( $  n o  d e - I  i n e  =  / W _ P (  \  d  -f-) / )
{

$ G ~ > d e l  e  t e . v e r t e x  ( ” E . P $ 1 ” ) ;
}}

f f  C o l o r  t h e  r e m a i n i n g  g r a p h  a n d  g e t  t h e  c o l o r  1

m y  @ a f t e r _ d e l _ e d g e  — $ G —> e d g e s  ( ) ; m y  @ c o l o r l  =  
&:C1 ( \  @ a f t e r _ d e l _ e d g e  ) ;

fffNffffî fffflffififfffffifî ffi ffffff'//it’//ffff ffff
f f  R e t u r n  t h e  c o n n e c t i o n s  i n  t h e  I R M
fflmHHHHHHHHHHMm mHHHHHt#
r e t u r n  @ c o l o r l ;

f f F u n c t i o n  N a m e :  C l  
# I n p u t s  :
# ( \ @ {  l i s t - a f - e d g  e s - G  } )
# O u t p u t  : t h e  c o l o r  n u m b e r  1 o f  t h e  c o l o r i n g
f f  ( t h e  f o n c t i o n  f i n d  a n  e n t i r e  c o l o r i n g  b u t  r e t u r n  o n l y )

s u b  C l
{

//////u/t//#//
f f  p u t  a l l  t h e  i n p u t  o f  t h e  f u n c t i o n  i n  a r r a y s
m-tNmtfm/ffmiMHH f f l f f f t f f f f f f t f / t  ffff u r n

i n
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m y  @ g r a p h _ e d g e  =  @{  ( s  h i  f t  ( © _ )  ) } ; 
m y  © g r a p h - e d g e . c o p y  =  © g r a p h . e d g e  ;

#  B u i l d  t h e  g r a p h

m y  $ G  =  G r a p h  : U n d i r e c t e d —> n e w  ;
$ G—> a d d - e d g e s  ( © g r a p h  . e d g e ) ;

#  S e t  a l l  t h e  e d g e s  c o l o r  t o  0

f o r  ( 1  . .  ( s c a l a r  ( © g r a p h - e d g e  ) / 2  ) )
{

m y  S c o l o r  =  0 ;
m y  $ v s  =  s h  i f t  ( © g r a p h . e d g e  ) ; 
m y  $ v d  =  s  h i f t  ( © g r a p h . e d g e  ) ; 
p u s h  © g r a p h . e d g e  , $ v s  ; 
p u s h  @ g r a p h _ e d g e  , S v d  ;

S G—> s  e t . a t t r i b u t e ( ’ c o l o r  ’ , $ v s  , $ v d  , S c o l o r  ) ;
$ G —> s  e t . a t t r  i b u t e ( ’ c o l o r  ’ , $ v d , $ v s  , S c o l o r  ) ;

}

#  S t a r  o f  t h e  m a i n  l o o p
i m i m r n m i f i H r i n / ! / ! /» « i t

m y  S a l p h a  ; 
m y  S b e t a  ;

# t  e s  t v a r i a b l e  
m y  S i n d e x  =  1;
f o r  ( 1 . .  ( s c a l a r  ( @ g r a p h _ e d g e  ) / 2  ) )
{

# t  e s t
# p r i n t  ” S i n d e x  
# $ i n d e x - h - h ;

m y  S v s  — s h i f t  ( © g r a p h . e d g e  ) ; 
m y  S v d  =  s h i f t  ( © g r a p h . e d g e  ) ; 
p u s h  © g r a p h . e d g e  , $ v s  ; 
p u s h  @ g r a p h . e d g e  , S v d  ;

^ i i i i i i » i i m m » i i m ^ » ^ i i i i / i i i M M H « i i i i M i i » » m i * u # m i i i i i i i i i i i i t m *
#  f i n d  t h e  l o w e r  c o l o r  m i s s i n g  a t  $ v s

S a l p h a  =  &c l o  w  e r  _ c o  1 o  r  ( \ $ G  , $ v s  ) ;
# t  e s t
# p r i r i t  ” S a l p h a

# f i n d  t h e  l o w e r  c o l o r  m i s s i n g  a t  S v d
i m m ^ i i i i i i i M / i i i « i i i i i i m i i 4 m m i H H i / / i i m / / i f m M * m i / i i / i i i i ( i H i 4 m * m

S b e t a  =  & l o  w e r . c o l o r  ( \ S G ,  S v d  ) ;
# t  e s t
# p r i n t  ’’ S b e t a  ” ;

f f  C h e c k  i f  a l p h a  n o t  e q u a l  b e t a

i f  ( S a l p h a  ! =  S b e t a )
{

# f i n d  a n  a l t e r n a t i v e  p a t h  and, s w a p  c o l o r
m i i t t i i M m H m i H t i H H t i m m j / t / i i J i f f i m i M / r i m m M i M f r i t m H H m i H m #
& : a l t _ p a t h  ( \ $ G  , $ v s  , S v d ,  S a l p h a  , S b e t a ) ;

}
f / f f -f f -ff-frS -f f f t  f t i f / / f t f t  f t  f t  f t f t 'f t f t f t f t f t f t 'ftf t-f t ftftt-ftftl'-f t f t  ftV/'ftft'ftft'ft'//ft'?/'////'/ / i f f t f t / / i f f t f t 'f t f t-f t f t / / / / f t
# c o l o r  t h e  e d g e  ( v s  t v d )  w i t h  b e t a

$ G ~ > s  e t . a t t r i b u t e ( ’ c o l o r  ’ , $ v s  , $ v d , S b e t a ) ;
S G—> s e t . a t t r i b u t e ( ’ c o l o r  ’ , S v d , S v s , S b e t a ) ;

}
f f  r e t u r n  c o l o r  1 

xryy  © c o l o r l - e d g e s  ;
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# m y  $  c o u n t  =  1 ;
# f o r e a c h  m y  S c o l o r  ( 1 . . 2 5 )
#{
m y  S c o l o r  =  1;
f o r  ( 1 . .  ( s c a l a r  ( © g r a p h . e d g e  ) / 2  ) )
{

r a y  S v s  =  s h i f t  ( © g r a p h . e d g e  ) ; 
m y  S v d  =  s  h  i f t  ( © g r a p h  . e d g e  ) ; 
p u s h  © g r a p h . e d g e  , S v s  ; 
p u s h  © g r a p h . e d g e  , S v d  ;

# i f  ( $G —> g e t . a t t r i b u t e  ( ’ c o l o r  ' ,  $ v s  , $ v d  )  = =  1)  
i f  ( S G —> g e  t _ a t t r i b u t e (  ’ c o l o r  1 , $ v s  , S v d )  = =  S c o l o r )  
{

p u s h  © c o l o r l . e d g e s  , $ v s  , $ v d ;
# p r i n t  ” C O L O R S c o l o r  : S v s  — $ v d \ n ” ;

}
# t e s t
# m y  S t e s t  =  $ G—> g e t - a t t r i b  u t  e ( ’ c o l o r  ’ , S v s  , S v d ) ;  
# p r i n t  ’’ c o l o r  S v s  —S v d  =  $ t e s t \ n ” ;

}#}
r e t u r n  @ c o l o r  1 . e d g e s  ;

# R e t u r n  t h e  l o w e r  m i s s i n g  c o l o r  a t  t h e  v e r t e x  
s u b  l o w e r . c o l o r  
{

m y  $ G  =  s h i f t  ; 
m y  S v e r t e x  =  s h i f t  ; 
m y  S c o l o r  =  1;  
m y  © c o l o r . l i s t  ;

m y  © a d j . l i s t  — $ $ G —> n e i g h b o r s  ( S v e r t e x  ) ;

# b u i l d  a l i s t  o f  a l l  t h e  c o l o r  
f o r e a c h  m y  S a d j . v e r t e x  ( © a d j . l i s t )
{

m y  S t e m p  =  $ $ G — > g  e t . a t t r i b u t e  ( ’ c o l o r  ’ , S v e r t e x  , S a d j . v e r t e x ) ;  
i f  ( S t e m p  ! =  0 )
{

p u s h  @ c o ! o r _ l i s t  , S t e m p ;
}}

# f i n d  t h e  s m a l l e s t  m i s s i n g  
# @ c o l o r .  I, i s  t — s o r t  (  © c o l o r ,  l i s t  )  ; 

# t e s t
# p r i n t  ” @ c o l o  r . l i  s t  : l o w e s t  m i s s i n g
m y  S g o t . i t  ; 
f o r  m y  S i o c a l . c o l o r  ( 1 . . 5 0 )
{

S g o t . i t  =  1;  
f o r e a c h  m y  $ c  ( ©  c o 1 o  r  _ l i  s  t  )
{

i f  ( $ c  = =  S l o c a l . c o l o r  )
{

S g o t . i t  =  0 ;  
l a s t  ;

}}
i f  ( S g o t . i t  =  =  1)
{

S c o l o r  =  S l o c a l . c o l o r ;  
l a s t  ;

}}
# m y  S p r e v . c  =  s h i f t  © c o l o r . l i s t ;  
# f o r e  a c h  m y  § c  (  s o r t  (  © c o l o r ,  l i s t  )  )  
#{
#  i f  (  S p r e v . c  =  — $ c  )
#  { n e x t ,  : }
#  e l s i f ( $ c  ! =  S c o l o r )
#  { l a s t ; }
#  e l s e
#  { S c o l o r  + + ; }
#  S p r e v . c  — S c ;
#}
# t  e s t  

r i n t  ” $ c o l o r \ n ” ;

r e t u r n  S c o l o r ;
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s u b  a l t . p a t h  
{

m y  $ G  =  s h i f t  ; 
m y  S v s  =  s h  i f t  ; 
m y  $ v d  =  s h i f t  ; 
m y  S a l p h a  =  s h i f t  ; 
m y  S b e t a  =  s h i f t  ;

#  t  e s t
# p r i n t  ” $ G  S v s  S a l p h a  $ b e t a \ n ” ;

m y  @ a l t e r n a t e . p a t h  =  & p  a t  h ( \ $ G ,  S v s ,  S a l p h a  , S b e t a ) ;

i f  ( © a l t e r n a t e . p a t h  )
{

& i n v _ p a t h _ c o l o r  ( \ $ G  , \ @ a l t e r n a t e _ p a t h  , S a l p h a  , S b e t a ) ;
}
e l s e
{

© a l t e r n a t e  . p a t h  =  & p a t h (  \ $ G  , S v d ,  S a l p h a  , S b e t a ) ;  
i f  ( © a l t e r n a t e . p a t h  )
{

& i n v . p a t h _ c o l o r  ( \ $ G  , \ @ a l t e r n a t e _ p a t h  , S a l p h a  , S b e t a ) ;

}
e l s e
{

r e t u r n  ;
}}}

s u b  p a t h  
{

m y  $ G  =  s h  i f t  ; 
m y  S v e r t e x  =  s h i f t  ; 
m y  S a l p h a  =  s h i f t  ; 
m y  S b e t a  =  s h i f t  ;

m y  S t e m p . c o l o r  =  S b e t a ;  
m y  © p a t h . l i s t ;  
m y  S n e x t . v e r t e x ;

S n e x t . v e r t e x  =  &  c h e c k . c o l o r  ( \ $ G  , S v e r t e x  , S t e m p  . c o l o r  ) ; 
i f ( $ n e x t . v e r t e x  e q  0 )
{ r e t u r n  © p a t h . l i s t  ; }

w h i l e  ( $  n  e x  t  . v e r t  e x  n e  0 )
{

p u s h  ( © p a t h . l i s t  , S n e x t . v e r t e x  ) ; 
p u s h  ( © p a t h . l i s t  , S n e x t . v e r t e x  ) ;

i f  ( S t e m p . c o l o r  = =  S a l p h a )
{ S t e m p . c o l o r  =  S b e t a ; }  
e l s e
{ S t e m p . c o l o r  =  S a l p h a ; }

S n e x t . v e r t e x  =  & c h e c k . c o l o r  ( \ § G  . S n e x t . v e r t e x  , S t e m p  . c o l o r ) ;

#  h a v e  t o  b r e a k  t h e  p a t h  w h e n  i t  i s  a l o o p  b e c a u s e  t h e  p r o g r a m  e n t e r  i n
#  a n  i n f i n i t e  l o o p .

#  i f  t h e  n e x t - v e r t e x  i s  e q u a l  t o  v e r t e x  
i f  ( S n e x t . v e r t e x  e q  S v e r t e x )
{ l a s t ; }

m y  S f  l a g  =  0  ; 
f o r e a c h  ( © p a t h . l i s t  )
{

i f  ( $ _  e q  S n e x t . v e r t e x )
{

$ f l a g  =  1;
}}

l a s t  i f  S f l a g  — =  1;
# t  e s t
# p  r i n t  ” § v  e r t  e x  : $ n  e x t  -  v  e r t  e x  ” :
# p r i n t  ” . ” ;

}
m y  S e x t r a  =  p o p  © p a t h . l i s t ;  
u n s h i f t  ( @ p a t h . l i s t  , S v e r t e x  ) ; 
r e t u r n  © p a t h . l i s t  ;

}
s u b  i n v . p a t h . c o l o r/

m y  S G =  s  h  i f t  ;
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m y  @ p a t h  =  @{ ( s  h i  f t  ( @ _ ) )  } ; 
m y  S a l p h a  =  s h i f t  ; 
m y  $ b e t a  — s h i f t  ;

# t  e s  t
# p i ' i n t  ” @ p a . t h \ n ” ;

f o r  ( 1 . . ( s c a l a r (  © p a t h  ) /  2 ) )
{

m y  S s t a r t  =  s h i f t  @ p a t h  ; 
m y  $ v e r t e x  =  s h i f t  © p a t h ;

i f  ( S S S G —> g e  t  . a t t r i b u t e (  ’ c o l o r  ' , $ s t a r t  , S v e r t e x )  = =  $ b e t a )
{

$ $ $ G —> s  e t _ a t t r i b u t e  ( 5 c o l o r  ’ , S s t a r t  , S v e r t e x  , S a l p h a  ) ;
$ $ $ G —> s e t _ a t t r i b u t e (  ’ c o l o r  ’ , S v e r t e x  , S s t a r t  , S a l p h a ) ;

}
e  I s  i f  ( $ $ $ G —> g e t  . a t  t  r i b u t e  ( ’ c o l o r ’ , S s t a r t ,  S v e r t e x )  = =  S a l p h a )  
{

$ $ $ G —> s e t - a t t r  i b u t e  ( ’ c o l o r  1 , S s t a r t  . S v e r t e x  , $  b e t a  ) ;
$ S $ G —> s  e  t _ a t t r i b u t e (  ’ c o l o r  S v e r t e x ,  S s t a r t  , S b e t a  ) ;

}}}
s u b  c h e c k - c o l o r  
{

m y  S G =  s h i f t  ; 
m y  S v e r t e x  =  s h i f t  ; 
m y  S c o l o r  =  s h i f t  ;

m y  $ e d g e _ c o l o r ;

m y  @ v e r t e x _ a d j  =  S S S S G —> n e i g h b o r s  ( S v e r t e x  ) ; 
f o r e a c h  m y  $ v _ e n d  ( @ v e r t e x _ a d j  )
{

S e d g e . c o l o r  =  $ $ $ $ G - > g e t . a t t r i b u t e  ( ’ c o l o r  S v e r t e x  , $ v . e n d  ) ;  
i f  ( S e d g e . c o l o r  = =  S c o l o r )
{

r e t u r n  $ v _ e n  d ;
}}

r e t u r n  0 ;
>

# F u n c t i o n  N a m e :  r e a d . f i l e
# I n p u t s  :
#  n a m e , o f  t h e  f i l e  y o u  w a n t  t o  o p e n  
# O u t p u t  :
#  t h e  a r r a y  t h a t  c o n t a i n  a l l  t h e  l i n e  o f  t h e  f i l e

s u b  r  e  a  d  _ f  i 1 e
{

m y  ( S f i l e n a m e )  =
o p e n  ( F I L E  , ” S f i l e n a m e ” ) | j d i e ( ” c o u l d _ n o t _ o p e n ~ t h e _ f i l e  ” ) ;
m y  © f i l e  =  < F I L E > ;  
c l o s e  ( F I L E )  ; 
c h o m p  ( © f i l e ) ;  
r e t u r n  © f i l e  ;

}

B .5 Interm ediate Code
# ! /  u s r  /  l o c ( i l  /  b i n  /  p  e r l  

= h e a d l  NAME 

c o l o r . I R M . r e s t  . p i  

—h e a d  1 A U T H O R  ( D A T E )

C h r i s t i a n  G i a s s o n  ( A u g u s t  7 t h ,  2 0 0 3 )

= h e a d l  S Y N O P S I S  

c o i o r . I R M . r e s t

= h e a d  1 D E S C R I P T I O N

T h i s  p r o g r a m  o u t p u t  t h e  r e s t  o f  e d g e s  i n  I R M  t h a t  w e r e  n o t  c o l o r  y e t  t o  
t h e  s t a n d a r d  o u t p u t .

T h i s  c o d e  i s  r e a l l y  s i m i l a r  t o  c o l o r _ I R M . p l  

= o v e r  4
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= i t e m  I N P U T

T h e  l i s t  o f  t h e  c o n n e c t i o n s  ( r e d u c e d )  i n  t h e  I R M .

T h e  f e e d b a c k  p a t h s  a s s o c i a t e  w i t h  a l l  t h e  T e s t i n g  c o n f i g u r a t i o n s  1 t o  

= i t e m  O U T P U T

R e s t  o f  I R M  t o  t h e  S T D O U T .

= c u t

u s e  w a r n i n g s  ; 
u s e  s  t  r i  c I  ; 
u s e  G r a p h  ;
u s e  G r a p h  : : D i r e c t e d  ; 
u s e  G r a p h  ; : U n d i r e c t e d ;  
u s e  G r a p h  : : W r i t e r  : : D o t  ; 
u s e  S e t  : : A r r a y  ; 
u s e  G e t o p t  : : S t d  ;

# G e t  t h e  i n p u t s  o f  t h e  p r o g r a m

g e t o p t s ( ’ h a : b : ’ ) ;  
o u r ( $ o p t - h  , S o p t . a  , $ o p t _ b ) ;

i f  ( $ o p t _ h )
{

p r i n t ” \  n \ t O p t i o n _ . o f _ t h i s  - p r o g r a m  : \  n
 _____t —h : ~ \ t \ t \ t h e l p
__________________\  t —a - [  f  i l e  ] : -  I R M - C o l o r  \  t  \  t
__________________\ t  —b  - . [ f i l e  ] : _ N o d e _ a d j - . l i s t \ t \ t \ n \ n ” ;

e x i t  ;
}

m y  © g r a p h  _ e d g e _ l  =  & r e a d _ f i l e ( $ o p t _ a )  i f  ( (  $ o p t _ a ) & & ( ! $ o p t . h  ) ) ; 
m y  @ f e e d b a c k . c o l o r . !  =  Sc r  e  a  d  _ f  i I e  ( S o p  t  _ b  ) i f  ( (  $ o p t  _ b  ) && : ( !  S o p  t  _ h  ) ) ;

*1 = 1;

#  G e t  t h e  I R M  c o n n e c t i o n s

# G e t  t h e  g r a p h  e d g e s  b y  t h e  s t a n d a r d  i n p u t
m y  © G . e d g e s ;
f o r e a c h  ( © g r a p h _ e d g e _ i )
{

i f  ( / ( \ w + )  - >  ( \ w + ) / )
{

p u s h  © G . e d g e s  , ( $1  , $ 2  ) ;
}}

#  G e t  t h e  f e e d b a c k  p a t h s  1 t o  1 6

m y  % f b _ I R M  ; 
m y  S e n  — 0 ;
f o r e a c h  ( @ f e e d b a c k _ c o l o r _ l )
{

i f  ( $ .  = -  / ( C O L Q R \ d  +  ) :  . *  ( \ w + )  ( \ w + ) * / )
{

p u s h  ® { $ f b _ I R M { $ l  } }  , ” $ 2 ~ > $ 3 " ;
# T e s t  
$ c n  +  +  ;
# p r i n t  ” $1 $ 2 —> $ 3 \ n ” ;

}}

#  M a .in  p r o  g r a m

#  b u i l d  t h e  g r a p h  G

m y  $ G  =  G r a p h  : :  U n d i r e c t e d —> n e w ;
$G—> a d d _ e d g e s  ( @ G - e d g e s  ) ;

/ / f t  /t  / t 7/ / / tt  / / / / / / / /
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f e  R e m o v e  a l l  t h e  e d g e s  t h e  g r a p h  G  t h a t  a r e  a l r e a d y  u s e d  b y  t h e  f e e d b a c k  
#  p a t h s
fefefe-fefe-fefe f i  fe fe fefe-fefe-fe-fefefefffh 'ffe fefefefe-fefefefefefefefefefefefef#

f o r e a c h  m y  S c o l o r  ( s o r t  k e y s ( % f b _ I R M  ) )
{

f o r e a c h  m y  $ c o n n  ( @ { $ f b _ I R M  { S c o  l o r  } } }
{

i f  ( S c o n n  =  /  ( \ w + )  — > ( \ w + ) / )
{

# d e l e t e  t h a t  e d g e  i n  t h e  g r a p h  G  
$ G—> d e l e t e _ e d g e ( $ l  , $ 2 ) ;
# p r i n t  ” $ c o l o r  : $ 1 ---------$ 2 \ n  ” ;

}}}
# t  e s  t
ferny @ t e s t . e  =  $G —>  e d g  e s ( )  ; 
ferny $ n u m  — @ t e s t . c ;
# $ n u m  — $ n u m  /  2 ;  
f e p r i n t  ” $ n u m \ n  ” ;

f e  f o r  t h e  c o l o r  1 t o  1 6
fefefefefefefefefefefefefefefefefefefei^fefefefefefefefefefefefef/fefefefefef
m y  S c o l o r . i n d e x  =  1;  
m y  % c o l o r i n g  ;
f o r e a c h  m y  S c o l o r  ( s o r t  k e y s ( % f b _ I R M  ) )
{

m y  @ e d g e _ g  =  $ G —> e d g e s ( ) ;  
m y  @ c o l o r . c o n n  =  @{ S f b . I R M  { $  c o l o r  } }  ; 
f e g e t  t h e  m a t c h (  c o l o r )
m y  © I R M . c o l o r . e d g e  =  & g e t _ I R M  . m a t c h  ( \  © e d g e . g  , \  © c o l o r . c o n n  ) ;

f e  p u t  t h e  e d g e s  i n  t h e  c o l o r i n g  h a s h  
f o r  ( 1 . . ( s c a l a r  ( @ I R M  . c o l o r  . e d g e )  /  2 ) )
{

m y  S v s  =  s h i f t  ( © I R M . c o l o r . e d g e  ) ; 
p u s h  © I R M . c o l o r . e d g e  , S v s  ; 
m y  $ v d  =  s h i f t  ( @ I R M . c o l o r _ e d g e  ) ; 
p u s h  © I R M . c o l o r . e d g e  3 $ v d  ;

p u s h  @{ $ c o l o r i n g { ” S c o l o r —S c o l o r . i n d e x ” } }  $ v s . - > . S v d ” ;
}
#  d e l e t e  t h e  e d g e s  i n  t h e  G r a p h  ” G ” 
f o r  ( 1 . .  ( s c a l a r  ( © I R M _ . c o l o r . e d g e  ) / 2 ) )
{

m y  S v s  =  s h i f t  ( @ I R M _ c o l o r _ e d g e  ) ; 
m y  $ v d  — s h i f t  ( @ I R M _ c o l o r . e d g e  ) ;

$ G —> d e l e t c _ e d g e  ( S v s  , $ v d  ) ;
}
f e i n c r e m e n t  t h e  c o l o r  i n d e x  
$ c o  l o r  _i  n  d  e x H —

}
fefefefffe-fefeffefe fefe-fefefefefefefefefefefefefefefe fefe/ifefefefe'fefefefefe fe
fe p r i n t  t h e  r e s u l t  

m y  $ c  =  1;
f o r e a c h  m y  S c o l o r  ( s o r t  k e y s ( % c o l o r i n g  ) )
{

f o r e a c h  ( @{  $ c o l o  r i n g  { $  c o  l o r  } }  )
{

f e p r i n t  ” $ c o l o r  :
# S c - h - h :

}}
f e p r i n t  ” $ c \ n  ” ; 

f e t  e st.
m y  © t e s t . e d g e s  =  SG-—> e d g e s  ( )  ; 
f erny $d. =  0;
f o r  ( 1 . . ( s c a l a r  ( © t e s t . e d g e s  ) / 2 ) )
{

m y  S v s  =  s h i f t  © t e s t . e d g e s ;  
m y  S v d  =  s h i f t  @ t e s t . e d g e s ;

p r i n t  ” $ v s . - > M $ v d \ n ” ;
# $d-hd-;}

f e v r  •:i n t  ” n u m b e r  o f  c o n n e c t i o n s  l e f t  i s  $ d . \ n ” ;

f e § d  -  $ d / 2 ;  
f e $ c  =  $ c  +  $ d ;  
f e p r i n t  ” $ c \ n  ” ;
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# t e s t  f o r  f i n d - c o v e r i n g - m a t c h i n g  f u n c t i o n
# m y @ G - e d g e s  — q- w( A D A E A F D E B F C D C F ) ;
# m y @ G - e d g e s  =  q w  ( A D A E A F B D B E B F c D  C E  C
# m y @ G - e . d g e s  =  q w ( A C A D A E A F B C B D B E  B F ) ;
# m y @ G - e d g e s  — q w ( A E A F A G B E B F B H C G  D G  D

# m y  @M -  & C l  ( \  © G - e d g e s  )  ;
# p r i n t  ”@ M \n  ”;

#  F u n c t i o n s
fff f f f ff-f Af ;ff-ff^f f f f rf f f f f f f f f f f f f f f f f f f fAfi f f fv' f f f f f -ff-f f  ffAf^f-f f fNf f f t f f f ! f f f f f f f / f i f4f4Af f f f f f f f f f f f -f f f f f f f f / f f f f f f f f f f f f f f f i f f f

# F u n c t i o n  N a m e :  g e t - I  R M - m a t c h
#  I n - p u t s  :
#  T h e  r e m a i n i n g  e d g e s  i n  G  ( I R M  c o n n e c t i o n s )
#  T h e  c o n n e c t i o n  o f  t h e  c o l o r s  i n  I R M  
ffc O u t p u t :
#  A  s e t  o f  e d g e s  i n  I R M  t h a t  m a t c h  w i t h  t h e  c o l o r  e d g e s

s u b  g e t _ I R M _ m a t c h
{

# g e t  t h e  i n p u t s  o f  t h e  f u n c t i o n  
m y  $ g r  a p  h  . e d g e . r e f  =  s h i f t ;  
m y  S c o l o r . c o n n . r e f  =  s h i f t ;

m y  @ g r a p h . e d g e  =  @{ $ g r a p h  _ e d  g e  _ r e f  } ; 
m y  © c o l o r . c o n n  =  @ { $ c o l o r . c o n n . r e f } ;

# b u i l d  t h e  l o c a l  g r a p h  G
m y  $ G  =  G r a p h  : :  U n d i r e c t e d —> n e w  ;
$ G—> a d  d _ e d g e s  ( @ g r a p h - e d g e ) ;

#  R e m o v e  a l l  t h e  v e r t i c e s  i n  t h e  g r a p h  G  t h a t  a r e  r e l a t e d  t o
#  f e e d b a c k s  c o n n e c t i o n  i n  t h e  I R M

f o r e a c h  m y  S e d g e  ( @ c o l o r _ c o n n  )
{

i f  ( S e d g e  — ‘  / ( \ w - f ) —> ( \ w - f ) / )
{

$ G—> d e  1 e  t  e . v e r t e x  ( $ 1  ) ;
$ G —> d e l  e t  e  . v e r t e x  ( $ 2  ) ;

}}
fff/'//f f f 1'fff f-ff '//'//'ft'f f f t f f i f f f j f 'If7/I f  it i f  if'//I f  f f f f f f f f i f f f f f f f f f f f f f
#  N E W
f f  R e m o v e  t h e  e d g e s  r e l a t e s  t o  t h e  o p p  o s  i t  e s h o r t  l i n e  i n  G R M

f o r e a c h  m y  S e d g e  ( © c o l o r . c o n n )
{

i f  ( S e d g e  =  / ( \ w + )  — > ( \ w + ) / )
{

m y  S n o d e . l i n e  =  $ 1 ;  
i f  ( S n o d e . l i n e  = ” / N _ P ( \ d  +  ) / )
{

$ G —> d e  l e t e  -  v  e r  t  e x  ( ” S . P S  1 ” ) ;
}
e  1 s  i f  ( S n o d e - 1  i n e  =  /  S - P  ( \ d  +  ) / )
{

$ G —> d e l e t e . v e r t e x  ( ” N - P S l ” ) ;
}
e  I s  i f  ( $ n o d e - l i n e  =  / E _ P ( \ d - f - ) / )
{

$ G —> d e  l e t  e _ v  e r  t  e x  ( ” W _ P $ 1 ” ) ;
}
e  1 s i  f  ( $ n o d e _ l i n e  =  / W _ P ( \ d - f - ) / )
{

$ G —> d e  1 e t  e  _ v  e r t  e x  ( ” E . P S 1  ” ) ;
}}>

#  C o l o r  t h e  r e m a i n i n g  g r a p h  a n d  g e t  t h e  c o l o r  1

m y  @ a f t e r _ d e l . e d g e  =  $ G —> e d g e s ( ) ;  m y  © c o l o r  1 =
& C 1 ( \  @ a f t e r _ d e l _ e d g e  ) ;

#  R e t u r n  t h e  c o n n e c t i o n s  i n  t h e  I R M
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r e t u r n  © c o l o r l  ;
}

ffffffffffffffffffffffffffffffffffffff̂ ffffffffff̂ ffffjfff.ffffffffffff̂ -ff.ffff.ffff̂ ff.ffff̂ ffff̂ -ff-ff-ffr̂ -ffffffffffffffffffpff̂ :
# F u n c t i o n  N a m e :  C l  
# I n p u t s  :
# ( \ @ {  l i s t - o f . e .  d g e s - G } )
# O u t p u t  : t h e  c o l o r  n u m b e r  1 o f  t h e  c o l o r i n g
#  ( t h e  f o n c t i o n  f i n d  a n  e n t i r e  c o l o r i n g  b u t  r e t u r n  o n l y )

s u b  C l
{

p u t  a l l  t h e  i n p u t  o f  t h e  f u n c t i o n  i n  a r r a y s

m y  @ g r a p h _ e d g e  =  @{ ( s  h  i f t  ( @ _ ) )  } ; 
m y  @ g r a p h _ e d g e _ c o p y  — @ g r a p h _ e d g e  ;

ffffff fffff/fffffffff-ff/f/fffififfffffff/ffffffffffffffff̂ fffffffffffffffffff-ffffffffffffffffffffffffffffffffffff-ff 
#  B u i l d  t h e  g r a p

tf-ifi'ltf■//■////'It'Hft'//if iff/ti'ii

m y  $ G  =  G r a p h  U n d i r e c t e d —> n e w  ;
$ G —> a d d _ e d g e s  ( © g r a p h . e d g e  ) ;

#  S e t  a l l  t h e  e d g e s  c o l o r  t o  0

f o r  ( 1  . .  (  s c a l a r  (  @ g r a p h _ e d g e  ) / 2 )  )
{

m y  S c o l o r  =  0 ;
m y  S v s  =  s h i f t  ( © g r a p h . e d g e  ) ; 
m y  $ v d  =  s h i f t  ( @ g r a p h . e d g e  ) ; 
p u s h  © g r a p h - e d g e  , S v s  ; 
p u s h  @ g r a p h _ e d g e  , $ v d  ;

$ G —> s e t - a t t r i b u t e ( ’ c o l o r  ’ , $ v s  , $ v d  , S c o l o r  ) ;
$ G —> s e t - a t t r i b u t e ( ’ c o l o r  ’ , $ v d , $ v s  , S c o l o r  ) ;

>
ffffffffffffffffff'ffffffffffffffff-ffff'fffffffffffffffffffff(ffffffffffffffffffffffffff(/f('f(ff)fff~ff(fff~lfff-ff(f~ff~ff~ff
#  S t a r  o f  t h e  m a i n  l o o p

m y  S a l p h a  ; 
m y  $ b e t a  ;

# t  e s t  v a r i a b l e  
m y  S i n d e x  =  1;
f o r ( l  . .  ( s c a l a r  ( @ g r a p h _ e d g e  ) / 2  ) )
{

# t  e s t  
# p r i n t  ” $ i n d e x  
# $ i  n  d e x  -f~h;

m y  $ v s  =  s h i f t  ( @ g r a p h . e d g e  ) ; 
m y  $ v d  =  s h i f t  ( @ g r a p h _ e d g e  ) ; 
p u s h  @ g r a p h _ e d g e  , S v s  ; 
p u s h  © g r a p h - e d g e  , $ v d  ;

mmi/ii//ii/iiii//ii/iii//i//i/i4Mmm-fiimiit/iiiii4miiiiimii/ii//i/iiH/fimm
#  f i n d  t h e  l o w e r  c o l o r  m i s s i n g  a t  S v s

S a l p h a  — & l o w e r _ c o l o r  ( \ $ G  , S v s  ) ; 
f f c t e s t
# p r i n t  ” S a l p h a

# f  i n  d  t h e  l o w e r  c o l o r  m i s s i n g  a t  S v d

S b e t a  =  &  l o  w e  r  _c  o l  o  r  ( \ $ G  , S v d  ) :
#  t e s t
# p  r i n t  ” $ b  e t o ,  ” ;

C h e c k  i f  a l p h a  n o t  e q u a l  b e t a
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i f  ( S a l p h a  I ~  S b e t a )  
{ // jf ff //, // // U /) ,<{ ,1/  U4t

# f i n d  a n  a l t e r n a t i v e  p a t h  a n d  s w a p  c o l o r  

& a l t _ p a t h  ( \  $ G  , S v s  , S v d , S a l p h a  , $ b e t a  ) ;
}
# c o l o r  t h e  e d g e  ( v s , v d )  w i t h  b e t a

$G—> s e  t . a t t r i b u t e ( ’ c o l o r  ’ , S v s , $ v d , S b e t a ) ;
$ G —> s e  t - a t t r i b u t e  ( ’ c o l o r  ’ , S v d , $ v s 5 $ b e t a ) ;

}
#  r e t u r n  c o l o r  1

m y  @ c o l o r l - e d g e s  ;

# m y  $  c o u n t  =  1;
# f  o r e  a c h  m y  S c o l o r  ( 1 . . 2 5 )
#{
m y  S c o l o r  =  1;
f o r ( l  . .  ( s c a l a r  ( @ g r a p h _ e d g e  ) / 2  ) )
{

m y  S v s  =  s h i f t  ( @ g r a p h _ e d g e  ) ;  
m y  S v d  =  s h i f t  ( @ g r a p h _ e d g e  ) ; 
p u s h  < § ! g r a p h _ e d g e  , S v s  ; 
p u s h  @ g r a p h _ e d g e  , S v d  ;

# i f  ( $ G —>  g e t - a t t r i b u t e ( ’ c o l o r ’ , S v s , S v d )  — =  1)  
i f  ( $ G—> g e  t  . a t t r i b u t e  ( ’ c o l o r ’ , $ v s  , S v d )  =  =  S c o l o r )  
{

p u s h  @ c o l o r  1 . e d g e s  , $ v s  , S v d  ;
# p r i n t  ” C O L O R S c o l o r  : S v s  — $ v d \ n ” ;

}
# t  e s t
# r n y  $ t e  s t  =  $G—>  g e t  _ o . t t r i b  u t  e (  ’ c o l o r  ’ , S v s  , S v d  )  ; 
# p r i n t  ’’ c o l o r  $ v s —$ v d  — S t e s t \ n " ;

}#}
r e t u r n  © c o l o r l - e d g e s  ;

>
# R e t u r n  t h e  l o w e r  m i s s i n g  c o l o r  a t  t h e  v e r t e x  
s u b  l o w e r . c o l o r  
{

m y  $ G  =  s  h i  f t  ; 
m y  S v e r t e x  =  s h i f t  ; 
m y  S c o l o r  =  1;  
m y  @ c o l  o  r  _1 i s  t  ;

m y  @ a d j _ l i s t  =  S S G —> n e i g h b o r s  ( S v e r t e x  ) ;

# b u i l d  a  l i s t  o f  a l l  t h e  c o l o r  
f o r e a c h  m y  S a d j . v e r t e x  ( @ a d j - l i s t  )
{

m y  S t e m p  — S S G —> g e  t  _ a t t r i b u t e (  ’ c o l o r  ’ , S v e r t e x  , $ a d j _ v e r t e x  ) ;  
i f  ( S t e m p  ! =  0  )
{

p u s h  @ c o l o r - l i s t  , S t e m p ;
}>

# f  i n  d  t h e  s m a l l e s t  m i s s i n g  
# @  c o l o r - l i s t  =  s o  r t ( @ c o l o r - l i s t ) ;

# t  e s t
# p r i n t  ” @ c o l o r - l i s t  : l o w e s t  m i s s i n g  ” ;
m y  S g o  t  - i  t  ;
f o r  m y  S l o c a L c o l o r  ( 1 . . 5 0 )
{

$ g o t _ i t  =  1;
f o r e a c h  m y  $ c  ( @ c o  1 o  r  ~ l i  s  t  )
{

i f  ( $ c  —=  S l o c a L c o l o r  )
{

$ g o t  _ i t  =  0 ;  
l a s t  ;

}}
i f  ( $ g o  t  - i  t  = =  1)
{

S c o l o r  =  S l o c a L c o l o r ;
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l a s t  ;
}}

# m y  S p r e v . c  =  s h i f t  @ c o l o r . l i s t ;
# f  o r  e a c h  rny $ c  (  s o r t  (  @ c o l o r  . l i s t  )  )  
#{
#  i f ( S p r e v . c  = =  $ c j
#  { n e x t ; }
#  e I s i f ( $ c  ! =  $  c o l o r )
#  { l i s t  ; }
#  e l s e
#  { $ c o  l o r  +  + ; }
#  S p r e v . c  =  $ c ;
#}
# t  e s t
#-p r i n t  ” $ c o I o r \ n  ” ; 

r e t u r n  S c o l o r ;

s u b  a l t _ p a t h  
{

m y  $ G  =  s h  i f t  ; 
m y  S v s  =  s h i f t  ; 
m y  S v d  =  s h i f t  ; 
m y  S a l p h a  =  s h i f t  ; 
m y  S b e t a  =  s h i f t  ;

# t  e s t
# p r i n t  ” $ G  $ v s  S a l p h a  $ b e t a \ n ” ;

m y  @ a l t e r n a t e _ p a t h  =  & p a t h ( \ $ G ,  S v s ,  S a i p h a ,  S b e t a ) ;

i f  ( @ a l t e r n a t e _ p a t h  )
{

& i n v . p a t h _ c o l o r ( \ $ G , \ @ a l t e r n a t e _ p a t h  , S a l p h a  , S b e t a ) ;
}
e l s e
{

© a l t e r n a t e . p a t h  =  &:p a t h  ( \  $ G  , S v d  , S a l p h a  , S b e t a  ) ; 
i f  ( @ a l t e r n a t e _ p a t h  )
{

& n n v . p a t h _ c o l o r ( \ $ G , \ @ a l t e r n a t e . p a t h  , S a l p h a  , S b e t a ) ;
}
e l s e
{

r e t u r n ;
}>}

s u b  p a t h  
{

m y  $ G  =  s h i f t  ; 
m y  S v e r t e x  =  s h i f t  ; 
m y  S a l p h a  =  s h i f t  ; 
m y  S b e t a  =  s h i f t  ;

m y  S t e m p . c o l o r  =  S b e t a ;  
m y  © p a t h . l i s t  ; 
m y  S n e x t . v e r t e x  ;

S n e x t . v e r t e x  =  & c h e c k . c o l o r  ( \ $ G  , S v e r t e x  , S t e m p - c o l o r  ) ; 
i f ( S n e x t . v e r t e x  e q  0 )
{ r e t u r n  @ p a t h . l i s t ; }

w h i l e  ( S n e x t . v e r t e x  n e  0 )
{

p u s h  ( © p a t h . l i s t  , S n e x t . v e r t e x  ) ; 
p u s h  ( @ p a t h . l i s t  , S n e x t . v e r t e x ) ;

i f  ( S t e m p - c o l o r  = =  S a l p h a )
{ S t e m p . c o l o r  — S b e t a ; }  
e l s e
{ S t e m p . c o l o r  =  S a l p h a ; }

S n e x t . v e r t e x  =  & c h e c k . c o l o r  ( \ $ G , S n e x t . v e r t e x  , S t e m p . c o l o r  ) ;

#  h a v e  t o  b r e a k  t h e  p a t h  w h e n  i t  i s  a  l o o p  b e c a u s e  t h e  p r o g r a m  e n t e r  i n
#  a n  i n f i n i t e  l o o p .

#  i f  t h e  n e x t . v e r t e x  i s  e q u a l  t o  v e r t e x  
i f  ( S n e x t . v e r t e x  e q  S v e r t e x )
{ l a s t  ; }
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}

m y  $ f  1 a  g  — 0 ;  
f o r e a c h  ( © p a t h - l i s t  )
{

i f  ( $ _  e q  S n e x t . v e r t e x )
{

S f l a g  =  1;
}}

l a s t  i f  S f l a g  = =  1;
# t  e s t
# p  r i n t  ” $ v e r t e x : $ n e x t - v e r t e x  
# p  r i n t  ” . ” ;

}
m y  S e x t r a  =  p o p  © p a t h . l i s t ;  
u n s h i f t  ( © p a t h . l i s t  , S v e r t e x  ) ;  
r e t u r n  © p a t h . l i s t  ;

s u b  i n v . p a t h . c o l o r  
{

m y  $ G  =  s h i f t  ; 
m y  © p a t h  =  @{ ( s h i f t  ( © _ ) ) }  ; 
m y  S a l p h a  =  s h i f t  ; 
m y  S b e t a  =  s h i f t ;

# t  e s t
# p  r i n t  ” @ p a t h \ n  ” ;

f o r  (  1 .  . ( s c a l a r  ( © p a t h  ) /  2 )  )
{

m y  S s t a r t  =  s h i f t  © p a t h ;  
m y  S v e r t e x  =  s h i f t  @ p a t h ;

i f  ( $ $ $ G —> g e  t  _ a t t r i b u t e (  ' c o l o r ’ , $ s t a r t ,  S v e r t e x )  — =  S b e t a )
{

S $ $ G —> s  e t . a t t r i b u t e  ( ’ c o l o r  ’ , S s t a r t  , S v e r t e x  , S a l p h a ) ;
S S S G —> s e t . a t t r i b u t e  ( 1 c o l o r  ’ , S v e r t e x  , S s t a r t  , S a l p h a  ) ;

}
e  1 s  i f  ( $ $ $ G  —> g e  t . a t t r i b u t e  ( ’ c o l o r  S s t a r t  , S v e r t e x )  = :
{

$ $ $ G —> s  e t . a t t r i b u t e  ( ’ c o l o r  ’ , S s t a r t  . S v e r t e x  , S b e t a ) ;
S S S G —> s  e  t  . a t t r i b u t e  ( ’ c o l o r  ’ , S v e r t e x  , S s t a r t  , S b e t a  ) ;

}}}
s u b  c h e c k . c o l o r  
{

m y  $ G  =  s h i f t  ; 
m y  S v e r t e x  =  s h i f t  ; 
m y  S c o l o r  =  s h i f t  ;

m y  S e d g e . c o l o r  ;

m y  © v e r t e x . a d j  =  S S S S G —> n e i g h b o r s  ( S v e r t e x  ) ; 
f o r e a c h  r p y  S v . e n d  ( @ v e r t e x . a d j  )
{

S e d g e . c o l o r  =  S S S S G —> g e t  _ a t t r i b u t e (  ’ c o l o r  ’ , S v e r t e x  , S v . e n d ) ;  
i f  ( S e d g e - c o l o r  =  =  S c o l o r )
{

r e t u r n  S v . e n d ;V
}
r e t u r n  0 ;

■J-U-U-U. // H-U-U
# F u n c t i o n  N a m e : r  e a d - f i l  e

I n p u t s  :
#  n a m e  o f  t h e  f i l e  y o u  w a n t  t o  o p e n  
# O u t p u t :
#  t h e  a r r a y  t h a t  c o n t a i n  a l l  t h e  l i n e  o f  t h e  f i l e
mmtmttHmtitiiHiHt/itttiitiiwimmwmmMmiiiHHmiHHimmi/iiiiiHHHm
s u b  r  e  a  d  _ f  i 1 e
{

m y  ( S f i l e n a m e )  ~  © . ;
o p e n  ( F I L E  , ” S f i l e n a m e ” ) [ | d i e ( ” c o u l d - n o t - o p e n . t h e - f i l e ” ) ;
m y  © f i l e  =  < F I L E > ;
c l o s e  ( F I L E  ) ;
c h o m p  ( © f i l e  ) ;
r e t u r n  © f i l e  ;

}
# !  /  u s r  /  b i n  /  p  e r l

tffhftffJft*//tftfif $ it //fiittr// itfrit/tft
u s e  w a r n i n g s  ; 
u s e  s t r i c t  ;

#  A u t h o r  : C h r i s t i a n  G i a s s o n
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#  D a t e  : A u g u s t  1 0  t h  2 0 0 3
#  C o m m e n t :  T h i s  i s  a s m a l l  - p r o g r a m  t h a t  p a r s  t h e  e n t i r e  C L B  t i l e  t o  f i n d  a l l
#  t h e  c o n n e c t i o n s  i n  t h e  I R M  t h a t  a r e  n o t  c o n n e c t  t h e  n o d e  l i n e s  a n d  t h e  C L B s
#  a n d  t h e  t r i  — s t a t e  b u f f e r s  i n p u t s .

m y  @ f i l e _ l i n e s  =  < > ;  

m y  % a d j _ l i s t  ;
f o r e a c h  m y  $ l i n e  ( @ f i l e  _1 i n  e  s  )
{

c h o m p  ( S 1 i n  e ) ;

# g e t  t h e  c o n n e c t i o n  t o  t h e  C L B s
i f  ( $ 1 i n  e = “ / ( \ w H ----->  S [ 0 1 ] _ \ w + ) \ ) / )
{

m y  $ c o n n e c t i o n  =  $ 1 ;
i f  ( S c o n n e c t i o n  !~ / [ N S E W ] _ P \ d H  > / )
{

p r i n t  " $ c o n n e c t i o n \ n ” ;
}}

# g e t  t h e  t r i — s t a t e  b u f f e r  c o n n e c t i o n s
e l s i f ( $ l i n e  =  ~ / ( \ w_)-----> T \ w + ) \ ) / )
{

# p  r i n t  ” $ l \ n  ” ; 
m y  S c o n n e c t i o n  =  $ 1 ;
i f  ( ( S c o n n e c t i o n  ! '  /  [ NSEW]  _ P \ d - } -----> / ) & & (  S c o n n e c t i  o n  ! ” / T B U F / ) )
{

p r i n t  ” $ c o n n e c t i o n \ n ” ;
}}

B .6 E dge C oloring of G I R M
# ! / u s r / l o c a l / b i n / p  e r l  

= h e a d l  NAME 

c o l o r _ I R M _ p a r t 2 .  p i  

—h e a d  1 A U T H O R  ( D A T E )

C h r i s t i a n  G i a s s o n  ( A u g u s t  1 0 t h ,  2 0 0 3 )

—h e a d  1 S Y N O P S I S  

c o l o r _ I R M _ p a r t 2  . p i  

= h e a d  1 D E S C R I P T I O N

T h i s  p r o g r a m  b u i l d  ( o r  c o l o r )  t h e  t e s t i n g  c o n f i g u r a t i o n s  1 7  t o  2 6  i n  t h e  I R M .

T h e  c o l o r i n g  p a r t  o f  t h e  p r o g r a m  i s  b a s e d  o n  t h e  V i z i n g  a l g o r i t h m  f o r  
e d g e —c o l o r  b i p a r t i t e  g r a p h s .

= o v e r  4

—i t e m  I N P U T

T h e  l i s t  o f  t h e  c o n n e c t i o n s  l e f t  b y  t h e  p r e v i o u s  c o l o r i n g  [ 1 . . 1 6 ]  i n  t h e  I R M .  
p l u s  o t h e r  o n e  t h a t  d o n t  c o m e  f r o m  t h e  n o d e  l i n e s .

—i t e m  O U T P U T

T h e  o u t p u t  t h e  c o n n e c t i o n s  o f  t h e  t e s t i n g  c o n f i g u r a t i o n s  1 7  t o  2 6 .

= c u t

u s e  w a r n i n g s  ; 
u s e  s t r i c t  ; 
u s e  G r a p h ;
u s e  G r a p h : : D i r e c t e d  ; 
u s e  G r a p h  : : U n d i r e c t e d ;  
u s e  G r a p h  : : W r i t e r  : : D o t  ; 
u s e  S e t  : : A r r a y  ; 
u s e  G e t o p t : : S t d ;

M f l M -f t M -t f f f $ /Mf  I I i ff f I f  i f t t f t tH H / / / / / / / / it U iiii tt tr ttt l-rf '//'//'//'////ittt'ttj/'-t j -f/It / I I f  I ftN I /I itl fj f-fP#
# G e t  t h e  i n p u t s  o f  t h e  p r o g r a m

g e t o p t s ( ’ h a : b : ’ ) ;  
o u r ( $ o p t _ h  , S o p t . a , $ o p t _ b ) ;

i f  ( $ o p t  _ h )
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{
p r i n t  ” \ n \ t O p t i o n - o f - t h i s  - p r o g r a m  : \  n

_______ __________ \ t —h  : - \ t \ t \ t h e l p
   ____- _______\  t —a  - . [ f i l e ] :  - I R M - e d g e s

 - - - - - - ___ \  t —b  - [ f i l e ] :  -  I R M - e d g e s  \ n \ n ” ;
e x i t  ;

}

r a y  © I R M _ e d g e s  =  & r e a d _ f i l e ( $ o p t _ a )  i f  ( (  $ o p t . a ) & & ( ! $ o p t . h  ) ) ;
m y  @ f e e d b a c k _ l  7 _ 2 2 _ 1  =  r  e a d  _ f  i 1 e  ( $ o p t  _ b  ) i f  ( ( S o p t  _b  )&:&:(!  $ o p t  _h  ) ) ;

#  G e t  t h e  I R M  c o n n e c t i o n s

# G e t  t h e  g r a p h  e d g e s  b y  t h e  s t a n d a r d  i n p u t  
m y  @ G _ e d g e s ;  
f o r e a c h  ( @ I R M _ e d g e s )
{

i f  ( / ( \ w + )  - >  ( \ w + ) / )
{

p u s h  @ G _ e d g e s  , ( $1  , $ 2  ) ;
>}

#  G e t  t h e  f e e d b a c k  c o n n e c t i o n s  f o r  t h e  c o l o r  [ 1 7 . , 2 2 ]

m y  % f e e d b a c k _ 1 7 _ 2 2  ; 
f o r e a c h  ( @ f e e d b a c k _ 1 7 _ 2 2 _ l )
{

i f  ( / ( \ w + ) : ( . . ) $ / )
{

p u s h  Q { $ f e e d b a c k - 1 7 _ 2 2 { $ l } >  , S 2  ;
}}

#  M a i n  p r o g r a m

#  b u i l d  t h e  g r a p h  G

m y  $ G =  G r a p h  : :  U n d i r e c t e d —> n e w  ;
$ G—> a d d _ e d g e s  ( © G . e d g e s  ) ;

#  C o l o r  g r a p h  G 

# & C 1  ( \ @ G . e d g e s ) ;

#  R e m o v e  a l l  t h e  e d g e s  t h e  g r a p h  G  t h a t  a r e  a l r e a d y  u s e d ,  b y  t h e  f e e d b a c k
#  p a t h s

f o r e a c h  m y  S c o l o r  ( s o r t  k e y s ( % f e e d b a c k _ l 7 _ 2 2 ) )
{

f o r e a c h  m y  S c o n n  ( @{  $ f e e d b a c k - l 7 _ 2 2 { $ c o l o r } } )
{

i f  ( S c o n n  =  ’  / ( \ w + )  — >  ( \ w + ) / )
{

# d e l e t e  t h a t  e d g e  i n  t h e  g r a p h  G  
$ G ~ > d e l e t e _ e d g e ( $ l  , S 2 ) ;
# p  r i n t  ’’ S c o l o r  : S i  $ 2 \ n  ” ;

}}}
iM I H H H H M i l l l t l f f l H l i i m H l i m m HH m m # # # #
#  f o r  t h e  c o l o r  1 7  t o  2 2
ft //i f  if i f i f f l l t i t l f f f fri t i ' i / / i f / / -i f f / / I $  f h u " i 'i f t  It'ft/ff t ttft'If
m y  % c o l o r i n g  ;
f o r e a c h  m y  S c o l o r  ( s o r t  k e y s ( % f e e d  b  a c k - l  7 _ 2  2  ) )
{

m y  @ e d g e _ g  =  $G—> e d g e s  ( ) ;
m y  © c o l o r . c o n n  =  @{ S f  e e d b a c k . l  7 _ 2  2 { S c o l  o r  } } ;
m y  © I R M - c o  l o r  . e d g e  =  &: g e t - I R M - m a t c h  ( \  @ e d g e _ g  , \ @ c o l o r . c o n n ) ;

ffc p u t  t h e  e d g e s  i n  t h e  c o l o r i n g  h a s h  
f o r ( l  . .  ( s c a l a r  ( @ I R M _ c o l o r . e d g e  ) /  2 ) )
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{
m y  S v s  =  s h i f t  ( @ I R M _ c o l o r _ e d g e  ) ; 
p u s h  @ I R M _ c o l o r _ e d g e  , S v s  ; 
m y  S v d  =  s h i f t  ( @ I R M _ c o l o r - e d g e  ) ;  
p u s h  @ I R M _ c o l o r _ e d g e  , $ v d  ;

p u s h  @{ $ c o l o r i n g { ” S c o l o r ” } }  $ v s _ —> _ $ v d ” ;
}
44 d e l e t e  t h e  .e d g e s  i n  t h e  G r a p h  ”G ” 
f o r  ( 1 . . ( s c a l a r  ( @ I R M . c o l o r . e d g e )  /  2 ) )
{

m y  S v s  =  s h i f t  ( @ I R M - c o l o r _ e d g e  ) ; 
m y  S v d  =  s h i f t  ( ® I R M _ c o l o r . e d g e  ) ;

$G—> d e  l e t  e - e  d g  e ( S v s  , S v d ) ;
}}

uui f f f '  4f f f f f / ,4444; 44//f / f f / / 4fff44/4ffjfjfff4fifif44f44444if'lfif4fi4 '̂ i f i4  
#  f o r  t h e  c o l o r  2 3  t o  2 6

f o r  m y  S c o l o r  ( 2 3 . . 2 6 )
{

m y  @ e d g e _ g  =  $G—> e d g e s ( ) ;  
m y  © I R M - c o l o r - e d g e  =  &sCl  ( \  © e d g e _ g  ) ;

44 p u t  t h e  e d g e s  i n  t h e  c o l o r i n g  h a s h  
f o r  ( 1 . .  ( s c a l a r  ( @ I R M _ c o l o r _ e d g e  ) / 2  ) )
{

m y  S v s  =  s h i f t  ( @ I R M _ c o l o r _ e d g e  ) ; 
p u s h  © I R M - c o l o r - e d g e  , S v s  ; 
m y  $ v d  =  s h i f t  ( @ I R M _ c o l o r _ e d g e  ) ; 
p u s h  @ I R M _ c o l o r _ e d g e  , S v d  ;

p u s h  @{ $ c o l o r i n g { ” C O L O R S  c o l o r ” } } , ” $ v s - — > _ $ v d  ” ;
}
44 d e l e t e  t h e  e d g e s  i n  t h e  G r a p h  VG ” 
f o r  ( 1 . .  ( s c a l a r  ( @ I R M _ c o l o r _ e d g e  ) / 2  ) )
{

m y  S v s  =  s h i f t  ( @ I R M _ c o l o r _ e d g e  ) ; 
m y  S v d  =  s h i  f t  ( @ I R M _ c o l o r _ e d g e  ) ;

$ G —> d e  l e t  e - e d g e  ( S v s ,  S v d ) ;
}}

#  p r i n t  t h e  r e s u l t
/ / / / / / f f ~ / f / / f t 7 / i f 444444444’/4tt /N t/ lS -t f
# m y  $ c  =  1;
f o r e a c h  m y  S c o l o r  ( s o r t  k e y s ( %  c o 1o r i n g  ) )
{

f o r e a c h  ( @ { S c o l o r i n g { S c o l o r } } )
{

p r i n t  ” $ c o l o r - : - $ - \ n ” ;
# $ c  + + ;

}}
-If4!4444-44-44-4444-44-4444444444>4444444444444444444r'444-444444-444444-4444-444444444444~444fIf444444444444444444444444444444441.
#  F u n c t i o n s

# F u n c t i o n  N a m e :  g e t - I R M - m a t c h
#  I n p u t s  :
#  T h e  r e m a i n i n g  e d g e s  i n  G  ( I R M  c o n n e c t i o n s )
44 T h e  c o n n e c t i o n  o f  t h e  c o l o r s  i n  I R M
#  O u t p u t :
44 A  s e t  o f  e d g e s  i n  I R M  t h a t  m a t c h  v i i t h  t h e  c o l o r  e d g e s

s u b  g e t - I R M - m a t c h
{

# g e t  t h e  i n p u t s  o f  t h e  f u n c t i o n  
m y  S g r a p h . e d g e . r e f  =  s h i f t ;  
m y  $ c o  1 o  r  _ c o  n  n - r  e f  =  s h i f t ;

m y  © g r a p h - e d g e  =  @{ $ g r a p h _ e d g e _ r e f  } ;
m y  @ c o l o r . c o n n  =  @{ $ c o l o  r  _c  o  n  n  _ r  e  f  } ;

# b u i l d  t h e  l o c a l  g r a p h  G
m y  $ G  =  G r a p h  : :  U n d i r e c t e d —> n e w  ;
$ G—> a d d _ e d g e s  ( © g r a p h . e d g e  ) ;

44444444444444-44444444444444444444-44-4444-44444444'// 4444
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#  R e m o v e  a l l  t h e  v e r t i c e s  i n  t h e  g r a p h  G t h a t  a r e  r e l a t e d  t o  t h e
#  f e e d b a c k s  c o n n e c t i o n  i n  t h e  I R M

f o r e a c h  m y  S e d g e  ( @ c o l o r . c o n n )
{

i f  ( S e d g e  =  / ( \ w + )  - >  ( \ w + ) / )
{

$ G —> d  e l e t e - v e r t e x  ( $ 1  ) ;
$ G —> d  e l e t e  . v e r t e x  ( $ 2  ) ;

}}

#  N E W
ffi R e m o v e  t h e  e d g e s  r e l a t e s  t o  t h e  o p p o s i t e  s h o r t  l i n e  i n  G R M

f o r e a c h  m y  S e d g e  ( @ c o l o r * c o n n )
{

i f  ( S e d g e  =  ~ / ( \ w + )  — >  ( \ w + ) / )
{

m y  S n o d e . l i n e  =  $ 1 ;  
i f  ( S n o d e . l i n e  =  ~ /  N - P  ( \  d +  ) / )
{

$ G—>  d e l e t e _ v e r t e x ( "  S _ P $ 1 ” ) ;
}
e  1 s  i f  ( S n  o  d e -1 i n e  =  / S _ P ( \ d - f ) / )
{

$ G —> d e l e t e . v e r t e x  ( ” N _ P $ 1 ” ) ;
}
e l s i f  ( S n o d e . l i n e  = '  / E _ P ( \ d  +  ) / )
{

$ G—> d e l e t e . v e r t e x  ( ” W « P $ 1 ” ) ;
}
e  1 s i  f  ( $ n o d e _ l i n e  — / W _ P ( \ d  +  ) / )
{

$ G—>  d e l e t e  . v e r t e x  ( ” E _ P $ 1 ” ) ;
}

}
}

#  C o l o r  t h e  r e m a i n i n g  g r a p h  a n d  g e t  t h e  c o l o r  1
Mi/iii/iim/HmmMHMm######
m y  @ a f t e r _ d e l - e d g e  =  $ G —> e d g e s ( ) ;  

m y  © c o l o r l  =  & cCl ( \  @ a f t  e r  _ d e l _ e  d  g e  ) ;

ffff-f f f f f f f f f f f f f f f f f f f / f f f f f f f f 'f f 'f / 'f f 'f f 'f f 'ffff-ffff-ffff'
R e t u r n  t h e  c o n n e c t i o n s  i n  t h e  I R M

r e t u r n  @ c o l o r l  ;

# F u n c t i o n  N a m e :  C l  
# I n p u t s  :
# ( \ @ {  l i s t - o f . e d g e s - G  } )
# O u t p u t : t h e  c o l o r  n u m b e r  1 o f  t h e  c o l o r i n g
#  ( t h e  f o n c t i o n  f i n d  a n  e n t i r e  c o l o r i n g  b u t  r e t u r n  o n l y )

s u b  C l
{

#  p u t  a l l  t h e  i n p u t  o f  t h e  f u n c t i o n  i n  a r r a y s

m y  @ g r a p h _ e d g e  =  @{ ( s h i  f t  ( )  } ; 
m y  @ g r a p h _ e d g e _ c o p y  ~  @ g r a p h _ e d g e  ;

#  B u i l d  t h e  g r a p h

m y  $ G  =  G r a p h  : : U n d i r e c t e d —> n e w  ;
$ G —> a d d . e d g e s  ( @ g r a p h _ e d g e  ) ;

#  S e t  a l l  t h e  e d g e s  c o l o r  t o  0
//////////M/MV/VMWW////m
f o r  ( 1  . .  ( s e a l  a r  ( @ g r a p h _ e d g e  ) /  2 ) )
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{
m y  S c o l o r  =  0 ;
m y  S v s  =  s h i f t  ( © g r a p h - e d g e  ) ; 
m y  $ v d  =  s h i f t  ( © g r a p h . e d g e  ) ; 
p u s h  @ g r a p h _ e d g e  , S v s  ; 
p u s h  © g r a p h - e d g e  , S v d  ;

$ G —> s e t . a t t r i b u t e ( ’ c o l o r  ’ , S v s , S v d ,  S c o l o r ) ;  
$ G—> s e t - a t t r i b u t e  ( ’ c o l o r  ’ , S v d , S v s , S c o l o r };

}

#  S t a r  o f  t h e  m a i n  l o o p

m y  S a l p h a  ; 
m y  S b e t a ;

# t e s t  v a r i a b l e  
m y  S i n d e x  =  1;
f o r  ( 1 . .  ( s e a l  a r  ( @ g r a p h _ e d g e  ) /  2 ) )
{

# t  e s t
# p r i n t  ” S i n d e x  
# $ m d e x - h + ;

m y  S v s  =  s h i f t  ( @ g r a p h _ e d g e  ) ; 
m y  S v d  — s h i f t  ( @ g r a p h _ e d g e  ) ; 
p u s h  © g r a p h . e d g e  , S v s  ; 
p u s h  © g r a p h . e d g e  , S v d  ;

#  f i n d  t h e  l o w e r  c o l o r  m i s s i n g  a t  $ v s
ftfti t t t t f '//V/'/fi/ii-ti't f t t -if/rtr ft -tf 7 / ' 'it'//ft ' /Hiffii '//'//'/i/i'//'//'//'//'/i'>ff/~/fff/i//////if/r f / i f

S a l p h a  =  &c l o  w  e r  _c  o l o  r  ( \ $ G  , $ v s  ) ; 
# t  e s t
# p r i n t  ” S a l p h a

# f i n d  t h e  l o w e r  c o l o r  m i s s i n g  a t  S v d

S b e t a  =  &c l o w e r  _ c o l o r  ( \ $ G  , S v d  ) ;
# t  e s  t
# p r i n t  ” S b  e t a  ” ;

#  C h e c k  i f  a l p h a  n o t  e q u a l  b e t a

i f  ( S a l p h a  ! =  S b e t a )
{

# f i n d  a n  a l t e r n a t i v e  p a t h  a n d  s w a p  c o l o r  

. S c a l t - p a t h  ( \  $ G  , S v s  , S v d  , S a l p h a ,  S b e t a ) ;
}
# c o l o r  t h e  e d g e  ( v s  , v d )  w i t h  b e t a

$G—> s  e t . a t t r i b u t e ( ’ c o l o r  ’ , $ v s , S v d , S b e t a ) ;
$ G —> s  e t . a t t r i b u t e ( ’ c o l o r  ’ , S v d , S v s  , S b e t a ) ;

>
i f  r e t u r n  c o l o r  1

m y  @ c o l o r l  . e d g e s  ;

# m y  S c o u n t  — 1 7 ;
# f o r e a c h  m y  S c o l o r  ( 1 . . 5 0 )
#{
m y  S c o l o r  =  1;
f o r ( l  . .  ( s c a l a r  ( @ g r a p h _ e d g e  ) / 2  ) )
{

m y  S v s  =  s h i f t  ( © g r a p h - e d g e  ) ; 
m y  S v d  =  s h i f t  ( © g r a p h - e d g e  ) ; 
p u s h  @ g r a p h _ e d g e  , S v s  ; 
p u s h  © g r a p h _ e d g e  , $ v d  ;

# i f  ($ G —>  g e t - a t t r i b u t  e (  ’ c o  I o r  ’ , S v s  , S v d  )  = =  1 )
i f  ( $ G —> g e  t  _ a t t r i b u t e (  ’ c o l o r  ’ , S v s  , S v d  ) = =  S c o l o r )
{

p u s h  © c o l o r l . e d g e s  , $ v s ,  S v d  ; 
i f p r i n t  ” C O L O R S c o l o r  : S v s  — $ v d \ n ” ;
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}

# t e s t  
f erny $ t e s t  =  $ G —> g e t  . a t t r i b u t e  (  ’ c o l o r  S v s  , S v d ) ;  
# p  r i n t  " c o l o r  S v s  — S v d  — $ t  e s t \ n  ” ;

}
f e S c o u n t ,  + + ;
#}
r e t u r n  © c o l o r l . e d g e s ;

}
f e R e t u r n  t h e  l o w e r  m i s s i n g  c o l o r  a t  t h e  v e r t e x  
s u b  l o w e r . c o l o r  
{

m y  $ G  =  s h i f t  ; 
m y  S v e r t e x  =  s h i f t  ; 
m y  S c o l o r  =  1;  
m y  @ c o l o r _ l i s t ;

m y  © a d j . l i s t  =  S S G —> n e i g h b o r s  ( S v e r t e x  ) ;

f e b u i l d  a l i s t  o f  a l l  t h e  c o l o r  
f o r e a c h  m y  S a d j . v e r t e x  ( © a d j . l i s t )

m y  S t e m p  =  $ $ G —> g  e  t  _ a  11 r i b u t e  (  ' c o l o r  ’ , S v e r t e x  , S a d j . v e r t e x ) ;  
i f  { S t e m p  ! =  0  )
{

p u s h  © c o l o r . l i s t  , S t e m p ;
}

}

f e f i n d  t h e  s m a l l e s t  m i s s i n g  
f e @ c o l o r . l i s t  =  s o r t  (  @ c o l o r ,  l i s t  )  ;

# t  e s t
f e p r i n t  ” © c o l o r . l i s t  : l o w e s t  m i s s i n g  ” ;
m y  S g o t . i t  ; 
f o r  m y  S l o c a l . c o l o r  ( 1 . . 5 0 )
{

S g o t . i t  =  1 ;
f o r e a c h  m y  S c  ( @ c o l o r - l i s t )
{

i f  (  $ c  = =  S 3 o  c  a l  . c o l o r  )
{

S g o t . i t  =  0 ;  
l a s t  ;
}}

i f  ( S g o t - i t  = =  1)
{

S c o l o r  =  S l o c a l . c o l o r ;  
l a s t  ;

}}
f erny S p r e v . c  — s h i f t  @ c o l o r . l i s t ;  
f e f o r e a c h  m y  $ c  (  s  o r t  (  © c o l o r . l i s t  ) )
#{
#  i f  (  f p m v . c  = =  $ c )
#  { n e x t ; }
f e  e l s  i f ( $ c  ! — S c o l o r )
#  { l a s t  ; }
f e  e l s efe { S c o l o r  -y—f;}
f e  S p r e v . c  =  $ c ;
#}
# t e s t
f e p  r i n t  ” $ c o l o  r \ n  ” ; 

r e t u r n  S c o l o r ;

s u b  a  I t .  p a t h

m y  $ G  =  s h  i f t  ; 
m y  S v s  =  s h i f t  ; 
m y  S v d  =  s h i f t  ; 
m y  S a l p h a  =  s h i f t  ; 
m y  S b e t a  =  s h i f t  ;

f e t  e s t
f e p r i n t  ” $ G  S v s  S a l p h a  $ b e t a \ n

m y  © a l t e r n a t e . p a t h  =  & p a t h  ( \ $ G  , $ v s  , S a l p h a  , S b e t a  ) ;
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i f  ( @ a l t e r n a t e _ p a t h  )
{

& c i n v . p a t h _ c o l o r  ( \ $ G  , \ @ a l t e r n a t e _ p a t h  , S a l p h a  , S b e t a ) ;
}
e l s e
{

© a l t e r n a t e . p a t h  — & p a t h  ( \ S G  . $ v d ,  S a l p h a  , S b e t a ) ;  
i f  ( © a l t e r n a t e  - p a t h  )
{

&si n  v _ p  a  t  h  . c o  l o  r  ( \ $ G  , \  © a l  t  e r n  a t  e _ p a t  h  , S a l p h a  , S b e t a ) ;
>
e l s e
{

r e t u r n  ;
}}

}
s u b  p a t h  
{

m y  $ G  =  s  h  i f t  ; 
m y  S v e r t e x  — s h i f t  ; 
m y  S a l p h a  =  s h i f t  ; 
m y  S b e t a  =  s h i f t  ;

m y  S t e m p . c o l o r  ~  S b e t a ;  
m y  @ p a t h _ l i s t ;  
r r y  S n e x t . v e r t e x  ;

S n e x t . v e r t e x  =  &  c h e c k . c o l o r  ( \ $ G  , S v e r t e x  , S t e m p . c o l o r  ) ; 
i f  ( S n e x t . v e r t e x  e q  0 )
{ r e t u r n  © p a t h . l i s t  ; }

w h i l e  ( S n e x t . v e r t e x  n e  0 )
{

p u s h  ( © p a t h . l i s t  , S n e x t . v e r t e x  ) ; 
p u s h  ( © p a t h . l i s t  , S n e x t . v e r t e x  ) ;

i f  ( $  t e m p  . c o l o r  =  =  S a l p h a )
{ S t e m p . c o l o r  =  S b e t a ; }  
e l s e
{ S t e m p . c o l o r  =  S a l p h a ; }

S n e x t . v e r t e x  =  & c h e c k . c o l o r  ( \ $ G ,  S n e x t . v e r t e x  , S t e m p . c o l o r  ) ;

#  h a v e  t o  b r e a k  t h e  p a t h  w h e n  i t  i s  a  l o o p  b e c a u s e  t h e  p r o g r a m  e n t e r  i n
#  cm  i n f i n i t e  l o o p .

#  i f  t h e  n e x t ^ v e r t e x  i s  e q u a l  t o  v e r t e x  
i f  ( S n e x t . v e r t e x  e q  S v e r t e x )
{ l a s t  ; }

m y  S f l a g  =  0 ;  
f o r e a c h  ( © p a t h . l i s t )
{

i f  ( $ _  e q  S n e x t . v e r t e x )
{

S f l a g  — 1;
}}

l a s t  i f  S f l a g  =  =  1;
# t  e s t
# p  r i n t  ” $ v  e r t e x : $ n e x t - v e r t , e x  ” ;
# p r i n t  " . " ;

}
r r y  S e x t r a  =  p o p  © p a t h . l i s t ;  
u n s h i f t  ( © p a t h . l i s t  . S v e r t e x  ) ; 
r e t u r n  © p a t h . l i s t ;

s u b  i n v . p a t h . c o l o r  
{

m y  $ G  =  s h i f t  ; 
m y  © p a t h  =  © {  ( s  h i  f t  ( @ . ) )  } ; 
m y  S a l p h a  =  s h i f t  ; 
m y  S b e t a  — s h i f t ;

# t  e s t
# p r i n t  ” @ p a t h \ n ” ;

f o r  ( l . . ( s c a l a r ( @ p a t h ) / 2 ) )

r r y  S s t a r t  =  s h i f t  © p a t h ;  
m y  S v e r t e x  =  s h i f t  © p a t h ;

i f  { $ $ $ G —> g e t  . a t  t  r i  b  u  t  e  ( ’ c o  l o  r  ’ , $ s t  a r t  . S v e r t e x )  = =  S b e t a )  
{
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$ $ $ G —> s  e t . a t t r i b u t e  ( ’ c o l o r  ’ , S s t a r t  , S v e r t e x  , S a l p h a  ) ;
$ $ $ G —> s  e  t . a t t r i b u t e  ( ’ c o l o r  ’ , S v e r t e x  , S s t a r t  , S a l p h a  ) ;

}
e l s i f  ( $ $ $ G - >  g e t . a t t r i b u t e ( ’ c o l o r ’ , S s t a r t , S v e r t e x )  = =  S a l p h a )
{

S S S G — > s  e  t . a t t r i b u t e  ( ’ c o l o r  ’ , S s t a r t  , S v e r t e x  , S b e t a ) ;
S S S G —> s  e  t  . a t t r i b u t e  ( ’ c o l o r  ’ , S v e r t e x  , S s t a r t  , S b e t a ) ;

}}}
s u b  c h e c k - c o l o r  
{

m y  $ G  =  s h i f t  ; 
m y  S v e r t e x  =  s h i f t  ; 
m y  S c o l o r  =  s h i f t ;

m y  S e d g e - c o l o r ;

m y  © v e r t e x . a d j  =  S S S S G —> n e i g h b o r s  ( S v e r t e x  ) ; 
f o r e a c h  m y  S v . e n d  ( @ v e r t e x . a d j  )
{

S e d g e . c o l o r  =  S S S S G —> g e t  . a t t r i b u t e  ( ’ c o l o r  ’ , S v e r t e x  , $ v _ e n d ) ;  
i f  ( S e d g e . c o l o r  = =  S c o l o r )
{

r e t u r n  S v . e n d ;
}}

r e t u r n  0 ;
}

# F u n c t i o n  N a m e :  r e a d - f i l e
# I n p u t s  :
#  n a m e  o f  t h e  f i l e  y o u  w a n t  t o  o p e n  
# O u t p u t :
#  t h e  a r r a y  t h a t  c o n t a i n  a l l  t h e  l i n e  o f  t h e  f i l e .

s u b  r  e a  d  _ f i  1 e
{

m y  ( S f i l e n a m e )  =
o p e n  ( F I L E  , ” S f i l e n a m e  ” ) | | d i e ( ” c o u l d _ n o t _ o p e n . . t h e _ f i l e ” ) ;  
m y  © f i l e  =  < F I L E > ;  
c l o s e  ( F I L E )  ; 
c h o m p  ( @ f  i 1 e  ) ; 
r e t u r n  © f i l e  ;

}

B.T C om pletion  o f G j r m  Edge C oloring
# ! / u  s r / l o c a l /  b i n / p e r i  

= h e a d l  NAME 

c o m p l e t i o n  . p i  

—h e a d  1 A U T H O R  ( D A T E )

C h r i s t i a n  G i a s s o n  ( A u g u s t  2 1 s t  , 2 0 0 3 )

—h e a d  1 S Y N O P S I S

c o m p l e t i o n

—h e a d  1 D E S C R I P T I O N

T h i s  p r o g r a m  c o m p l e t e  t h e  c o l o r i n g  m a d e  b y  c o I o r . I R M . v 2 . p l  a n d  
c o l o r _ I R M _ p a r t 2 . v 2  . p i

I f  t h e r e  i s  o n e :
T h e  c o l o r i n g  p a r t  o f  t h e  p r o g r a m  i s  b a s e d  o n  t h e  V i z i n g  a l g o r i t h m  f o r  
e d g e —c o l o r  b i p a r t i t e  g r a p h s .

= o v e r  4

= i t e m  I N P U T

A l l  t h e  e d g e s  i n  I R M  ( a  c o m p l e t e  o n e )

c o l o r i n g  1 t o  1 6  : r e s u l t  f r o m  c o l o r _ I R M _ v 2 . p l  ( r  e s  u  11 _ 1 _ 1 6 )
c o l o r i n g  1 7  t o  2 6  : r e s u l t  f r o m  c o l o r _ I R M _ p a r t 2 _ v 2 . p l  ( r  e s u  11 . 1  7  . 2  6  )

f e e d b a c k  p a t h  f o r  t h e  c o l o r  1 t o  1 6  : f e e d b a c k _ p a t h _ v 2
f e e d b a c k  f o r  c o l o r  1 7  t o  2 2  : f e e d  b  a c k .  1 7 . 2 2

= i t e m  O U T P U T
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T h e  o u t p u t  a l l  t h e  c o m p l e t e d  T E S T I N G  C O N F I G U R A T I O N  a l l  i n  t h e  s a m e  f i l e  w i t h  
a l l  t h e  f u l l  p a t h s  i n  t h e  t i l e .

= c u t

u s e  w a r n i n g s  ; 
u s e  s t r i c t  ; 
u s e  G r a p h ;
u s e  G r a p h  : : D i r e c t e d  ; 
u s e  G r a p h  : :  U n d i r e c t e d  ; 
u s e  G e t o p t  : : S t d  ;

# G e t  t h e  i n p u t s  o f  t h e  p r o g r a m  

g e t o p t s ( ’ h a : b : c : d : e : f : ’ ) ;
o u r ( $ o p t . h  , $ o p t _ a  , $ o p t _ b  , S o p t  _c , $ o p t _ d  , $ o p t _ e  , S o p t . f )  ;

i f  ( $ o p t _ h )
{

p r i n t  ” \ n \ t O p t i o n - o f _ t h i s _ p r o g r a m : \ n
  , \  t —h  : - \ t \ t \ t h e l p

  _ \  t  —a  ~ [ f i l e  ] : _  e d g e s  „  o f  _ I R M \  t  \  t
 , , . t  —b  -  [ f i l e  ) : „ c o l o r e d  „ I R M - 1  - t o  ».16 \  t  \  t
_______ 1 _________ \ t - c _ [  f i l e  ] : -  c o l o r e d  - I R M - l  7 _  t  o  _ 2 6 \ t \ t

   \  t  —d  _ [  f i l e  ] : _ f e e d b a c k - f o r . - l . - t o - 1 6 \ t \ t
 \  t —e  -  { f i l e  j : -  f e e d b a c k - f o r  w l 7 - t o - . 2 2  \  t \ t

_ ~ - _ . ~ ~ . - w . .  \  t  — f  -  [ f  i 1 e  ] : _ a l l - t h e ~ t i l e \ t \ t \ n \ n ” ;
e x i t  ;

}

m y  @ I R M _ e d g e _ l i n e  =  & r  e  a  d  _ f  i 1 e  ( S o p  t  _ a  ) i f  ( ( $ o p t . a ) & & ( !  $ o p t _ h  ) ) ;
m y  @ c o l o  r  e d  _ 1 _1 6  _ l i  n e  =  & r e a d _ f i  1 e  ( S o p t - b  ) i f  ( (  $ o p t  _b  )&c&c( \ S o p  t  _ h  ) )  ;
m y  @ c o  l o  r  e d _ l  7  _ 2  6 - l i n e  =  &c r e  a d  _ f  i 1 e  ( $ o p  t  _c  ) i f  ( ( S o p t  _c  ) & & ( !  $ o p t  _ h  ) ) ;
m y  @ f  e e d  b  a c k  _ 1 _ 1 6  _ l i  n e  =  r  e  a  d  _ f  i 1 e  ( S o p  t  _ d  ) i f  ( (  $ o p  t  _ d  ) & & ( !  S o p  t  _ h  ) ) ;
m y  @ f e e d b a c k _ 1 7 _ 2 2 _ l i n e  =  & r e a d _ f i l e ( $ o p t _ e )  i f  ( ( $ o p t _ e ) & & ( ! $ o p t _ h ) ) ;  
m y  © a l l - t i l e  =  &c r  e  a  d  _ f  i 1 e  ( S o  p  t  _f  ) i f  ( ( $  o  p t  _ f  ) &: &( !  S o p t  _h  ) )  ;

#  B u i l d  t h e  I R M  g r a p h  e d g e s  a r r a y

r p y  @ I R M _ e d g e s  ;
f o r e a c h  ( @ I R M _ e d g e _ l i n e )
{

i f  ( / ( \ w + )  - >  ( \ w + ) / )
{

p u s h  @ I R M _ e d g e s  , ( $1  , $ 2  ) ;
}}

#  B u i l d  a h a s h  w i t h  t h e  c o l o r  k e y  and.  a  l i s t  o f  c o n n e c t i o n s  t h a t  i n c l u d e  a l l
#  t h e  o n e  o f  t h e  f e e d b a c k  a n d  t h e  c o l o r i n g  i t s e l f  f o r  t h e  c o l o r  1 t o  2 6 .

r r y  % c o l o r i n g  ;
# p u t  c o l o r e d  1 t o  1 6  i n  
f o r e a c h (  @ c o l o r e d _ l _ 1 6 _ l i n e  )
{

i f  ( / ( C O L O R \ d + ) - \ d +  : ( . * ) / )
{

p u s h  @ { $ c o l o r i n g { $ 1 } }  , ” $ 2 ” ;
}}

# p u t  c o l o r e d  1 7  t o  2 6  i n  
f o r e a c h  ( @ c o l o r e d _ l  7 _ 2 6 _ l i n e  )
{

i f  ( / ( C O L O R \ d  +  ) : ( . * ) / )
{

p u s h  @{ $ c o l o  r  i n g  { $ 1 } } , ” $ 2 ” ;
}>

# p u t  f e e d b a c k  1 t o  1 6  i n  
f o r e a c h (  @ f e e d b a c k _ l _ 1 6 _ l i n e  )
{

i f  ( / ( C O L O R \ d  +  ) ; . *  ( \ w + )  ( \ w + ) $ / )
{

p u s h  @ { $ c o l o r i  n g  { $ 1 } }  , ” $ 2 ~ —> ~ $ 3 ” ;
}}

# p u t  f e e d b a c k  1 7  t o  2 2  i n  
f o r e a c h ( @ f e e d b a c k - 1 7 _ 2 2 _ 3 i n e )
{

i f  ( / ( C O L O R \ d  +  ) : ( . * ) / )
{

p u s h  @{ $ c o l o r i n g { $ l } } ,  ” $ 2 ” ;

131

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Appendix B  Perl Programs

}}
# B u i  I d  a  f e e d b a c k  G R M  r e s  s o u r c e s  
m y  % f e e d b a c k _ G R M _ r e s  ; 
f o r e a c h (  @ f e e d b a c k _ l _ 1 6 _ l i n e )

^ i f  ( / ( C O L O R \ d  +  ) :  \ w +  \ w  +  ( [ NSEW]  ) ( \  d  + )  \ w +  \ w +  \ w f $ / )  
{

p u s h  ® { $ f e e d b a c k _ G R M _ r e s { $ l  } } , ” $ 2 ” . ” . P S 3 ” ;
}

#  b u i l d  f e e d b a c k  p a t h s  
m y  % f b _ r e s t  ;
f o r e a c h (  © f e e d b a c k _ l _ 1 6 _ . i i n e )
{

i f  ( /  ( C O L O R \ d  - f  ) : ( \ w + )  ( \ w + )  ( \ w + )  ( \ w + )  ( \ w + ) $ / )
{

p u s h  @{ $ f  b  _ r  e s t  { $ 1 } } , ” $ 2 _ —> „ $ 3 . - —> _ $ 4 - —> - $ 5 ” ;

t l s i f  ( / ( C O L O R \ d  +  ) :  ( \ w + )  ( \ w + )  ( \ w + )  ( \ w  +  ) ( \ w + )  ( \ w + ) $  / )  
{

p u s h  @{ $ f b _ r e s t  { $ 1  } }  , ” $ 2 _ - > - $ 3 ~ - > - $ 4 ~ = = . - $ 5 _ - > ~ $ 6 ” ;
}}

# o u t p u t s  o f  t h e  I R M  
m y  @ I R M _ o u t p u t - l i s t  — (

’ S 0 _ F _ B 1  ’ ,
’ S 0 . F . B 2 ’ ,
’ S 0 - F - B 3  ’ ,
’ S 0 - F . B 4 ’ ,
’ S 0 _ G _ B 1 ’ ,
’ S 0 _ G _ B 2 ’ ,
’ S 0 - G - B 3  ’ ,
’ S 0 _ G _ B 4  ’ ,
’ S 0 _ G _ B 4  ’ ,
’ S 0 _ B X _ B  1 ,
’ S O . B Y - B  ’ ,
’ S O - C L K - B  ’ ,
’ S O _ C E _ B  ’ ,
’ S O - S R - B  ’ ,
’ S 1 _ F _ B 1  ’ ,
’ S 1 _ F _ B 2  ’ ,
’ S 1 - F - B 3  ’ ,
’ S 1 - F . B 4  ’ ,
’ S l . G . B l  ’ ,
’ S 1 _ G _ B 2  ’ ,
’ S 1 . G - B 3  ’ ,
’ S 1 _ G . B 4  ’ ,
’ S 1 - G . B 4 5 ,
’ S I  J 3 X J 3  ’ ,
’ S l - B Y . B  ’ ,
’ S 1 _ C L K _ B  ’ ,
’ S 1 _ C E J B  ’ f 
’ S 1 . S R . B  ’ ,
’ T . I N O  ’ ,
’ T _ I N  X ’ ,
’T S _ B O  ’ ,
’T S . B l  ’

);
# b u i l d  t h e  O U T  l i n e s  a d j  l i s t  
m y  % O U T _ a d j ;
f o r e a c h  m y  $ l i n e  ( © a l l - t i l e )
{

i f  ( $ l i n e  = -  /  ( O U T \  d ) - >  ( \ w + ) / )
{

p u s h  ® { $ O U T - a d j { $ l  } }  , $ 2  ;
>

}
# b u i l d  t h e  O R M  a d j  l i s t  
m y  % O R M . a d j ;
f o r e a c h  m y  $ l i n e  ( © a l l - t i l e )
{

i f  ( $ 1 i n  e  /  ( [  S ] \ w + )  - >  ( O U T \ d ) / )
{

p u s h  @{ $ O R M _ a d j  { S 1 } } , $ 2 ;
}}

Ifittiflfit//X?!!?!! !/i!!/!fVi'!/XI' i1 JK'f,i't%//'!?r,'; I!.'/tiiitififfif
#  G e t  t h e  f e e d b a c k  p a t h s  1 t o  1 6
Hit ff t/fiIt ItIIIlft'-II Illlffll!IiItf-ff-I!IIHHIIIIIIIIIIIIIIHIIIII! Iltf-If-fl
# m y  % f b - l  - 1 6  ;
# r n y  $ c n  — 0;
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# f o r e a c h  (  @f e  e d b a c k - 1 - 1 6 - l i n e  )
#{
#  i f  ( $ .  = ~  / ( C O L O R \ d + ) :  . .  ( \ w  +  )  ( \ w + ) S / )
# {
#  p u s h  @ { S f b - l - 1 6 { $ l } }  ,

# T  e s t
# $  c n
# p r i n t  ” $1 $ 2 —> § S \ n ” ;

# >#}
#  G e t  t h e  o p p o s i t  s h o r t  l i n e  o f  t h e  d o u b l e  p a t h  f o r  c o l o r  1 t o  1 6

# m y  % s h o r t - o p p o s i t  ;
# f  o r  e a c h  (  @ f e e d b a c k - c o l o r - I )
#{
#  i f  ( $ .  = -  / ( C O L O R \ d + ) :  \ w +  O U T \ d  ( \ w + )  ( \ w  + )  \ w +  \ w + S / )
# {
#  $ s h o r t - o p p o s i t { $ l } { $ 3 }  =  ” $ 2  ” ;

#  b u i l d  t h e  g r a p h  G  w i t h  g r o u p m e n t  o f  t h e  o r t h o g o n a l  l i n e s

# b u i l d  t h e  l i s t  o f  g r o u p e d  v e r t i c e s
m y  @ g r o u p . v e r t e x  ;
f o r ( $ a  =  0 ;  $ a  < = 2 3 ;  $a - f - + )
{

p u s h  © g r o u p - v e r t e x  , ” N - P $ a : S - P $ a ” ; 
p u s h  @ g r o u p - v e r t e x  , ” E _ P $ a :  W _ P $ a ” ;

>
# b u i l d  t h e  g r o u p e d  I R M  f o r  e a c h  c o l o r  
m y  % g r o u p . e d g e  ;
f o r e a c h  m y  S c o l o r  ( s o r t  k e y s ( %  c o l o r  i n  g ) )
{

f o r e a c h  ( @{  S c o J o r i n g {  S c o l o r } } )
{

i f  ( / [ N S ]  J P ( \ d  +  ) - >  ( \ w + ) / )

{
p u s h  @{ $ g r o u p - e d g e {  S c o l o r  } }  , "  N - P S 1  : S _ P $  1 ” ;
# p u s h  @ { g r o u p - e d g e { $  c o l  o r } } , ” $ 2 ” ;

}
e l s i f  ( / [ E W ]  _ P ( \ d  +  ) - >  ( \ w + ) / )
{

p u s h  @ { $ g r o u p _ e d g e { $ c o l o r  } }  , ” E - P $ 1  : W _ P $ 1 ” ;
# p u s h  @ g r o u p - e d g e  , ” $ 2  ”;

}}
i f  ( e x i s t s  ( $ f e e d b a c k _ G R M _ r e s {  S c o l o r  } ) )
{

f o r e a c h  ( @ { S c o l o r i n g { S c o l o r } } )
{

i f  ( / [ N S ] _ P ( \ d  +  ) / )
{

p u s h  @ { $ g r o u p _ e d g e { S c o l o r } } ,  ” N - P S 1 : S _ P $ 1 ” ;
}
e l s i f  ( / [ E W ]  _ P ( \ d  +  ) / )
{

p u s h  @{ $ g r o u p _ e d g e {  S c o l o r  } } E _ P $ 1  : W - P S 1 ” ;
}}}}

# b u i l d  t h e  g r a p h  g r o u p e d
# m y  $ G  . g r o u p  — G r a p h : :  U n d i r e c t e d ~ > n e w ; 
# $ G - g r o u p  —> a d d - e d g  e s  (  @ g r o u p - e d . g e  J ;

f f  M a i n  p r o  g r a m.

f f  b u i l d  t h e  g r a p h  G

r n y  $ G  =  G r a p h  : : U n d i r e c t e d —> n e w  ; 
$ G —> a d d . e d g e s  ( @ X R M . e d g e s  ) ;
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#  C o m p l e t e  t h e  c o l o r  1 t o  1 6

m y  % t e s t . c o n f i g u r a t i o n  =  %  c o 1o r  i n  g  ;
f o r e a c h  m y  S c o l o r  ( s o r t  k e y s ( %  t e s t _ c o n f i g u r a t i o n  ) )
{

f f  o n l y  c o l o r  1 t o  1 6
i t i H / f i i m m / n u i i i y

i f  ( S c o l o r  = ~  / C O L O R ( \ d  +  ) / )
{

n e x t  i f  $ 1  >  1 6 ;
}
■ m t m i / ! i i i i u i i i i m i i i i i i i i m f M m i 4 i H m
#  F i n d  m i s s i n g  i n p u t s

/ / / / ft t l f f f f f f-4' ff ff ff-ff f f
# c o p y  t h e  @ I R M . o u t p u t
m y  © o u t p u t , r e s t  =  @ I R M _ o u t p u t _ l i s t  ; 
f o r  ( 1 . .  s c a l a r  ( © o u t  p u t _ r e s t  ) )
{

m y  S o u t p u t  =  s h i f t  © o u t p u t . r e s t  ; 

m y  S f o u n d  =  0 ;
f o r e a c h  m y  S c o n n e c t i o n  ( @ { $ t e s t , c o n f i g u r a t i o n { $ c o l o r } } )
{

i f  ( S c o n n e c t i o n  =  /  — >  ( \ w - f - ) / }
{

i f  ( $ 1  e q  S o u t p u t )
{

S f o u n d  =  1;  
l a s t  ;

}}}
p u s h  @ o u t p u t . r e s t  , S o u t p u t  i f  S f o u n d  = =  0;

}
# p r i n t  ” $ c o l o r  : @ o u t p u t - r e s t \ n ” ;

#  P u t  C L K  s i g n a l s
(ffl f f i f / f f f f l  !/!(f f f f rf f f / f f f f f ( ! / / u f f f f f f f f i f fr f !f f t f

f f  t h e  e a s y  w a y  b y  t h e  4 h i g h  f a n n o u t  l i n e s
#  G C LK O  f o r  SO  a n d  G C LKO  f o r  S i  ( F a n n o u t  b u t  l e s s  s i g n a l s  t o  r o u t e )

#  c h e c k  i f  t h e  S O C L O C K  s i g n a l  i s  m i s s i n g
f o r e a c h  ( © o u t p u t . r e s t  )
{

i  f  ( $ _ e q  • S O - C L K - B ’ )
{

p u s h  @{ $ t e s t _ c o n f i g u r a t i o n { $ c o I o r } }  , ’G C L K 0 - — > - S 0 _ C L K _ B  ’ ; 
# p r i n t  ” S O - C L K - B  i s  m i s s i n g  i n  $ c o l o r \ n ” ; 
l a s t  ;

}}
#  c h e c k  i f  t h e  S i  C L O C K  s i g n a l  i s  m i s s i n g
f o r e a c h  ( © o u t p u t . r e s t )
{

1 f  ( $ _ e q  ’ S l - C L K - B ’ )
{

p u s h  @{ $ t e s t _ c o n f i g u r a t i o n {  S c o l o r  } }  , ’G C L K 0 - — >  - S I  _ C L K _ B  ’ ; 
# p  r i n t  ” S l - C L K - B  i s  m , i s s i n g  i n  S c o l o r \ n !>; 
l a s t  ;

}}

#  P u t  C E  s i g n a l s
f f f f f f f f m f f ^ ^ m f f f f / f f f f / f f / f f fm u. m f f f f / f m f
f o r e a c h  ( © o u t p u t . r e s t )
{

i f ( $ -  c q  ’ S O - C E - B ’ )
{

p u s h  @{ $ t e s t _ c o n f i g u r a t i o n { $ c o l o r } }  , ’V 6 N 3 - —> _ S 0 _ C E _ B  ’ ;
l a s t ;

}}
f o r e a c h  ( @ o u t p u t , r e s t  )
{

i f ( $ _  e q  ’ S 1 _ C E _ B  ’ )
{

p u s h  @{ $ t e s t . c o n f i g u r a t i o n { $ c o l o r } }  , ’V 6 N 3 - — > - S l _ C E _ B  ’ ;
l a s t  ;

}}
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#  P u t  S R  s i g n a l s

f o r e a c h  ( @ o u t p u t . r e s t )
{

i f  ( S .  e q  ’S O . S R . B  ’ )
{

p u s h  @{ $ t  e s t  _c  o  n f i g  u  r  a t  i o  n  { $  c o l o r  } }  , ’V 6 N 1 - — > ~ S O _ S R _ B  ’ ; 
l a s t  ;

}}
f o r e a c h  ( @ o u t p u t _ r e s t )
{

i f  ( $ _  e q  ’ S l . S R . B  ’ )
{

p u s h  @ { $ t e s t _ c o n f i g u r a t i o n { $ c o l o r } }  , 1V 6 N 1 - —> - S l _ S R _ B  ’ ;
l a s t  ;

}}

#  P u t  t r i  — s t a t e  c o n t r o l  s i g n a l s

f o r e a c h  ( © o u t p u t . r e s t  )
{

i f ( $ .  e q  ’ T S . B O ’ )
{

p u s h  @{ $ t e s t _ c o n f i g u r a t i o n { $ c o l o r } }  , ’ V 6 N 0 _ — > ~ T S _ B O  ’ ;
l a s t  ;

}}
f o r e a c h  ( © o u t p u t . r e s t  )
{

i f  ( S _  e q  ’T S J B 1 ’ )
{

p u s h  S t e s t . c o n f i g u r a t i o n  { S c o l o r  } }  , ’V6NCL.—> _ T S . B 1  ’ ;
l a s t  ;

}}

#  P u t  t h e  B X  a n d  B Y  i n  t h e  c o n f i g
? /! /f / ? / / / f f / / / / / / ! / ? / « ? / Y f ? / / / / / ? f / i f i f / / /,4/ / I f
f o r e a c h  (  © o u t p u t . r e s t  )
{

i f  ( $ _ e q  ’ S O . B X . B ’ )
{

m y  © n e i g h  =  $G—> n e i g h b o r s  ( ’ S O . B X . B  ’ ) ;

# f i n d  i f  t h e r e  i s  s p a c e  t o  r o u t e  t he .  a  s i g n a l  t o  S O - B X - B  
m y  S g o o d . n o d e  =  0 ;  
f o r e a c h  m y  S a d j  ( © n e i g h )
{

m y  S f i n d  =  1;
f o r e a c h  m y  S g r o u p . e  ( @ { $ g r o u p - e d g e { $ c o l o r } } )
{

i f ( $ g r o u p _ e  =  /  ( \  w +  ) : ( \  w + ) / )
{

S f i n d  =  0  i f  $ 1  e q  S a d j  ;
S f i n d  =  0  i f  $ 2  e q  S a d j  ; 
l a s t  i f  S f i n d  = =  0;

}}
i f  ( S f i n d  = =  1)
{

S g o o d . n o d e  =  S a d j ; 
l a s t  ;

}}
i f  ( S g o o d . n o d e  e q  0 )
{

p r i n t  ” E r r o r . i . N o . c o n n e c t i o n  - f o u n d . f o r  - S 0 . B X . B  \ n ' ’ ;

}
e l s e{

# p r i n t  ’’GOOD : f o u n d  a S O - B X - B  w i t h  $ g o o  d - . n o  d e \ n  ” ;
p u s h  @{ S t e s t . c o n f i g u r a t i o n  { S c o l o r  } }  , ” $ g o o d  . n o d e - —> - S 0 _ B X . B ” ;

}
l a s t  ;

}}
f o r e a c h  { © o u t p u t . r e s t  )
{

i f ( $ .  e q  ’ S 0 . B Y - B ’ )
{

135

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Appendix B  Perl Programs

m y  @ n e i g h  =  $ G—> n e i g h b o r s  ( ’ S O _ B Y _ B  ’ ) ;

# f i n d  i f  t h e r e  i s  s p a c e  t o  r o u t e  t h e  a s i g n a l  t o  S O - B Y - B  
m y  S g o o d . n o d e  =  0 ;  
f o r e a c h  m y  S a d j  ( © n e i g h )
{

m y  S f i n d  =  1;
f o r e a c h  m y  S g r o u p . e  ( @{ S g r o u p . e d g e { $ c o l o r  } } )

{
i f  ( S g r o u p . e  =  /  ( \ w +  ) : ( \ w + ) / )
{

S f i n d  =  0  i f  $ 1  e q  S a d j  ;
S f i n d  = 0  i f  $ 2  e q  S a d j  ; 
l a s t  i f  S f i n d  = =  0;

}}
i f  ( S f i n d  = =  1)
{

S g o o d . n o d e  =  S a d j ; 
l a s t ;

}}
i f  ( S g o o d . n o d e  e q  0 )
{

p r i n t  ” E r r o r - : . N o . c o n a e c t i o n - f o u n d . f o r - S O . B Y . B \ n ” ;

}
e l s e
{

# p r i n t  ’’G O OD : f o u n d  a  S O - B Y - B  w i t h  $ g o o d „ n o d e \ n ” ;
p u s h  © {  $ t  e  s t  _c  o  n  f  i g u  r  a  t  i o  n  { $ c o l o r  } } , ” $ g o o d . n o d e _ -  > _ S 0 _ B Y - B ” ;

}
l a s t  ;

}}

#  C h e c k  w h i c h  m i s  s i n g  c o n n e c t i o n  a r e  l e f t

© o u t p u t . r e s t  =  © I R M . o u t p u t . l i s t  ; 
f o r  ( 1  . .  s c a l a r ( @ o u t p u t _ r e s t  ) )
{

m y  S o u t p u t  =  s h i f t  © o u t p u t . r e s t  ; 

m y  S f o u n d  =  0 ;
f o r e a c h  m y  S c o n n e c t i o n  (@{ S t e s t  _ c o n f i g u r a t  i o  n  { $ c o l o r  } } )
{

i f  ( S c o n n e c t i o n  = ~  /  — >  ( \ w - f ) / )
{

i f  ( $ 1  e q  S o u t p u t )
{

S f o u n d  =  1;  
l a s t  ;

}}>
p u s h  © o u t p u t . r e s t  , S o u t p u t  i f  S f o u n d  = =  0;

}
# p r i n t  ’’ S c o l o r  : @ o u t p u t - r  e s t \ n  ” ;

}

#  C o m p l e t e  t h e  c o l o r  1 7  t o  2 2

# r o u t i n g  a d d e d  
m y  % r o u t i n g _ a d d e d  ; 
m y  % r o u t i n g _ i m p  ;

f o r e a c h  m y  S c o l o r  ( s o r t  k e y s ( %  t  e  s t  _c  o  n  f  i g u  r  a  t  i o  n  ) )  
■f

#  o n l y  c o l o r  1 7  t o  2 2

i f  ( S c o l o r  = -  / C O L O R ( \ d  +  ) / )
{

n e x t  i f  ( $ 1  <  1 7 ) | | ( $ 1  >  2 2 ) ;
}

#  F i n d  m i s s i n g  i n p u t s  

# c o p y  t h e  @ l R M - o u t p u t
m y  © o u t p u t . r e s t  =  @ I R M _ o u t p u t _ l i s t  ; 
f o r  ( 1 .  , s c a l a r  ( @ o u t p u t . r e s t  ) )
{

m y  S o u t p u t  =  s h i f t  © o u t p u t . r e s t ;
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m y  S f o u n d  — 0 ;
f o r e a c h  m y  S c o n n e c t i o n  ( @{ $ t  e  s t  _c  o  n  f  i g  u  r  a t  i o  n  { $ c o l o  r  } } )  
{

i f  ( S c o n n e c t i o n  =  /  — >  ( \ w + ) / )
{

i f  ( $ 1  e q  S o u t p u t  )
{

S f o u n d  =  1;  
l a s t  ;

}}}
p u s h  @ o u t p u t _ r e s t  , S o u t p u t  i f  S f o u n d  = =  0;

}
# p r i n t  ” S c o l o r  : @ o u t p u t . r e s t \ n ” ;

#  R o u t e  t h e  t r i  — s t a t e  b u f f e r  s i g n a l s

# i f  o n e  o f  t h e  T - I N [ 0 1 j  i s  m i s s i n g  
f o r e a c h  ( @ o u t p u t . r e s t  )
{

i f  ( / ( T . I N 0 ) / )
{

p u s h  @{ $ r o u t i n g _ a d d e d { $ c o l o r } } , ” S O - X Q - —> _ O U T 2 _ —> ~ $ 1  ” ;
}
e l s i f  ( / ( T _ I N 1 ) / )
{

p u s h  S r o u t i n g . a d d e d  { S c o l o r  } }  , ” S 1 - X Q - — >  J D U T 6 - — > _ $  1 ” ;
>}

ff: g e t  t h e  t r i  — s t a t e  c o n n e c t i o n
f o r e a c h  m y  S c o n n e c t i o n  ( @{  $ t  e s  t  _c  o n f  i g  u  r  a t  i o  n  { $ c o l o  r  } } )
{

i f  ( S c o n n e c t i o n  =  / ( \ w + )  — >  ( T _ I N  ( [ 0  1 ] ) )  /  )
{

m y  S n o d e  =  $ 1  ; 
m y  $ C L B _ o u t  =  ” S $ 3 ” . ” _ X Q ” ; 
m y  $ T  =  ” $ 2 ” ;

f f r o u t e  t h e  O U T  d i r e c t  f e e d b  a c k  
i f ( S n o d e  = "  / O U T / )
{

m y  $ O U T  =  S n o d e  ;
p u s h  @{ $ r o u t i n g . a d d e d { $ c o l o r  } }  , ” $ C L B _ o u t ~ —• >  J B O U T ” ;

}
# r o u t e  t h e  O U T  — >  G R M  f e e d b a c k  
i f  ( S n o d e  ! '  / O U T / )
{

m y  $ s h o r t  ; 
m y  S d i r e c t i o n  ;
i f  ( S n o d e  = r ’  /  ( [ NSEW]  ) _ P ( \ d  +  ) /  )
{

S s h o r t  =  ” S 1 S 2 ” ;
S d i r e c t i o n  =  $ 1 ;

}
f f c h e c k  i f  i t  c a n  b e  r o u t e  d i r e c t l y  f r o m  t h e  O U T  l i n e s  
m y  S g e t  — 0 ;
f o r e a c h  m y  $ O U T _ l i n e  ( s o r t  k e y s ( % O U T _ a d j  ) )
{

f o r e a c h  m y  S s  ( @{ S O U T . a d j  { $ O U T _ l i n e  } } )
{

i f ( $ s  e q  S s h o r t )
{

# p r i n t .  ” s i n g l e  : $ O U T - l i n e  —>  $ s \ n ” ;
p u s h  @{ $ r o u t i n g _ a d d e d {  S c o l o r  } }  $ C L B _ o u t _ — > _ $ O U T . l i n e „ ~ > w $ s > _ . $ n o d e ” 
S g e t  =  1;  
l a s t  ;

}}}
n e x t  i f  S g e t  = =  1;

f f  c h e c k  i f  i t  c a n  b e  r o u t e  w i t h  a d o u b l e  f e e d b a c k  
# f r o m  t h e  O U T  l i n e s

m y  © l i n e  =  g r e p  / = =  $ s h o r t \ ) / ,  @ a l l _ t i l e ;  
m y  @ a d j _ s h o r t ;  
f o r e a c h  m y  $1 ( © l i n e )
{

i f  ( $ 1  = -  / ( ( [ N S E W ] ) \ d  +  ) = =  / )
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f  ( S d i r e c t i o n  e q  ’N ’ )

p u s h  @ a d j _ s h o r t , $ l  i f  ( $ 2  n e  ’ S ’ ) ;

I s i f  ( S d i r e c t i o n  e q  ’S ’ )

p u s h  @ a d j _ s h o r t  , $ 1  i f  ( $ 2  n e  ’N ’ ) ;  

' I s i f  ( S d i r e c t i o n  e q  ’E ’ )

p u s h  © a d j _ s h o r t  , $ 1  i f  ( $ 2  n e  ’W ’ ) ; 

i l s i f  ( S d i r e c t i o n  e q  W ’ )

p u s h  @ a d j _ s h o r t  , $ 1  i f  ( $ 2  n e  ’ E ’ ) ;

m y  S f i n d  =  0 ;  
m y  $ d i  r e c t  . . c o n  n  ;
f o r e a c h  m y  $ i a s t _ S  ( @ a d j - s h o r t  )
{

f o r e a c h  m y  $ O U T _ l i n e  ( s o r t  k e y s ( % O U T - a d j ) )
{

f o r e a c h  m y  $ s  ( @ { $ O U T _ a d j  { S O  U T _ l i n e  } } )
{

# h a v e  t o  v e r i f y  i f  t h e r e  i s  n o  c o n f l i c s  
m y  $ o k  =  1;
f o r e a c h  ( @{ $ g r o u p . e d g e { $ c o l o r } } )
{

i f  ( /  ( [ NSEW]  ) _ P ( \ w + )  : ( [ N S E W ] ) - P ( \ w + ) / )
{

$ o k  =  0  i f  ( S l a s t - S  e q  " $ 1 $ 2 ” ) ;
S o k  =  0 i f  ( S l a s t . S  e q  ” $ 3 $ 4 ” ) ;

}
}
n e x t  i f  S o k  = =  0;

i f  ( $ l a s t _ S  e q  $ s )
{

# p r i n t  ” $ O U T - l i n e  — >  $ s \ n ” ;
S d i r e c t . c o n n  =  ” S C L B - o u t - —> _ $ O U T _ l i n e _ —> - $ s ” 
S f i n d  =  1;  
l a s t  ;

}
}
l a s t  i f  S f i n d  = =  1;

}
l a s t  i f  S f i n d  = — 1;

}
i f  ( S f i n d  = =  1)
{

p u s h  @{ $ r o u t i n g _ a d d e d { $ c o l o r  } }  S d i r e c t . c o n n  s h o r t
# p r i n t ” d o u b l e  : S d i r e c t . c o n n  = =  $ s h o r t \ n ” ;

}
e l s e
{

# p r i n t  ” E R B .O R \n  ” ;
}
n e x t  i f  S f i n d  = =  1;

# c h e , c k  f o r  t h e  t r i p l e  p a t h

m y  % a d j _ s e c o n d _ s h o r t  ; 
f o r e a c h  m y  S s e c  ( @ a d j _ s h o r t )
{

m y  S l o c a l . s e c  =  $1  i f  ( S s e c  = '  /  ( [ N S E W ] ) \  d  +  / ) ;

m y  @ l i n e 2  — g r e p  / = =  S s e c  \  ) /  , © a l l - t i l e ;
# p r i n t  ” @ l i n e 2 \ n  
f o r e a c h  m y  $1 ( © l i n e 2 )
{

i f  ( $1 = "  /  ( ( [NSEW]  ) \  d  + )  = =  / )
{

i f  ( S l o c a l . s e c  e q  ’N ’ )
{

p u s h  @{ $ a d  j  _ s e  c o  n d . s h o  r t  { S s e c  } } , $  1 i f  ( $ 2  n e
}
e l s i f  ( S l o c a L s e c  e q  ’ S ’ )
{

p u s h  @{ $ a d  j  . s e c o n  d  _s  h  o r t  { S s e c  } } , $1  i f  ( $ 2  n e
}
e l s i f  ( $1 o c a l . s e c  e q  ’E ’ )
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{
p u s h  @{ $ a d  j _s  e c o n d  _s  h o r t  { S s e c  } } , $ 1  i f  ( $ 2  n e  W ’ ) ;

}
e l s i f  ( $ l o  c a l . s e c  e q  W ’ )
{

p u s h  @{ $ a d j  _ s e  c o  n  d  _s  h o  r  t  { $ s e c  } } , $ 1 i f  ( S 2  n e  ’ E ’ ) ;

}
}

}
}
^ f o r e a c h  m y  S s e c  ( k e y s ( % a d j - s e c o n d - s h o r t ) )
#{
# p r i n t  ” s e c  S s e c  : @ { $ a d j - s e c o n d - s h o r t { $ s e c } } \ n ” ;
#}

m y  $ f i n d 2  =  0 ;  
m y  $ d i r e  c t  _c  o n n 2  ; 
m y  $ s e c o n d _ s h o r t  ;
f o r e a c h  m y  S s e c  ( k e y s  ( %  a  d  j . s e c  o n  d  _s  h o r  t  ) )
{

# h a v e  t o  v e r i f y  i f  t h e r e  i s  n o  c o n f l i c s  
m y  S o k  — 1;
f o r e a c h  ( @ { $ g r o u p . e d g e { S c o l o r } } )
{

i f  ( / (  [ NSEW]  ) J P  ( \ w + )  : (  [ NSEW]  ) - P  ( \ w + ) / )
{

S o k  =  0  i f  ( S s e c  e q  ” $ 1 $ 2 ” ) |
S o k  =  0  i f  ( S s e c  e q  ” $ 3 S 4 ” ) ;

}}
n e x t  i f  S o k  — =  0;

f o r e a c h  m y  $ l a s t „ S  ( @{  $ a d j - s e  c o  n d _ s  h o  r  t  { $ s e c  } } )
{

f o r e a c h  m y  $ O U T _ l i n e  ( s o r t  k e y s ( % O U T _ a d j ) )
{

f o r e a c h  m y  $ s  ( @{ $ O U T _ a d j  { $ O U T _ l i n e  } } )
{

i f  ( $ l a s t _ S  e q  $ s )
{

# h a . v e  t o  v e r i f y  i f  t h e r e  i s  n o  c o n f l i c s  
m y  S o k 2  =  1;
f o r e a c h  ( @ { S g r o u p . e d g e { $ c o l o r } } )
{

i f  ( /  ( [ N S E W ] ) _ P  ( \ w +  ) :  ( [ NSEW]  ) _ P  ( \ w + ) / )
{

S o k  =  0  i f  ( $ l a s t _ S  e q  ” S 1 $ 2 ” ) ;
S o k  =  0  i f  ( $ l a s t - S  e q  ” $ 3 S 4 ” ) i

}}
n e x t  i f  $ o k 2  = — 0;

# p r i n t  ” $ O U T - l i n z  — >  $ s \ n ” ;
$ d i  r  e c t  . c o n n  2 =  ” S C L B . o u t - . — > - $ O U T _ l i n e - . —> - $ s  ” ;
S s e c o n d . s h o r t  =  $ s e c ;
$ f i n d 2  =  1;  
l a s t  ;

}}
l a s t  i f  S f i n d 2  = =  1;

}
l a s t  i f  $ f i n d 2  = =  1;

}
l a s t  i f  $ f i n d 2  = =  I ;

}
i f  ( $ f i n d 2  = =  1)

p u s h  ® {  $ r o u t i n g _ a d d e d { $ c o l o r } } , ” $ d i r e c t - c o n n 2  s e c o  n d  -  s h o r t  - = = - $ s h o r t  - ~ > - $ n o d e ” ;
# p r i n t .  ” t r i p l e  : $ d i r e c t - c o n n 2  $ s e c o n d - s h , o r t  = =  $ s h o r t \ n ”

}
e l s e
{

p u s h  @{ $ r o u t i n g _ i m p {  S c o l o r  } }  , ” S c o n n e c t i o n ” ;
# p  r i n t  ” i m p o s s i b l e  : $ c o m i  e c t  i o  n \ n  ” ;

}
# p r i n t  ” S c o n n e c t i o n  : @ a d j - s h  o r t \ n  ■’ ;

}}
}

# c h e c k  i f  t h e  T - I N  a r e  m i s s i n g  
f o r e a c h  ( @ o u t p u t _ r e s t  )
{

i f ( $ _  e q  ’ T - I N O ’ )

139

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Appendix B Perl Programs

{
# p u s h  @{ S t e s t . c o n  f i g u r a t i o n  { $ c o I o r  }  }  , ’ V 6 N 0  — >  T S - B l  ’ ;
l a s t  ;

}}
f o r e a c h  ( © o u t p u t . r e s t )
{

i f  ( $ .  e q  ’ T - I N 1 ’ )
{

# p u s h  @{ St.  e s t . c o n  f i g u r a t i o n { $ c o l o r y f  , ’ V 6 N 0  — >  T S - B l  ’ ;
l a s t  ;

}}

#  R o u t e  F e e d b a c k  f o r  B X  a n d  B Y  s i g n a l s  t o  G [ 1 . . 4 ]  o r  F  [ 1 . . 4 J
tf tf -h'-t i -tif t '- it  t f t r / t ' / / 'ft' f f f f / f -f f I f  f !  f i l l  I f i t  I f f / I f I f  I f f t f f i f f f i f f f
m y  © f e e d b a c k  ;
f o r e a c h  m y  S c o n n e c t i o n  ( @{  $ t e s t _ c o n f  i g u r a t  i o  n { $  c o l o r } } )
{

i f  ( S c o n n e c t i o n  / ( \ w + )  - >  ( ( S  [ 0  1 J ) _B ( [ XY]  ) _B ) /  )
{

m y  S n o d e  =  $ 1 ;
m y  $ B _ i n  =  $ 2  ;
m y  $ B _ o u t  =  ” $ 3 ” . ” _ $ 4  ’’ . ” B ” ; 
m y  $ C L B  =  $ 3  ;
#  S e e  i f  a  f e e b a c k  f r o m  X B  o r  Y B  c a n  b e  r o u t e  a s  a  f e e b a c k  t o  o n e
#  o f  t h e  r e s s o u r c e s  a l r e a d y  t h e r e  f o r  F [ 1 . . 4 j  a n d  G [ 1 . . 4 ]

f o r e a c h  ( @ { $ t e s t _ c o n f i g u r a t i o n  { $  c o l o r } } )
{

i f { / ( \ w + )  - >  ( S [ 0 1 ] . [ F G ] . B \ d ) / )
{

m y  $ n o d e _ F G  =  $ 1 ;  
m y  $ F G  =  $ 2  ;

# f i n d  t h e  s h o r t  l i n e  
m y  S l a s t . s h o r t  ;
i f  ( $ n o d e _ F G  =  ~ /  ( [ NSEW]  ) _ P  ( \  d + ) / )
{

S l a s t - s h o r t  =  ” $ 1 $ 2 ” ;
}
e l s e
{

n e x t ;
}
# p r i n t  " l a s t  s h o r t  : S l a s t - s h o r t \ n ” ;

# c h e c k  i f  i t  c a n  b e  r o u t e  d i r e c t l y  f r o m  t h e  O U T  l i n e s  
m y  S g e t  =  0 ;
f o r e a c h  m y  S O U T - l i n e  ( s o r t  k e y s ( % O U T _ a d j ) )
{

# c h e c k  i f  t h e  O U T  l i n e  h a v e  b e e n  u s e  b e f o r e  
m y  S a l r e a d y  =  0 ;
f o r e a c h  ( @ { $ r o u t i n g _ a d d e d { $ c o l o r } } )
{

i f  ( /  ( O U T \  d  ) /  )
{

# p  r i n t  ” S l \ n  ” ;
S a l r e a d y  = 1  i f  $ 1  e q  S O U T - l i n e ;

}>
n e x t  i f  S a l r e a d y  — =  1;

# c h e c k  i f  t h e  B - o u t  c a n  b e  c o n n e c t  t o  t h a t  O U T  l i n e  
# m y  S c a n n o t . b e  — 1;
# f  o r  e a c h  m y  S C L B - o u t  (  s o r t  k e y  s ( % O R M ~ a d j  )  )
#{
#  i f  ( S C L B . o u t  e q  S B . o u t )
# {
#  f o r e a c h  (  @ { $ O R M . a d j {  S C L B - o u t } }  )
# {
#  S c a n n o t . b e  — 0  i f  $ -  e q  S O U T - l i n e ;
#  l a s t :
# }* }
# n e x t  i f  S c  a n n o t . b e  = =  1;

f o r e a c h  m y  $ s  ( @ { $ O U T - a d j  { S O  U T _ I i n e  } } )
{

i f ( $ s  e q  S l a s t - s h o r t )
{

# p r i n t  " s i n g l e  : S O U T - l i n e  — >  $ s  — >  S n o d e - F G  — >  $ F G \
p u s h  @ f e e d b a c k  , ” S O U T - l i n e - . — > - $ s - - > - $ n o d e - F G - ~ > - $ F G ” ; 
S g e t  =  1;  
l a s t  ;

}
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}}>}

# c h c c k  i f  t h e  f e e d b a c k  c a n  b e  r o u t e  i n  ORf/I a n d  p i c k  o n e  
# m y  $ c a n n o t - b e  ~  1;
f o r e a c h  m y  S C L B . o u t  ( s o r t  k e y s ( % O R M _ a d j ) )
{

i f  ( S C L B . o u t  e q  S B . o u t )
{

f o r  ( I -  - s c a l a r (  © f e e d b a c k ) )
{

m y  $ f b  =  s h i f t  © f e e d b a c k ;
# c h e c k  i f  i t  ’ s t h e  s a m e  C L B  
i f  ( $ f b  = '  / ( S  [ 1 0 ]  ) _ [ F G ] _ B / )
{

i f  ( $ 1  n e  $ C L B )
{

p u s h  @ f e e d b a c k  , $ f b  ; 
n e x t ;

}}
m y  $ f b _ O U T  =  $ 1  i f  ( $ f b  = '  / ( O U T \ d ) / ) ;

# c h e c k  i f  t h e  B - o u t  c a n  be  c o n n e c t  
m y  S o k  =  0 ;
f o r e a c h  m y  S a d j . O U T  ( © { S O R M . a d j  { S C L B . o u t  } } )
{

S o k  =  1 i f  S f b . O U T  e q  S a d j . O U T , -
}
i f  ( S o k  = =  1)
{

p u s h  @{ $ r o u t i n g . a d d e d {  S c o l o r  } }  $ B . o u t . - > . ” . ” $ f  b  ” ;
l a s t  ;

}
e l s e
{

p u s h  @ f e c d b a c k  , S f b  ;
}}}}}}

# p r i n t  ” $ c o l o r \ n  
# i f  (  e x i s t s  ( $ r o u t i n g - a d d e d . { $ c o l o r } ) )
#{
#  p  r  i n  t  ” $ r o u t i n g - a d d e d f $ c o l o r } } \ n ” ;
# >

#  C o m p l e t e  t h e  c o l o r  2 3  t o  2 6

f o r e a c h  m y  S c o l o r  ( s o r t  k e y s ( %  t e  s t  _c  o  n  f  i g  u  r  a t  i o n  ) )

{
#  o n l y  c o l o r  2 3  t o  2 6

i f  ( S c o l o r  = “ /  C O L O R (  \  d  + )  / )
{

n e x t  i f  ( $ 1  <  2 3 ) ;
}

#  F i n d  m i s s i n g  i n p u t s
7 ff lH fif ifH / / ftf!fi 'f-tt-ttiM > 'J /h "  1/ftiirw n C i'-t f 1 / f t t / t #
# c o p y  t h e  @ I R M - o u t p u t
m y  © o u t p u t . r e s t  =  © I R M . o u t p u t . l i s t  ; 
f o r  ( 1 .  . s c a l a r ( © o u t p u t _ r e s t  ) )
{

m y  S o u t p u t  =  s h i f t  © o u t p u t . r e s t  ; 

m y  S f o u n d  -  0;
f o r e a c h  m y  S c o n n e c t i o n  ( @ { S t e s t _ c o n f i g u r a t i o n  { S c o l o r } } )  
{

i f  ( S c o n n e c t i o n  =  /  — >  ( \ w + ) / )
{

i f  ( S I  e q  S o u t p u t )
{

S f o u n d  =  1;  
l a s t  ;

>}}
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p u s h  © o u t p u t - r e s t  , S o u t p u t  i f  S f o u n d  =  =  0;
}
# p r i n t  ” S c o l o r  : @ o u t p u t - r e s t \ n " ;

#  s u p p l y  t h e  c o n t r o l  s i g n a l s  ( C E , S R ,  C L K , T S )

#  c h e c k  i f  t h e  S O C L O C K  s i g n a l  i s  m i s s i n g  
f o r e a c h  ( © o u t p u t . r e s t )
{

i f  ( $ _  e q  ’ S O . C L K J B ’ )
{

p u s h  @{ $ t e s t - c o n f i g u r a t i o n { $ c o l o r } }  , 7GCLK(X. —> - . S 0 _ C L K _ B  7 ; 
# p r i n t  ” S O . C L K - B  i s  m i s s i n g  i n  $ c o l o r \ n ” ; 
l a s t  ;

}
}
#  c h e c k  i f  t h e  S I  C L O C K  s i g n a l  i s  m i s s i n g  
f o r e a c h  ( @ o u t p u t _ r e s t  )
{

i f  ( $ .  e q  ’ S 1 . C L K . B  ’ )
{

p u s h  © {  $ t e s t _ c o n f i g u r a t i o n { $ c o l o r  } }  , ’G C L K 0 - —> - S l - C L K _ B  ’ ; 
# p r i n t  ” S l - C L K - B  i s  m i s s i n g  i n  $ c o l o r \ n ” ; 
l a s t  ;

}}

#  P u t  C E  s i g n a l s

f o r e a c h  ( © o u t p u t . r e s t )
{

i f ( $ -  e q  ’ S 0 _ C E _ B  ’ )
{

p u s h  @{ S t e s t . c o n f i g u r a t i o n {  S c o l o r  } }  , 7V 6 N 3 - —> _ S 0 _ C E _ B  ’ ;
l a s t  ;

}}
f o r e a c h  ( @ o u t p u t _ r e s t  )
{

i f  ( $ -  e q  ’ S l - C E - B  ’ )
{

p u s h  @{ $ t e s t _ c o n f i g u r a t i o n {  S c o l o r } }  , 7 V6 N 3 - , —> - S l _ C E _ B  ’ ;
l a s t  ;

}}

#  P u t  S R  s i g n a l s
$ Ittf-ff-f t t t  I f  f t IN ttf f t  f t I f  I t /H tif

f o r e a c h  ( © o u t p u t . r e s t  )
{

i f ( $ _  e q  ’ S O - S R - B 7)
{

p u s h  @{ $ t e s t . c o n f i g u r a t i o n { S c o l o r } }  , 7V 6 N 1 - —> - S O - S R - B  7
l a s t  ;

}}
f o r e a c h  ( © o u t p u t . r e s t  )
{

i f  { $ _ e q  ’ S l - S R - B  ’ )
{

p u s h  © {  $ t  e  s  t  _c  o  n f  i g  u  r  a t  i o  n  { $ c o l o r  } } , 7V 6 N 1 _ — > - S l _ S R _ B  ’ ;
l a s t  ;

}}

#  P u t  t r i  — s t a t e  c o n t r o l  s i g n a l s
fm iM m tm m iii/iiiim tm M um #
f o r e a c h  ( © o u t p u t . r e s t  )
{

i f  ( $_  e q  ’ T S - B O ’ )
{

p u s h  @{ $ t e s t . c o n f i g u r a t i o n { $ c o l o r  } }  , 7V 6 N 0 - — > - T S - B O  7 ;
l a s t  ;

}}
f o r e a c h  ( @ o u t p u t _ r e s t )
{

i f  ( $ _ e q  ’ T S - B l  ’ )
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{
p u s h  $ t e s t _ c o n f i g u r a t i o n { $ c o l o r } }  , ’ V 6 N 0 - —• > - T S - B l  ' ;
l a s t  ;

}}

r o u t e  a f e e d b a c k  f o r  t h e  l a c k  c l b  o u t p u t  t h a t  g o i n g  i n  t h e  t r i  — s t a t e  
#  b u f f e r s

m y  % O U T _ l  =  ( 
C O L O R 2 3  =  >  ' O U T 5  ’ , 
C O L O R 2 4  = >  ’ O U T 3  ’ , 
C O L O R 2 5  = >  ’ O U T 5  ’ ,
C O L O R 2 6  — >  ’ O U T 4  ’ .
);

# m y  @ O U T -a v  =  (  ’ O U T 3  ’ , ’O U T S ’ , ’ 0 U T 4 ! 0 U T 5  ’)  ;

m y  $ T _ I N O _ f b  ; 
m y  $ T _ I N  l _ f b  ; 

# R o u t e  T - I N O  w i t h  O U T S  f o r  a l l  
$ T - I N O _ f b  =  JO U T 2 - - > ~ T - I N O  ’ ;

# R o u t e  T - I N l  w i t h  O U T -1  f o r  a l l  
# f o r e a c h  m y  $ l o c a l - O U T  ( @OU T - a . v )
#{
m y  $ l o c a l _ O U T  =  $ O U T _ l {  S c o l o r  } ;
/ / p r i n t  ” $ l o c a l - O U T  : @ { $ O U T ~ a d j  { $ l o c a l - 0  U T } } \ n  ” ; 
f o r e a c h  m y  S l o c a l . s h o r t  ( @{  $ O U T - a d j  { $ l o c a l „ O U T  } } )
{

i f  ( J l o c a l . s h o r t  = '  /  ~ ( [NSEW]  ) ( \  d  +  ) / )
{

m y  i n o d e  =  ” $ 1 ” . ” - P $ 2 \ n "  ; 
c h o m p  i n o d e  ;

f o r e a c h  ( @ a l i _ t i l e )
{

# i f  ( /  (  ( [ N S E W ] - P \ d + )  - >  ( T - J N  [ 0 1 ] ) ) / )  
i f  ( / ( ( [ N S E W ]  _ P \ d + )  - >  ( T . I N 1  ) ) / )
{

# p r i n t  ” $ 2  $ n o d e \ n
m y  S I R M . c  — $ 1  ; 
m y  S l o c a L n o d e  =  $ 2 ;  
m y  $ T  =  $ 3  ;

i f  ( S n o d e  e q  S l o c a L n o d e )
{

# p  r i n t  ”* \  n  ” ;
# p r i n t  ” S l o c a l - O U T  —>  S l o c a l - s h o r t  — >  $ I R M - c \ n ” :

# c h e c k  i f  t h e r e  i s  n o  r  o u t  i n  g p r o b l e m s  
f o r e a c h  ( @ { $ g r o u p _ e d g e { S c o l o r } } )
{

i f  ( / ( \ w + ) : ( \ w + ) / )
{

i f  ( ( $ 1  n e  S n o d e ) & ; & ( $ 2  n e  S n o d e ) )
{

m y  S t e m p  =  ” S l o c a l - O U T - — > - $  l o  c a  1 _s  h  o  r t  > - $ I R M _ c ” ;
# p r i n t  ’’ S c o l o r  : $ t e m p \ n ” ;
# S T - I N O - f b  -  S t e m p  i f  $ T  e q  ’ T - I N O ’ ;
$ T _ I N  1 - f b  =  S t e m p  i f  S T  e q  ’ T . I N l ’ ;

}}>>}}}}#}
#  p u s h  @{ $ r  o u t i n g  - a d d e d  { $ c o l o r } }  S O - X Q  — >  ".  ” $ T - I  N  0 - f b  ” ;
#  p u s h  @{ $ r  o u t i n g - a d d e  d  { $  c o i o  r } }  , ” S l - X Q  — >  ” $ T - I  N 1 - f b  ” ;

# s u p r e s s  t h e  O U T  l i n e s  u s e d
#  f o r  (  1 . . s c  a l a r  (  @ 0  U T -a v  )  )
# {
#  m y  S t e m p  =  s h i f t  @ O U T - a v ;
#
#  i f  ( S T . I N O . f b  - -  / - ( O V T \ d )  - > / )
# {
f f  n e x t  i f  $1 e q  S t e m p ;
# }#

143

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Appendix B  Perl Programs

#  i f  ( $ T . I N l . f b  = -  / ~ ( O V T \ d )  - > / )
# {
#  n e x t  i f  $1  e q  S t e m p ;
# }
#  p u s h  @ O U T - a v , S t e m p ;
# }

# p  r  i n  t  ” @ O U T~a,v\ n  ” ;

mM/Htm/WINIllMimtmHHHHHHHHf#
#  N e e d  t o  r o u t e  1 f e e . d b o . c k  b y  C L B  f o r  t h e  l o g i c
#  T h e  f e e d b a c k  s h o u l d  b e  c o n n e c t  t o  a n  e x i s t i n g  c o n n n e c t i o n  i n  t h e  I B M
#  I t  s h o u l d  be  c o n n e c t  t o  S [ 1 0 ] - F  b e c a u s e  S [ O l ] _ X Q  i s  t h e  o u t p u t  l a t c h e d

m y  S f b . C L B O  ; 
m y  $ f b _ C L B l  ;

m y  % O U T _ 2  =  (
C O L O R 2 3  = >  [” O U T 4 ” , ” O U T 3 ” j ,
C O L O R 2 4  = >  [” O U T 4 ” , ” O U T 5 ” ] ,
C O L O R 2 5  = >  [ ” O U T 4 ” , ” O U T 3 ” j ,
C O L O R 2 6  = >  | ” O U T 3 ” , ” O U T 5 ” ] ,
);

# f o r e a c h  m y  S l o c a l - c o n n  ( @ { $ t e s t - c o n f i g u r a t i o n { $ c o l o r } } )
#{
# r o u t e  O U T S  t o  S [ Q l ] - F  C L B  i n p u t  
m y  $ T  =  ’ O ' ;
f o r e a c h  m y  S O U T . l i n e  ( @ { $ O U T . 2 {  $ c o l o r  } } )
{

m y  S f  i n  d  =  0 ;

i f  ( $ T  e q  ’ T . I N O  ’ )
{

$ T  =  ' T . I N l  ’ ;
}
e l s i f  ( S T  e q  ’ T - I N 1  ’ )
{

S T  =  ' T . I N O  ’ ;
}
f o r e a c h  m y  S O U T . a d j  ( @{  S O U T . a d j  { S O U T - l i n e  } }  )
{

n e x t  i f  S O U T . a d j  ! '  /  ‘ [ NSEW]  \  d + $  / ;
# p  - r i n t  ” S O  U T 4 ~ a d j \ n ” ;
f o r e a c h  m y  S l o c a l . c o n n  (@{ S t e s t . c o n f i g u r a t i o n  { S c o l o r  } } )
{

i f  ( S l o c a l . c o n n  = ~  /  (  ( [ N S E W ] ) . P  ( \ d  +  ) )  -  >  ( S  ( [ 0  1 J ) _ [ FG]  _ B \ d  ) / )
{

n e x t  i f  ( ( $ 5  e q  ’ 0 ’ ) & & ( $ T  e q  ’ T . I N l ’ ) ) ;  
n e x t  i f  ( ( $ 5  e q  ’ 1 ’ ) & & ( $ T  e q  ’ T . I N O ’ ) ) ;

#  p r i n t  ” $ 5 ------ $ T \ n ” ;

# p  r i n t  ” S l o  c a l - c  o n n \ n ” ; 
m y  S T . n u m  =  ” S 5 ” ; 
m y  $ C L B - i n  =  ” $ 4 ” ; 
m y  S s h o r t  =  ” $ 2 $ 3 ” ; 
m y  S n o d e  =  S I ; 
m y  S o p p o  ;
S o p p o  =  ” S S l ” i f  S n o d e  = ~  / N _ P ( \ d  +  ) /
S o p p o  =  ” N $ 1 ” i f  S n o d e  = ~  / S _ P ( \ d - f - ) /
S o p p o  =  ” W $ 1 ” i f  S n o d e  =  ” / E _ P ( \ d  +  ) /
S o p p o  =  ” E S I  ” i f  S n o d e  = "  / W J P ( \ d  +  ) /

# s i m p l e  c o n n e c t i o n  
i f  ( S s h o r t  e q  S O U T . a d j  )
{

# p r i n t  ’’ S c o l o r  : S O U T - l i n e  —>  S s h o r t  — >  S n o d e  —>  $ C L B ~ i n \ i
m y  S t e m p  =  ” $ O U T , l i n e . - > . $ s h o r t . ~ > . S n o d e . ~ > J C L B . i n ” ;
$ f  i n d  =  1;
$ T  =  ” T _ I N $ T _ n u m "  i f  ( S T  e q  ’ O ’ ) ;
S f b . C L B O  =  S t e m p  i f  ( S T  e q  ’ T . I N O ’ ) ;
S f b . C L B l  =  S t e m p  i f  ( $ T  e q  ’ T . I N l ’ ) ;  
l a s t ;

}
# d o u b l e  c o n n e c t i o n  
f o r e a c h  ( @ a l l _ t i l e )
{

i f ( / ( \ w + )  = =  ( \ w + ) / )
{

i f ( ( $ l  e q  S s h o r t ) & & { $ 2  n e  S o p p o ) )
{

# p r i n t  ” S n o d e  : $1  = =  $ 2 \ n ” ;
i f  ( $ 2  e q  S O U T . a d j )
{
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# p r i n t  ” S c o l o r  : S O U T - l i n e  — >  $ 2  = =  $1  —>  S n o d e  —>  S C L B - i n \ n ” ; 
m y  S t e m p  =  ” S O U T - l i n e ^ — > ^ $ 2 « - = = - $ l - —> - . S n o d e - —> ~ $ C L B _ i n ” ; 
$ f i  n  d  =  1;  
$ T  =; ” T . I N $ T _ n u m ” i f  ( S T  e q  ’ O ’ ) ;  
$ f b _ C L B O  =  S t e m p  i f  ( S T  e q  ’ T . I N O ’ ) ;  
S f b . C L B l  — S t e m p  i f  ( $ T  c q  ’ T . I N l ’ ) ;  
l a s t  ;

}}}}
l a s t  i f  S f i n d  = =  1;

}}
l a s t  i f  S f i n d  — =  1;

}
# p r i n t  ” $ T \ n ” ;

}

# p r i n t  ’’ S c o l o r  : TO : $ T - I N  0 - f b \ n  ” ;
# p r i n t  ” S c o l o r  : T J  : S T - J  N  l - f b \ n ” ;
# p r i n t  " S c o l o r  : l o g i c  0 : $ f b ~ C L B 0 \ n ” ;
# p r i n t  ” S c o l o r  : l o g i c l  : S f b - C L B l \ n ’’ ;

i f  ( ( S f b . C L B O  / - >  S O . F  _ / ) & & ; ( $  f b . C L B l  = '  / - >  S l . F . / ) )
{

p u s h  @{ S r o u t i n g . a d d e d  { S c o l o r  } } , ” S Q . X Q . . — ” S T . I N O . f b ” ; 
p u s h  @{ $ r o u t i n g _ a d d e d {  S c o l o r  } }  , ’’ S I  . X Q . . — > _ ” . ” S T  . I N  1 _ f b  ” ;
p u s h  @{ S r o u t i n g _ a d d e d {  S c o l o r  } }  S 0 _ Y _ — > _ ” . ” S f b . C L B O ” ;
p u s h  @ { $ r o u t i n g _ a d d e d { $ c o l o r } } , ” S 1 . Y . ~ > . ” S f b . C L B  1 ” ;

}
e l s i f  ( ( S f b . C L B O  = *  / - >  S O _ F _ / ) & & ( $ f b _ C L B l  =  ~ / - >  S l . G . / ) )
{

p u s h  @{ S r o u t i n g  _ a d d e d { $ c o l o r  } }  S O . X Q . . — . ” S T . I N O . f b  ” ;
p u s h  @{ S r o u t i n g . a d d e d  { S c o l o r  } } , ” S l . Y Q - — ” S T . I N  1 _ f b ” ;
p u s h  @{ $ r o u t i n g _ a d d e d { $ c o l o r  } }  , ” S O . Y . . — . ” S f b . C L B O ” ;
p u s h  @{ $ r o u t i n g _ a d d e d { $ c o l o r  } }  S 1 . X - —> ~ ” . ” S f b . C L B  1 ” ;

}
e l s i f  ( ( S f b . C L B O  =  ~ / - >  S O . G . / ) & & ( $ f b . C L B l  =  ~ / - >  S l . F . / ) )
{

p u s h  @{ S r o u t i n g . a d d e d  { S c o l o r  } }  , ” S O . Y Q ^ —> w ” . ” S T . I N O . f b  ” ;
p u s h  @{ $ r o u t i n g _ a d d e d {  S c o l o r  } } , ” S l _ XQ * . - ~ > w” . ” S T . I N  l . f b  ” ;
p u s h  @{ S r o u t i n g . a d d e d  { S c o l o r  } }  S 0 _ X _ — . ” S f b . C L B O ” ;
p u s h  @{ S r o u t i n g . a d d e d  { S c o l o r  } } , ” S l . Y « - > J ’ . ” S f b . C L B  1 ” ;

}
e l s i f  ( ( $ f b _ C L B O  = "  / - >  S O . G . / ) & f e ( $ f b _ C L B l  =  ~ / - >  S l - G - / ) )
{

p u s h  @{ S r o u t i n g . a d d e d  { S c o l o r  } }  S O . Y Q . . — . ” S T . I N O . f b  ” ;
p u s h  @{ $ r o u t i n g _ a d d e d { $ c o l o r  } }  , ” S l . Y Q . . — . ” S T . I N  1 _f  b  ” ;
p u s h  @{ $ r o u t i n g _ a d d e d {  S c o l o r } }  S O - X . . — > J '  . ” S f b . C L B O ” ;
p u s h  @{ S r o u t i n g . a d d e d  { S c o l o r  } } , ” S l . X - —>«. ” . ” S f b . C L B  1 ” ;

}

#  R o u t e  s i g n a l  t o  OUT O,  O U T l ,  O U T 6 ,  O U T 7  t o  t e s t  t h e  W e s t  a n d  E a s t  t i l e
#  c o n n e c t i o n s  i n  t h e  I R M

p u s h  @{ S r o u t i n g . a d d e d  { S c o l o r  } }  , ” S O _ X B - - - > - O U T O ” ; 
p u s h  ©{ S r o u t i n g . a d d e d  { S c o l o r  } }  S O . Y B - —>  j O U T I ” ;
p u s h  @ { $ r o u t i n g . a d d e d { $ c o l o r  } }  S 1 - X B - — >  - . OUT6” ;
p u s h  @{ $ r o u t i n g _ a d d e d {  S c o l o r  } }  S l . Y B . . —>  J D U T 7 ” ;

#  s u p p l y  S  [ 0 1  J - B  [ X Y ]  - B

m y  © r o u t e . s i g n a l  =  ( ’ S G . B X . B ’ , ’ S O . B Y . B ’ , ’ S l . B X . B ’ , ’ S l . B Y J B ’ ) ;

f o r e a c h  m y  S B  ( @ r o u t e . s i g n a l  )
{

m y  © B . a d j  ;

# f i n d  t h e  a d j - l i s t  
f o r e a c h  ( @ a l l _ t i l e )
{

i f  ( / C \ w + )  - >  ( S  [ 0  1 ] _ B  [ X Y ]  _ B  )  /  )

{
i f  ( $ 2  e q  S B )

{
p u s h  © B . a d j  , $1  ;

}}>
# p r i n t  ” $ B  : © B - a d j \ n ” ;
# l o o k  f o r  c o n  f l i c  s  i n  g r o u p . e d g e
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f o r  ( 1 . .  s c a l a r ( @ s B _ a d j ) )
{

m y  $ a d j  =  s h i f t  @ B _ a d j  ; 
m y  $ f i n d  =  1;
f o r e a c h  ( @{  $ g r o u p _ e d g e {  S c o l o r  } } )
{

i f  ( / ( \ w  +  ) : ( \ w + ) / )
{

i f  ( ( $ 1  e q  $ a d j ) ] | ( $ 2  e q  $ a d j ) )
{

S f i n d  =  0 ;  
l a s t  ;

}
}

}
p u s h  © B . a d j  , S a d j  i f  S f i n d  = =  1;

}

# p r i n t  ” S B  : @ B - a d j \ n ” ;
# 1  o o  k f o r  c o n  f l i c s  i n  t h e  r o u t i n g - a d d e d

f o r  ( 1 . . s c  a l a r  ( © B . a d j  ) )
{

m y  S a d j  =  s h i f t  @ B _ a d j  ; 
m y  S f i n d  =  1;
f o r e a c h  ( @{  S r o u t i n g . a d d e d  { S c o l o r  } } )
{

m y  S o p o ;
i f  ( / ( ( [ N S l ) ( . P \ d  +  ) ) / )
{

S o p o  =  ” S $ 3 "  i f  ( $ 2  e q  ’N ’ ) ;
S o p o  =  ” N $ 3 ” i f  ( $ 2  e q  ’ S ’ ) ;

i f  ( ( $ 1  e q  S a d j  ) j | ( S o p o  e q  S a d j ) )
{

S f i n d  =  0 ;  
l a s t  ;

}
}
e l s i f  ( / ( ( [ E W ] ) ( - P \ d  +  ) ) / )
{

S o p o  =  ” W $ 3 ” i f  ( $ 2  e q  ’E ’ ) ;
S o p o  =  ” E S 3 ” i f  ( $ 2  e q  W ’ ) ;

i f  ( ( $ 1  e q  $ a d j ) | J ( $ o p o  e q  S a d j ) )
{ Sfind = 0; 

l a s t  ;
}}}

p u s h  @ B _ a d j  , S a d j  i f  S f i n d  = =  1;
}
# p r i n t  ” S B  : @ B - a d . j \ n ” ;

# p  u t  t h e  r o u t i n g  i n  
m y  $ g o o d _ n o d e  =  s h i f t  © B . a d j  ;
m y  S g o o d . s h o r t  =  ” $ 1 $ 2 ” i f  ( S g o o d . n o d e  =  ~ /  ( [ NSEW]  ) _ P  ( \  d  +  ) / ) ;  
p u s h  ©{  S r o u t i n g . a d d e d  { S c o l o r  } }  , ” S g o o d . s h o r t  _ - > . $ g o o d . n o d e . - >  J B ” ;
# ' P r i n t  ” $ g o o d - s h o r t  —>  $ g o o d - n o  d e  — >  $ B \ n  ” ;

}

#  H a v e  t o  h e  s u r e  t h a t ,  a l l  t h e  L U T s  i n p u t  ( F  [ 1 . . 4 ]  a,nd, G [ 1 . . 4 J )  a r e
#  s u p p l y

IffNttfirtHf#ft
m y  © F G . r e s t  ;
f o r e a c h  ( @ o u t p u t _ r e s t )
{

i f ( / S [ 0 1 ]  _ [ F G ] - B \ d / )
{

p u s h  @ F G _ r e s t  , $ .  ;
}}

f o r e a c h  m y  $ F G  ( © F G . r e s t )
{

r a y  @ F G _ a d j  ;

# f i n d  t h e  a d j - l i s t  
f o r e a c h  ( @ a l l _ t i l e )
{

i f  ( / ( \ w + )  - >  ( S [ 0 1 ] . [ F G ] . B \ d ) / )
{

i f  ( $ 2  e q  $ F G )
{

p u s h  © F G . a d j  , $ 1 ;
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}
}

}

# p r i n t  ” $ F G  : @ F G . a d j  \ n ” ;

# l o o k .  f o r  c o n f l i c s  i n  g r o u p - e d g e  
f o r  ( 1 s c a l a r  ( @ F G _ a d j  ) )
{

m y  S a d j  — s h i f t  @ F G _ a d j  ; 
m y  $ f i n  d  =  1;
f o r e a c h  ( @{  $ g r o u p _ e d g e { S c o l o r } } )
{

i f  ( / ( \ w + ) : ( \ w  +  ) / )
{

i f  ( ( $ 1  e q  $ a d j ) | | ( $ 2  e q  S a d j ) )  
{

S f i n d  =  0 ;  
l a s t  ;

}}
>
p u s h  @ F G _ a d j  , S a d j  i f  S f i n d  = =  1;

}

# p r i n t  ” $ F G  : Q F G . a d j  \ n ” ;

# l o o k  f o r  c o n f l i c s  i n  t h e  r o u t i n g - a d d e d

f o r  ( 1 . , s c a l a r  ( @ F G _ a d j  ) )
{

m y  S a d j  =  s h i f t  @ F G _ a d j  ; 
m y  S f i n d  =  1 ;

f o r e a c h  ( @{  S r o u t i n g . a d d e d  { S c o l o r  } } )
{

c o n  f l i c s  i n  t h e  f i r s t  
m y  S o p o ;
i f  ( / » [ N S ] ) ( . P \ d  +  ) ) / )
{

S o p o  =  ” S $ 3 ” i f  ( $ 2  e q  * N ’ ) ;
S o p o  =  ” N S 3 ” i f  ( $ 2  e q  ’ S ’ ) ;

i f  ( ( $ 1  e q  $ a d j ) | j ( $ o p o  e q  S a d j ) )
{

S f i n d  =  0 ;  
l a s t  ;

}}
e l s i f  ( /  ( (  [EW]  ) ( _P \  d  + ) )  / )
{

S o p o  =  ” W $ 3 ” i f  ( $ 2  e q  ’E ’ ) ;
S o p o  =  ” E S 3 ” i f  ( $ 2  e q  W ’ ) ;

i f  ( ( $ 1  e q  $ a d j ) [ j ( $ o p o  e q  S a d j ) )
{ Sfind = 0;

1 a s t  ;
}

}

# c o n f l i c s  f o r  t h e  d o u b l e  c o n n e c t i o n  
m y  $ n o d e . s  p e c  i a l  ; 
i f  ( / ( [ N S E W ] ) ( \ d  +  ) =  =  / )
{

S n o d e - s p e c i a l  =  ” $ 1 ” . ’ _ P $ 2 ” ; 
i f  ( $ n o  d e  _s  p e c  i a l  e q  S a d j )
{

S f i n d  =  0 ;  
l a s t  ;

}
>

}
p u s h  @ F G _ a d j  , S a d j  i f  S f i n d  = =  1;

}
# p r i n t  ”$ F G  : @ F G - a d j  \ n ” ;

# p  u t  t h e  r o u t i n g  i n  
m y  S g o o d . n o d e  =  s h i f t  @ F G _ a d j  ;
m y  S g o o d . s h o r t  =  ” $ 1 $ 2 ” i f  ( S g o o d . n o d e  = "  /  ( [ NSEW]  ) _ P  ( \  d  + )  / ) ;  
p u s h  @{ S r o u t i n g - a  d d e d { $ c o l o r } } ,  ” $ g o o d  - s h o r t  g o o d - n o d e - — > J F G ” ;
# p r i n t  ’’ S g o o d - s h o r t  — >  $ g o o d ~ n o d e  — >  S F G \ n ” ;

}
# f  o r  e a c h  (  @{ $ r  o u t i n g - a d d e d  { S c o l o r } } )  
# {
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# p r i n t  ” S c o l o r  : $ - \ n
# }

}

#  A D D  t h e  i m p o s s i b l e  t o  r o u t e  c o n n e c t i o n s  t o  a n o t h e r  T e s t i n g  c o f i g u r a t i o n

# p u s h  @ { S r o u t i n g - a d d e d {  ’C O L O R 1 7 ’} }  , ’ S O . X Q  - >  O U T l  - >  N 2  =  =  E 2 2  ~ >  E - P 2 2  
# p u s h  @{ $ r  o u t  i n g - a d d e d  {  ’C O L O R 1 7  ’} }  , ' W 2 0  = =  E 2 0  — — S 2  — >  S - P 2

f o r e a c h  m y  S c o n n e c t i o n  ( @{ $ t e s t  _ c o n f  i g u r  a t  i o n  { ’C O L O R 1 7  ’ } } ) 
{

# p r i n t  ” C O L O R 1 7  : $ c o n n e c t i o n \ n  ” ;
}
f o r e a c h  m y  S c o n n e c t i o n  ( @{ S r o u t  i n g _ a d d e d  { ' C O L O R 1 7  ' } } )
{

# p r i n t  ” C O L O R .1 7  : §  c o n n  e c t . i o n \ n  ” ;
}

#  b u i l d  p a t h s  o f  t e s t  c o n f i g u r a t i o n

#  f o r  1 t o  1 6
m i i t m m i / i f i i / i / i i i i f #
f o r e a c h  m y  S c o l o r  ( s o r t  k e y s ( % t e s t _ c o n f i g u r a E i o n  ) )
{

i f  ( S c o l o r  = -  / C O L O R ( \ d  +  ) / )
{

n e x t  i f  ( $ 1  >  1 6 ) ;
}

f f r o u t e  o r t h o g o n a l  c o n n e c t i o n s  f o r  t h e  s u p p l y  
f o r e a c h  m y  S I R M  ( @{ $ t  e  s t  _c  o  n f  i g u  r  a  t  i o  n  { $ c o l o  r  } } ) 
{

#  p r i n t  ” $ I R M \ n ” ;
i f  ( S I R M  = '  /  ‘ ( ( [ NSEW]  ) _ P  ( \ d + ) )  — > / )
{

m y  S n o d e  =  S i  ; 
m y  S s h o r t l  =  ” $ 2 $ 3 ” ; 
m y  $ s h o r t 2 ;
$ s h o r t 2  =  " S S I ” i f  ( S s h o r t l  = *  / N ( \ d - j - ) / )
S s h o r t 2  =  ” N $ 1 ” i f  ( S s h o r t l  / S ( \ d  +  ) / )
S s h o r t 2  =  ” W $ 1 ” i f  ( S s h o r t l  = ” / E ( \ d  +  ) / )
$ s h o r t 2  =  ” E S I  ” i f  ( S s h o r t l  = '  / W ( \ d  +  ) / )

m y  S f b  =  0;
f o r e a c h  ( @{ $ f b _ r e s t { $ c o l o r } } )
{

i f  ( / - >  ( \ w + ) $  / )
{

i f ( S 1 e q  S n o d e )
{

p u s h  @{ $ r o u t i n g _ a d d e d { $ c o l o r  } }  , 
# p  r i n t  ’’ S c o l o r  : S _ \  n  ” ;
S f b  =  1;  
l a s t  ;

}
}

}

i f ( $ f b  = =  0)
{

p u s h  @{ S r o u t i n g . a d d e d  { $  c o l o  r  } }  , ” S s h o r t  2 - = = „ $ s h o r t  1 _ - > J n o d e ” 
# p r i n t  ” S c o l o r  : $ s h o r t 2  •=— S s h o r t l  — >  $ n o d e \ n ” ;

}
# p r i n t  ” S c o l o r  : $ J R M \ n ” ;

}
}

}

#  f o r  n  t o  s e  ffffff//ffff//ft//Jf//////J///f‘ff
f o r e a c h  m y  S c o l o r  ( s o r t  k e y s ( % t e s t . c o n f i g u r a t i o n  ) )
{

i f  ( S c o l o r  = ■  / C O L O R ( \ d  +  ) / )
{

n e x t  i f  ( ( $ 1  <  1 7 )  | 1 ( $ 1 >  2 2 ) ) ;
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# r o u t e  o r t h o g o n a l  c o n n e c t i o n s  f o r  t h e  s u p p l y  
f o r e a c h  r a y  S I R M  ( @{  $ t e s t . c o n f i g u r a t i o n  { S c o l o r } } )  
{

# p r i n t  ” S c o l o r  : $ I R M \ n ” ; 
i f  ( S I R M  /  '  ( ( [ NSEW]  ) _ P ( \ d  +  ) )  - > / )
{

r a y  S n o d e  =  $ 1 ;  
m y  S s h o r t l  =  ” $ 2 $ 3 ” ; 
rr^y $ s h o r t 2  ;
S s h o r t 2  =  ” S $ 1 ” 
$ s h o r t 2  =  ” N $ 1 ” 
$ s h o r t 2  =  ” W $ 1 ” 
$ s h o r t 2  =  ” E S I ”

f  ( S s h o r t l  
f  ( S s h o r t 1 
f  ( S s h o r t 1 
f  ( S s h o r t l

/ N ( \ d  +  ) / )  
/ S ( \ d  +  ) / )  
/ B ( \ d  +  ) / )  
A V ( \ d  +  ) / )

m y  $ f b  =  0 ;
f o r e a c h  ( @{  S r o u t i n g . a d d e d { S c o l o r } } )
{

# p r i n t  ” S - \ n ” ;
i f  ( / - >  ( [NSEW]  _P \  d  + )  /  )
{

i f ( S I  e q  S n o d e )
{

# p  u s h  @{ $ r  o u t i n  g - a d d  ed,  {  $ c o I o r  }  } , 
# p  r i n t  ” $ c o  l o r  : $ _ \  n  ” ;
S f b  =  1;  
l a s t  ;

}
} }

i f  ( S f b  = =  0 )
{

p u s h  @ { $ r o u t i n g _ a d d e d {  S c o l o r } }  , ” $ s h o r t 2  - = = _ $  s h o r t  1 „
# p r i n t  ” S c o l o r  : S s h o r t  2  —=  S s h o r t l  — >  S n o d e \ n ”;

}

- > ~ $ n o d e ” ;

}

#  f o r  2  3 t o  2  6 
4 # i ffh i/7 tr t tN it  ft tf i l / / / /  # #
f o r e a c h  m y  S c o l o r  ( s o r t  k e y s ( %  t e s t  . c o n f i g u r a t i o n  )  ) 
{

i f  ( S c o l o r  = '  / C O L O R ( \ d  +  ) / )
{

n e x t  i f  ( $ 1  <  2 3 ) ;
}
iilf-lf i i n  ii rHfW
# r o u t e  o r t h o g o n a l  c o n n e c t i o n s  f o r  t h e  s u p p l y  
f o r e a c h  m y  S I R M  ( @{  S t e s t . c o n f i g u r a t i o n  { S c o l o r  } } )  
{

# p r i n t  ’’ S c o l o r  : $ l R M \ n ” ;
i f  ( S I R M  = '  /  ~ ( { [ NSEW]  ) _ P ( \ d - f ) )  - > / )
{

# p r i n t  ” S c o l o r  : $ I R M \ n ” ;

m y  S n o d e  =  $ 1 ;  
m y  S s h o r t l  =  ” $ 2 $ 3 ” ; 
m y  S s h o r t 2  ;
$ s h o r t 2  =  ” S $ 1 ” i f  ( S s h o r t l  = '  / N ( \ d  +  ) / )
$ s h o r t 2  =  ” N $ 1 ” i f  ( S s h o r t l  — ~ / S ( \ d  +  ) / )
S s h o r t 2  =  ” W S 1 ” i f  ( S s h o r t l  = "  / E ( \ d  +  ) / )
$ s h o r t 2  — ' - ' E S I ” i f  ( S s h o r t l  =  ~ / W ( \ d - f - ) / )

m y  S f b  =  0 ;
f o r e a c h  ( © {  S r o u t i n g  . a d d e d  { S c o l o r  } } )
{

# p r i n t  ” S c o l o r  : $ „ \ n ” ;
i f  ( / _ >  ( [ NSEW]  _ P \ d  +  ) / )
{

i f ( $ 1  e q  S n o d e )
{

# p u s h  @{ $ r  o u t i n  g - a d d  e d { $  c o l o  r } } , 
# p r i n t  ’’ S c o l o r  : $ - \ n ” ;
S f b  =  1;  
l a s t  ;

}

}
}

i f f j f b  = =  0 )
{

p u s h  @ { $ r o u t i n g _ a d d e d {  S c o l o r  } }  , ” S s h o r t 2  _ = = „ $  s h o r t  1 . - > J n o d e "  ; 
# p r i n t  ’’ S c o l o r  : $ s h o r t 2  = — S s h o r t l  — >  S n o d e \ n ” ;
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}
}

}
f o r  ( 1 . .  s c a l a r  ( @{ $ r o u t i n g _ a d d e d { $ c o l o r  } } ) )
{

m y  S t e m p  =  s h i f t  © {  S r o u t i n g . a d d e d  { S c o l o r  } }  : 
i f  ( S t e m p  = ” r  ( [ N S E W ] \ d + )  - > / )
{

m y  S s h o r t  =  S I ;  
m y  $ s h o r t 2  ;
$ s h o r t 2  =  " S S I ” i f  ( S s h o r t  = "  / N ( \ d  +  ) / ) ;
S s h o r t 2  =  ” N  $ 1 ” i f  ( S s h o r t  = "  / S ( \ d - f ) / ) ;
S s h o r t 2  =  ” W $ 1 ” i f  ( S s h o r t  = "  / E ( \ d  +  ) / ) ;
$ s h o r t 2  =  ” E $ 1 ” i f  ( S s h o r t  = "  / W ( \ d  +  ) / ) ;

p u s h  @{ S r o u t i n g _ a d d e d { $ c o l o r  } }  , ” S s h o r t 2  - = = J t e m p ” ; 
n e x t ;

}
p u s h  @{ S r o u t i n g . a d d e d  { S c o l o r  } } , S t e m p  ;
# p r i n t  ’’ S c o l o r  : $ _ \ n ” ;

}
}
# p r i n t  t h e  r e s u l t
f o r e a c h  m y  S c o l o r  ( s o r t  k e y s ( %  t e s t _ c o n f i g u r a t i o n  ) )
{

f o r e a c h  m y  S c o n n  ( @ { $ t e s t . c o n f i g u r a t i o n { $ c o l o r } } )
{

p r i n t  ” $ c o l o r „ : „ $ c o n n \ n ” ;
}

i f  ( e x i s t s  ( $ r o u t i n g _ a d d e d { $ c o l o r  } ) )
{

f o r e a c h  m y  S a d d  ( @{ $ r o u t  i n g . a d d e d  { $ c o l o  r  } } )
{

p r i n t  ” S c o l o r - : . $ a d d \ n ” ;
}

}
}

e x i t  ;

#  F u n c t i o n s

# F u n c t i o n  N a m e :  C l  
# I n p u t s :
# ( \ @ {  l i s t - o f - e d g e s - G  } )
# O u t p u t  : t h e  c o l o r  n u m b e r  1 o f  t h e  c o l o r i n g
#  ( t h e  f o n c t i o n  f i n d  a n  e n t i r e  c o l o r i n g  b u t  r e t u r n  o n l y )

s u b  C l  
{

ffc p u t  a l l  t h e  i n p u t  o f  t h e  f u n c t i o n  i n  a r r a y s

m y  © g r a p h . e d g e  =  @{  ( s h i f t  ( © _ )  ) }  ; 
m y  © g r a p h . e d g e . c o p y  =  © g r a p h . e d g e  ;

#  B u i l d  t h e  qra, ph.

m y  $ G  =  G r a p h  : : U n d i r e c t e d —> n e w  ;
$ G —> a d d _ e d g e s  ( © g r a p h . e d g e  ) ;

#  S e t  a l l  t h e  e d g e s  c o l o r  t o  0

f o r  ( 1  . .  ( s c a l a r  { @ g r a p h _ e d g e  ) / 2  ) )
{

m y  S c o l o r  =  0 ;
m y  $ v s  — s h i f t  ( © g r a p h . e d g e  ) ; 
m y  S v d  — s h i  f t  ( @ g r a p h _ e d g e  ) ; 
p u s h  @ g r a p h _ e d g e  , S v s  ; 
p u s h  © g r a p h . e d g e  , S v d  ;

$ G —> s e t _ a t t r i b u t e (  ’ c o l o r  ’ , $ v s  , $ v d ,  S c o l o r ) ;  
SG —> s e t . a t t r i b u t e ( ’ c o l o r  ’ , S v d , S v s , S c o l o r ) ;

}
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#  S t a r  o f  t h e  m a i n  l o o p
t i l l  t i f f#-

m y  S a l p h a  ; 
n y  S b e t a ;

# t  e s t  v a r i a b l e  
m y  $ i n d e x  — 1;
f o r ( l  . .  ( s  c a l a r  ( @ g r a p h _ e d g e  ) /  2 ) )
{

# t  e s t
# p r i n t  ” S i n d e x  
# $ i n d e x - f - + ;

m y  S v s  — s h i f t  ( © g r a p h . e d g e  ) ; 
r a y  S v d  =  s h i f t  ( © g r a p h . e d g e  ) ; 
p u s h  © g r a p h . e d g e  , S v s  ; 
p u s h  © g r a p h . e d g e  , $ v d  ;

i f  f i n d  t h e  l o w e r  c o l o r  m i s s i n g  a t  S v s
f f ( f f t i l f f / / ' / / / / I f M' t f f / f i t t / / -£ ■/ / / / / / f t 7?

S a l p h a  =  &  l o w e r . c o l o r  ( \ $ G ,  S v s  ) ;
# t e s t
# p r i n t  ” S a l p h a

# f i n d  t h e  l o w e r  c o l o r  m i s s i n g  a t  S v d

S b e t a  =  &  l o w e r  _ c o l o r  ( \ $ G  , $ v d  ) ;
# t  e s t
# p r i n t  ” $ b e t a  ” ;

i f  C h e c k  i f  a l p h a  n o t  e q u a l  b e t a

i f  ( S a l p h a  ! =  S b e t a )
{

# f i n d  a n  a l t e r n a t i v e  p a t h  a n d  s w a p  c o l o r
■/ i f f i f  f i f f  i ff ff f i f f f i f f / i f 'f f i f 'f f7/ / f f  ff  f f f f f f f f i f f / i f  i f  f f f f i f / / / / / f / f / / i / i i / f i / / i r r / -/iit'// i / / i / / / i ^ f t '/('/iffiffi'//-/iff 
& a l t _ p a t h  ( \ $ G  , $ v s  , S v d  , S a l p h a  , S b e t a  ) ;

}

# c o l o r  t h e  e d g e  ( v s , v d )  w i t h  b e t a

$G—> s e t . a t t r i b u t e  ( ’ c o l o r  ’ , S v s  , S v d , S b e t a  ) ;
$ G —> s  e t _ a t t r i b u t e (  ’ c o l o r  ’ , S v d , S v s  , S b e t a ) ;

}
#  r e t u r n  c o l o r  1
m H H f f l m i H H H H m y i l l t m i H l l t i n n i f f l l M M I H i m i t l l l H H H H H HHHH H H m m t #

m y  © c o l o r l  . e d g e s  ;

# m y  $ c o u n t  — 1;
i f f  o r  e a c h  m y  S c o l o r  (  1 . . 2  5  )
# {
m y  S c o l o r  — 1;
f o r  ( 1 . .  ( s c a l a r  ( © g r a p h . e d g e  ) / 2  ) )
{

m y  S v s  =  s h i f t  ( © g r a p h . e d g e  ) ; 
m y  S v d  =  s h i f t  ( © g r a p h . e d g e  ) ; 
p u s h  © g r a p h . e d g e  , S v s  ; 
p u s h  © g r a p h . e d g e  , S v d  ;

# i f ( $ G ~ > g  e t . a t t  r i  b u t  e (  ’ c o l o r  ' , S v s  , S v d )  —=  1 )
I f  ( $ G —> g e  t  . a t  t  r i b u t e  ( ’ c o l o r  ’ , $ v s  , S v d  ) = =  S c o l o r )
{

p u s h  © c o l o r  1 . e d g e s  , S v s  , S v d  ;
# v r i n t  ” C O L O R S c o l o r  : S v s  — S v d \ n

}
# t  e s t
# m ,y  S t e s t  =  $G —>  g e t - a t  t r i b u t e  ( ’ c o l o r  1 , S v s  , S v d  )  ; 
f f p r i n t  ’’ c o l o r  S v s —S v d  =  S t e s t \ n

}
# }
r e t u r n  @ c o l o r l  . e d g e s  ;

}
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R e t u r n  t h e  l o w e r  m i s s i n g  c o l o r  a t  t h e  v e r t e x  
s u b  l o w e r . c o l o r  
{

m y  $ G  =  s h i f t  ; 
m y  S v e r t e x  =  s h i f t  ; 
m y  $ c o l o r  =  1;  
m y  @ c o l o r _ l i s t  ;

m y  @ a d j _ l i s t  =  $ $ G - > n e i g h b o r s  ( S v e r t e x  ) ;

# b u i l d  a l i s t  o f  a l l  t h e  c o l o r  
f o r e a c h  m y  S a d j . v e r t e x  ( @ a d j _ l i s t )

m y  S t e m p  =  $ $ G —> g e t  . a t t r i b u t e  ( ’ c o l o r  ’ , S v e r t e x  , S a d j . v e r t e x  ) ; 
i f  ( S t e m p  I — 0 )
{

p u s h  @ c o l o r _ l i a t  , S t e m p ;  ?
}

}

# f i n d  t h e  s m a l l e s t  m i s s i n g
# @  c o l o  r e l i s t  =  s o r t  (  @ c o l o  r  - l i s t  )  ;

# t e s t
# p  r i n t  ” @ c o I o r  - l i  s t  : l o w e s t  m i s s i n g  ” ;
m y  $ g o t - i t  ;
f o r  m y  S l o c a l . c o l o r  ( 1 . . 5 0 )
{

$ g o  t  _i  t  ~  1;
f o r e a c h  m y  Sc  ( @ c o  1 o  r -1 i s t  )
{

i f  ( S c  = =  S l o c a l . c o l o r )
{

$ g o t _ i t  =  0 ;  
l a s t  ;

}
}
i f  ( $ g o  t  _i  t  = =  1)
{

S c o l o r  =  S l o c a l . c o l o r ; 
l a s t  ;

}
}
# m y S p r e v . c  =  s■ h i f t  @ c o 11
# f  o r  e a c h  m y  $ c ( s o r t  (  @ c o
# {
# i f  (  S p r e v . c $C )
# { n e x t  ; }
# e l s i f  ( S c  ! =  S c o l o r )
# { l a s t  ; }
# e l s e
# { S c o l o r  + p , '}
# S p r e v ^ c  = S c ;
# }

# t e s t

}

# p  r i n t  ” $  c o l  o r \ n  ” ; 

r e t u r n  S c o l o r ;

s u b  a l t . p a t h  
{

m y  $ G  =  s h i f t  ; 
m y  S v s  =s s h i f t  ; 
m y  S v d  =  s h i f t  ; 
m y  S a l p h a  =  s h i f t ;  
m y  S b e t a  =  s h i f t  ;

# t  e s t
# p r i n t  ” S G  S v s  S a l p h a  $ b e t a \ n

m y  @ a l t e r n a t e _ p a t h  =  & p a t h ( \ $ G ,  S v s ,  S a l p h a  , S b e t a ) ;

i f  ( @ a l t e r n a t e _ p a t h  )
{

& i n v . p a t h . c o l o r  ( \ $ G  , \ @ a l t e r n a t e _ p a t h  , S a l p h a  , S b e t a ) ;
>
e  i s e  
{

@ a l t e r n a t e _ p a t h  — & ; p a t h ( \ $ G ,  S v d  , S a l p h a  , S b e t a  ) ; 
i f  ( @ a l t e r n a t e _ p a t h  )
{

& i n v . p a t h . c o l o r  ( \ $ G , \  @ a l t e r n a t e _ p a t h  , S a l p h a  , S b e t a  ) ;
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}
e l s e
{

r e t u r n  ;
}

}
}

s u b  p a t h  
{

m y  S G =  s  h  i f t  ; 
m y  S v e r t e x  =  s h i f t ;  
x n y  S a l p h a  =  s h i f t  ; 
m y  S b e t a  =  s h i f t  ;

m y  S t e m p . c o l o r  =  S b e t a ;  
m y  © p a t h - l i s t  ; 
m y  I n e x t . v e r t e x ;

$ n e x t _ v e r t e x  =  &  c h e c k . c o l o r  ( \ $ G  , S v e r t e x  , $ t e m p _ c o l o r  ) ; 
i f  ( $ n e x t - v e r t e x  e q  0 )
{ r e t u r n  © p a t  h_ 1  i s t  ; }

w h i l e  ( S n e x t  . v e r t  e x  n e  0 )
{

p u s h  ( @ p a t h _ l i s t  , $ n e x t _ v e r t e x ) ;  
p u s h  ( © p a t h - l i s t  , i n e x t . v e r t e x ) ;

i f  ( S t e m p - c o l o r  = =  S a l p h a )
{ $ t e m p _ c o l o r  =  S b e t a ; }  
e l s e
{ $ t e m p _ c o l o r  =  S a l p h a ; }

S n e x t - v e r t e x  =  &  c h e c  k - c o  1 o r  ( \  S G , S n e x t - v e r t  e x  , S t e m p . c o l o r  ) ;

#  h a v e  t o  b r e a k  t h e  p a t h  w h e n  i t  i s  a. l o o p  b e c a u s e  t h e  p r o g r a m  e n t e r  i n
#  a n  i n f i n i t e  l o o p .

#  i f  t h e  n e x t . v e r t e x  i s  e q u a l  t o  v e r t e x  
i f  ( i n e x t . v e r t e x  e q  S v e r t e x )
{ l a s t ; }

m y  S f l a g  = 0 ;  
f o r e a c h  ( @ p a t h _ l i s t )
{

i f  ( $ _  e q  i n e x t . v e r t e x )
{

S f l a g  =  1;
}

}
l a s t  i f  S f l a g  = =  1;
# t  e s t
# p r i n t  ” S v e r t e x : S n e x t . v e r t e x  ” ;
# p r i n t  ” . ” ;

}
m y  S e x t r a  =  p o p  © p a t h - l i s t ;  
u n s h i f t  ( © p a t h _ l i s t  , S v e r t e x ) ;  
r e t u r n  @ p a t h _ l i s t  ;

s u b  i n v . p a t h . c o l o r  
{

m y  S G  =  s h i f t  ; 
m y  © p a t h  = @ { ( s h l f t  ( © _ ) ) } ;  
m y  S a l p h a  =  s h i f t  ; 
m y  S b e t a  =  s h i f t  ;

# t  e s t  
# p  r i n t  ” @ p a t h \ n  ” ;

f o r ( l . . ( s c a l a r (  © p a t h  ) /  2 ) )
{

r a y  S s t a r t  — s h i f t  © p a t h ;  
m y  S v e r t e x  =  s h i f t  @ p a t h  ;

i  f  ( S S S G —> g  e  t  _ a  11 r  i b  u  t  e  ( ’ c o l o r ’ , S s t a r t ,  S v e r t e x )  =  =  S b e t a )
{

$ $ $ G —> s  c t _ a t t r i b u t e (  ’ c o l o r  ’ . S s t a r t  , S v e r t e x  . S a l p h a ) ;
S S S G —> s  e t _ a t t r i b u t e (  ’ c o l o r  ’ . S v e r t e x  . S s t a r t  . S a l p h a ) ;

}
e  1 s  i f  ( S S S G —> g e  t  -  a t t r i b u t e  ( ’ c o l o r ’ , S s t a r t  . S v e r t e x )  =  =  S a l p h a )  
{

S S S G —> s e t _ a t t r i b u t e (  ’ c o l o r  ’ . S s t a r t  . S v e r t e x  , S b e t a ) ;
S S S G —> s  e t  -  a t t r i b u t e  ( ’ c o l o r  ’ , S v e r t e x  , S s t a r t  , S b e t a  ) ;

}
}

}
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s u b  c h e c k - c o l o r  
{

m y  $ G  =  s h i f t  ; 
m y  S v e r t e x  =  s h i f t ;  
m y  S c o l o r  — s h i f t  ;

m y  S e d g e . c o l o r  ;

m y  @ v e r t e x _ a d j  =  $ $ $ $ G ~ > n e i g h b o r s  ( S v e r t e x  ) ; 
f o r e a c h  m y  S v . e n d  ( @ v e r t e x _ a d j  )
{

S e d g e . c o l o r  =  $ $ S $ G —>  g e t  -  a t t r i b u t e  ( ’ c o l o r  ’ , S v e r t e x  , S v . e n d  ) ; 
i f  ( $ e d  g e . c  o I o r  = =  S c o l o r )
{

r e t u r n  S v . e n d  ;
>

}
r e t u r n  0 ;

}

# F u n c t i o n  N a m e :  r e a d - f i l e
# I n p u t s  :
#  n a m e  o f  t h e  f i l e  y o u  w a n t  t o  o p e n  
# O u t p u t  :
#  t h e  a r r a y  t h a t  c o n t a i n  a l l  t h e  l i n e  o f  t h e  f i l e

s u b  r e a d - f i l e  
{

m y  ( S f i l e n a m e )  =
o p e n  ( F I L E  , ” S f i l e n a m e ” ) | | d i e ( ” c o u l d - . n o t _ o p e n _ t h e - . f i l e  ” ) ; 
m y  @ f i l e  =  < F I L E > ;  
c l o s e  ( F I L E  ) ;  
c h o m p  ( © f i l e ) ;  
r e t u r n  @ f i l e  ;

}
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# ! / u s r / b i n / e n v  b a s h

#  N a m e :  r u n n i n g - s  c r i p t
#  A u t h o r  : C h r i s t i a n  G i a . s s o n
#  D a t e :  J u l y  2 1 s t  2 0 0 4
#  N o t e :  T h i s  b a s h  s c r i p t  e x e c u t e s  a l l  p r o g r a m s  i n  s e q u e n c e  t o  g e t  a l l  t h e  

# O R M  c o l o r i n g
O R M=  ’ , . /  g o o d . c o l o r i n g . c l e a n  ’
$ O R M /  g o o d . c o l o  r  i n g  . p i  —a  $ O R M / O R M _ C O N F _ 2

- b  $ O R M / C L B _ C O N F - 2
- c  $ O R M / O U T _ a d j . l i s t  >  E D G E - C O L O R I N G

# c o m p l e t e  O E M  c o l o r i n g
COMP== ’ . . /  c o r n p I e t e _ O R M _ c o l o r i n g  ’
S C O M P /  c o m  p l e t e - O R M - c o l o r i n g ,  p i

- a  . / E D G E - C O L O R I N G  
- b  $ C O M P / C L B . C O N F _ 2
- c  $ C O M P /  O U T - a d j - l i s . t  >  E D G E - C O L O R I N G _ C

# f i n d .  f e e d b a c k  p a t h s  t o  t h e  C L B  i n p u t s  f o r  a l l  e d g e s  i n  e a c h  c o l o r  
P A T H _ 1 _ 1 6 =  ' . .  /  c o l o r _ p a t h _ l _ 1 6 _ c l e a n  ’
$ P A T H - 1 - 1 6 /  c o l o r - p a t h _ l _ 1 6  . p i

- a  . /  E D G E _ C O L O R I N G _ C  
- b  S P A T H - 1 - 1 6  / C L B _ C O N F I G _ 2 _ 4 _ v 3  
- c  $ P A T H - 1 - 1 6 / L I S T - C O N F  
- d  S P A T H - 1 - 1 6 / P A T H - S I N G L E
~ e  $ P A T H - 1 _ 1 6 / P A T H - D O U B L E  > F E E D B A C K - P A T H - 1 _ 1 6

# c o r n p l e t e  t h e  c o l o r i n g  o f  t h e  1 R M  f o r  c o l o r  1 t o  1 6  
I R M =  ’ . . / c o l o r - I  M U X - c l e a n  ’ ;
$ I R M / c o l o r _ I R M  . p i  —a  $ I R M / s m a l l - I R M

- b  . / F E E D B A C K . P A T H - 1 - 1 6  >  I R M - 1 - 1 6

# g e t  t h e  r e s t  o f  t h e  I R M  t h a t  i s  n o t  c o l o r  y e t  
S I R M / c o l o r - I R M . r e s t  . p i  —a  $ I R M / s m a l l - I R M

- b  . /  F E E D B A C K - P A T H _ 1 _ 1 6  >  I R M - R E S T

# g e t  t h e  I R M  c o n n e c t i o n  t h a t  a r e  n o t  c o n n e c t e d  o n  n o d e  l i n e s  
$ I R M / g e n _ I R M G _ s u p  . p i  <  S I R M / a  11 _ t  i 1 e  . t x t  >  I R M - S U P

# m e r g e  t h e  r e s t  o f  t h e  nod e ,  l i n e  c o n n e c t i o n s  a n d  t h e  o n e  t h a t  
# a r e  n o t  c o n n e c t e d  t o  t h e  n o d e  l i n e s .  
c a t  I R M - R E S T  I R M - S U P  >  I R M . T O T A L

# c o l o r  t h e  r e s t  o f  I R M  a n d  g e t  t e s t  c o n f i g u r a , t i o n  1 7  t o  2 6  
S I R M / c o l o r _ I R M _ p a r t 2  . p i  - a  . / I R M . T O T A L

- b  $ I R M / f e e d b a c k _ 1 7 _ 2 2  >  I R M - 1 7 - 2 6

# G e t  f e e d b a c k  f o r  t h e  T C  1 7  t o  2 6  a n d  c o n f i g u r i n g  a l l  t h e  G R M  i n  s u c h  a  w a y  
# t h a t  t h e r e  i s  n o  c o n f l i c s  i n  t h e  7 - o u t i n g  o f  t h e  s i g n a l s .
S I R M / c o m p l e t i o n  . p i  —a  S I R M / s m a l l - I R M

- b  I R M - 1 - 1 6  
— c I R M - 1 7 - 2 6  
~ d  F E E D B A C K - P A T H . 1 - 1 6  
- e  $ I R M / f e e d b a c k _ 1 7 _ 2 2  
- f  S I R M / a l l - t i l e  . t x t  >  F I N A L - P A T H
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