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Abstract

In this thesis, we will consider the distributed architecture for
communication protocol conformance testing, where there are two remote testers,
called the lower tester and the upper tester. During the application of a
predetermined test sequence in the distributed architecture, the upper and the lower
testers are bound to synchronize with each other only through their interaction with
the implementation. However, this requirement may lead to a synchronization
problem when the upper and the lower tester processes are forced to consider the

timing of an interaction in which they have not taken part.

We present a heuristic for generating a minimum length synchronizable test
sequence for protocol conformance testing. The approach is based on a variation of
a well-known problem in graph theory known as the Chinese postman problem. In
this variation, for each edge e=(i,j) in a digraph D, we specify a subset of edges
leaving j as the eligible successors for e, and require that each edge in the postman
tour be followed by an eligible successsor. We present a heuristic to solve this
variation of the Chinese postman problem, and develop a specialized version of
this heuristic for the problem of generating a minimum length synchronizable test
sequence. We show empirically that our specialized heuristic has superior

performance compared to other known heuristics for this problem.

"
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Chapter 1
Introduction
1.1 Protocol conformance testing and the Chinese postman problem

A protocol is a set of rules stating just how two or more parties are
supposed to interact by sending messages to each other. The term "testing"
indicates that some operations are carried out to certify the conformity of a
protocol implementation to its specification. In data communication, protocol
testing means that the test object is a protocol implementation. When testing a
protocol implementation to see if it conforms to its specification, we assume that
the implementation is a black box. The protocol implementation is tested by
externally generating a sequence of inputs from two logically distinct elements,
which are called the upper and the lower testers because of their relationship to the
interfaces of the implementation, and then verifying that these inputs cause an

expected sequence of outputs.

It is well established that conformance testing of protocol implementations
is needed to ensure reliable communications in computer networks. Recently, it
became apparent that protocols require formal methods to define the conformance

test.



A protocol can be specified as a deterministic and minimal finite state
machine (FSM) [12], where the FSM is in a specific state and an input message
can cause the FSM to generate output messages and undergo a change from the
current state to a new state. During the conformance test of a protocol
implementation, every state transition of the FSM that represents the protocol
should be tested. Testing a state transition from state vj to state v; takes place in

three steps:

1. Put the implementation into state vj.
2. Apply the required input and compare the output generated with the one
defined in the specification.

3. Verify that the new state of the FSM is vj.

Generaily, the problem of finding a minimum length complete test sequence
(also known as a checking sequence) is NP-complete [4]. Several formal methods
have been introduced for test sequence generation from FSM-based
specifications[18]. Some of these methods are: The T-method, the D-method, the
W-method, the UIO-method and several improvements of the UIO-method.

In protocol conformance testing, the concept of a transition tour in an FSM
has been applied and is known as the T-method. A transition tour is an input
sequence which starts with the initial state and covers all transitions defined in the
protocol specification at least once. The T-method detects all operation errors
(errors in the output function) but it does not detect all the transfer errors (errors in
the next state function), since the state that the FSM of the protocol
implementation reaches after the execution of a transition is not checked, as

specified in step 3 of the state transition testing procedure. The T-method is



generally applicable; the application of some other methods, such as the W-
method, require the existence of a sequence of inputs, calied the characterizing
sequence, which can be used to verify that the FSM has reached a designated state.
The T-method also gives shorter test sequences than the D-method and the W-
method because it is directly formed by checking the FSM, and does not need to

add any extra characterizing sequence.

Uyar and Dahbura[19] showed that finding a minimum length transition
tour of a protocol specification is equivalent to finding a Chinese postman tour of a
digraph D, where D represents the FSM of the protocol specification. The
objective of minimizing the length of a test sequence stems from the consideration
of reducing the total cost of the input/output operations and hence the cost of the

testing process.

The Chinese postman problem [3,11] was first considered by a Chinese
mathematician, Guan Meigu (1962) and can be described as follows. A postman
wishes to find a shortest route in a digraph which starts from some node, traverses
each edge at least once, and then returns to the starting node. In a weighted digraph
D, we define the weight of a tour vgev]...envQ to be Z(w(ej): for i=1,...,n). The
Chinese postman problem is that of finding a minimum weight tour traversing
every edge at least once in a weighted connected digraph with non-negative

weights. Such a minimum weight tour is called a Chinese posiman tour.

The Chinese postman problem and its solution has a number of potential
applications, for example, refuse collection, the delivery of milk and post, the
inspection of electric power, telephone or railway lines, etc. This problem has been

shown to be solvable in polynomial time by Edmonds and Johnson [11].




1.2 The Synchronization Problem

There are two main classes of end-system test methods[13,14,16], the local
and the external. The local test methods are really only applicable to in-house
testing by supplicrs, whereas the external test methods are also applicable to
testing carried out by users and third party test centers. Theoretically, the local test
method is the best of test methods as it assumes that it has direct access to both the
upper and the lower interfaces of the implementation. However, in practice, even if
a tester has direct access to both interfaces, any software adopting a local test

method would be too complex to be implemented.

There are three types of external test methods: distributed, coordinated and
remote. The remote test method assumes no explicit test coordination procedures
in the real open system in which the implementation resides, called the system
under test. The remote method also tests the system under test as a "black box"
from another machine. Therefore, it is incapable of control and observation of the
upper interface of the implementation. The distributed and coordinated test
methods both require implementation of a complex upper tester within the system
under test, and are deficient in guaranteeing synchronization between the upper
and the lower testers which reside on two different machines. As reported in [21],
Zeng defined an alternative to both the distributed and coordinated methods, called |
the ferry testing approach. In this method the upper tester is moved from the
system under test to the test laboratory's system. The ferry concept was first
intendted to simplify the test software in the system under test and enhance the
synchronization between an upper and a lower tester. However, this solution
requires an additional protocol to facilitate communication between the upper and

the lower tester. The necessity for such coordination is eliminated by constructing



a synchronizable test sequence such that the corresponding sequence of transitions

causes no synchronization problem.

In this thesis, we will consider the distributed test method. During testing in
this method, the upper and the lower testers provide control and observation of the
upper and the lower boundaries of the implementation respectively. The lower
tester may be miles away from the upper tester and a test sequence may be
nonexecutable due to the synchronization problem between the lower and the
upper tester. This means that, when applying a test sequence to an implementation,
a problem may occur because one of the testers (upper or lower) may not be able
to determine when to send an input to the implementation because it did not take
part in the previous transition. Formally, we could say that a test sequence [I1/01,
12/02,... Ii/Oi, Ii+1/0i+1,...,In/On] is synchronizable if (and only if) considering
two consecutive transitions from the test sequence, both operations Ii+1 and Oi are
related to the same tester (lower or upper) or both operations Ii+1 and Ii are related
to the same tester (lower or upper). Since the algorithm described by Uyar and
Dahbura[19] for finding a minimum length transition tour may find a test sequence
which is not synchronized and therefore unusable in this situation, new techniques
for generating synchronizable test sequences for protocol conformance testing
have been studied. In [17], Sarikaya and Bochmann discuss an algorithm for
generating a transition tour without synchronization problems, in which they make
no attempt to obtain a minimum length test sequence. In [7], Chen, Lu, Wang, and
Lee describe a heuristic algorithm for generating an approximately minimum
length synchronizable test sequence assuming that there is no specific start node,
which means that the first edge in their transition tour must be synchronizable with
their last edge. Thus there may exist a synchronizable test sequence which starts

and ends at a specified node which cannot be generated by their heuristic. Zhiping



Wang in his thesis[20] describes a heuristic method which combined with the T-
method can be employed to generate a synchronizable test sequence for protocol
conformance testing'. Wang also combines this heuristic with other format
methods for test sequence generation, namely the W-method, D-method and UIO-
method, to generate synchronizable test sequences for protocol conformance

testing.

Wang uses a technique which was first proposed by W.H.Chen, C.S.Lu,
L.Chen, and J.T.Wang[6]. This technique involves the conversion of the digraph
representing the protocol specification into a duplex digraph so as to generate a
synchronizable test sequence for the protocol. However, the technique proposed in
(6] suffers some deficiencies which have been improved by Wang. First, the
technique used in [6] can only be applied to protocols which are tighly
synchronizable with both the upper and the lower tester, ie. Ii+]1 and Oi are

related to the same tester. Second, some types of transitions are not covered.

Another approach for dealing with the synchronization problem is
discussed in [8], where a link is established between the upper and lower tester,
and a synchronizable test sequence may include some use of this external

synchronization operation at some specified cost.

1.3 The correctly ordered Chinese postman problem and its application to

the synchronization problem

We will consider a variation of the Chinese postman problem, where for
each edge e=(i,j) in a digraph D, we specify a subset of edges leaving j as the
eligible successors for e. This type of digraph is called an order-specified digraph.



specified digraph D, where for every consecutive pair of edges ei and ek in the
tour, ek has been specified as an eligible successor of ei. Such a tour is called a
correctly-ordered Chinese postman tour. Due to the fact that finding a correctly-
ordered Chinese postman tour is NP-hard[5], it is unlikely that an efficient
algorithm will be found to solve it. We present a heuristic method for finding a

correctly-ordered Chinese postman tour in an order-specified digraph D.

The problem of finding a minimum length synchronizable test sequence can
be modelled as a correctly-ordered Chinese postman problem for which the edges
out of each vertex v can be partitioned into two sets, say A and B, such that the
eligible successors for each edge into v are the edges in A, B or AUB. We develop
a specialized version of our general heuristic for the correctly-ordered Chinese
postman problem for solving the problem of finding a synchronizable test
sequence. As in Wéng's heuristic[20] we create a duplex digraph, but of much
smaller size. Our algorithm also has a lower complexity and improved

performance.

1.4 Overview of the thesis

In Chapter 3 of this thesis we describe our heuristic adapted to the problem
of finding a synchronizable test sequence for protocol conformance testing. In
Chapter 4 we describe our implementation of this heuristic. In Chapter 5 we
discuss the complexity of our algorithm and we compare the performance of it
with Wang's algorithm. In Chapter 6 we describe our heuristic for the general
problem of finding a correctly-ordered Chinese postman tour in a digraph D.

Finally in Chapter 7, we make our conclusions and give ideas for future work.



In the next chapter we will introduce some basic concepts and background

in graph theory, the rural Chinese postman tour , and protocol testing.



Chapter 2
Background
2.1 Graph theory definitions

For the purpose of this thesis, a graph G=(V,E) is defined as a finite set
of vertices V. which are interconnected by a finite set of edges E. Eachedgee € E
corresponds to two vertices in V, called the ends of e. An edge e € E with ends u
and v is sometimes denoted by uv. Two vertices u,v € V are said to be adjacent if
uv e E, and if e = uv, e is said to be incident with u and v. A weighted graph is one

in which every edge is assigned a number called its cost.

A path from v1 to vi is a sequence P = vl,el,v2,e2,...ei-1,vi alternating
in vertices and edges such that for 1<j <i-1, ej is incident with vj and vj+1. If vl =
vi then P is said to be a tour. The length of a path P is equal to the number of edges

in P. The cost of a path P is equal to the sum of the costs of its edges.

A graph G is connected if every two nodes in G are joined by a path. A
subgraph G' of G is a graph obtained by removing a number of edges and/or
vertices of G. A component of a graph G is any maximal connected subgraph of G.
An edge induced subgraph G[E of G for E' C E is the graph consisting of the-
edges in E' and the set of end vertices of the edges in E'. A spanning subgraph of a

graph G is a subgraph which contains all the vertices of G. A tree is a connected




graph containing no tours. A spanning tree of a connected graph G is a subgraph

which is both a tree and spanning.

A digraph D = (V,E) is a graph to which we assign a direction to each
of its edges . An edge e in D which is directed from vertex i to vertex j is
represented as (i.,j), where i is called the head of e and j is called the tail of e,
denoted by head(e) and tail(e), respectively. (Note that these definitions for head
and tail are standard in the area of protocol testing, whereas in graph theory they
are usually defined in the opposite way). Given XCV, 8(X)={ecE: head(e)e X,
tail{e)e X}.

A path in a digraph D is a sequence P=vi,el,v2,e2,...,ei-1,vi alternating
in vertices and edges such that for 1<j<i-1, ej has head vj and tail vj+1. A digraph
D is said to be strongly connected if for each vertex v of D there exists a path
from v to any other vertex of D. We say D is weakly connected if, when we

remove the orientation from the arcs of D, a connected graph remains.

For a vertex v, the out-degree doyi(v) and the in-degree din(v) are,
respectively, the number of edges directed out of v and the number of edges
directed into v. A digraph D is symmetric if for every vertex v, the out-degree of v

is equal to the in-degree of v.
A cut in a digraph D is the set of all edges e in E with one end in S, and

the other not in S, for some SCV. If all of the edges in the cut are directed out of S,

then we call the cut directed.

10



If it is possible to partition the vertices of a graph G into two subsets,
V1 and V2, such that every edge of G connects a vertex in V1 to a vertex in V2,

then G is said to be bipartite.

Given a set E, we denote the cardinality of E by IEl. Given another set

J, we use the notation E\J to denote the members of E not in J.

2.2 Background on the rural Chinese postman problem

An Euler tour in a digraph is a tour which traverses each edge exactly
once. The following is a well known theorem which gives necessary and sufficient

conditions for the existence of an Euler tour.

Theorem 2.1:[11] A digraph D contains an Euler tour if and only if D

is strongly connected and symmetric.

A postman tour (or path) in a digraph D=(V,E) is a tour (or path) which
traverses every edge in D at least once. A Chinese postman tour (or path) in D is an
optimal (minimum-cost) postman tour (or path) in D. Note that by Theorem
2.1[11] in, when D is strongly connected and symmetric, the Chinese postman tour

problem can be reduced to the problem of finding an Euler tour in D.

Given a digraph D=(V,E) and a specified set of edges Ec C E, a rural
postman tour (RPT) or path (RPP) of D over Ec is a tour (or path) which traverses
each edge in Ec at least once. A rural Chinese postman tour (RCPT) or path

(RCPP) is a rural postman tour (or path) of minimum cost.

11




Given a digraph D=(V.E) and EccE, let D*=(V*E*) be a digraph
formed from D by taking Ae=0 copies of each edge e in E to form E*, and letting
V* be the vertices in V incident with edges in E*. Then D* is a rural symmetric
augmentation (RSA) of D{Ec] if Ae21 for all ee Ec, D* is symmetric, and the sum
of the cost of the edges in E* is minimized. Note that some of the edges in D may

not appear in D*.

The following two theorems show that the problem of finding a RCPT
in a digraph D over Ec can be reduced to the problem of finding an Euler tour of a
RSA D* of D[Ec] if D[Ec] is weakly connected.

Theorem 2.2:[1] Given a digraph D=(V,E) and EccE, if the edge-
induced subgrapil D[Ec] is a weakly connected subgraph of D, then any RSA D*
of D[Ec] is strongly connected.

Theorem 2.3:[1] Given a digraph D=(V,E) and EccE, if a RSA D* of
D[Ec] is strongly connected, then D* has an Euler tour which is an RCPT of D

over Ec.

If D is strongly connected, a RSA D*=(V*,E*) of a digraph D[Ec] can
be obtained by solving a minimum-cost maximum flow problem on a digraph Df =
(V£,Ef) constructed from D as follows (see also [1]). Define the net degree d(v) of
a vertex v in D as the in-degree minus the out-degree of v in D[Ec]. Let Vi= VU
{s,t}, where s and t are the source and the sink of Dy respectively, and let Ef=E U
{(s,vi) : vi € V+} U {(Vj,) : vj € V-} where V+ (V-) is the set of vertices with

positive (negative) net degrees. Assign to each edge (s,vi) cost zero and capacity

12



equal to d(vi), and to each edge (vj,t) assign cost zero and capacity equal to -d(vj).

All the other edges in Ef have the same cost as in D and have infinite capacity.

Since all the edges in E have infinite capacity in Df , a minimum-cost

maximun flow F on Dy saturates all the edges incident to s, and thus to t as well,
since Z(d(v): ve V+) = Z(d(v): ve V-).

Let x=(xe:e€ Ef) be the minimum-cost maximum flow found for Df. A
RSA D+ is formed by letting E*=Ec\(xe copies of each e E) and letting V* be

the set of vertices in V incident with edges in E*.

In Figures 2.1-2.3 we show an example of the above process. Figure
2.1 shows a digraph D with edge subset Ec and net degrees as shown. For this
example, all edges are considered to have cost 1. Figure 2.2 shows the
corresponding flow problem and optimal flow x. Finally, Figure 2.3 shows the
RSA D* obtained from x. Since D[Ec] is weakly connected in this case, D* is
strongly connected, and from D* we obtain the RCPT 0,1,27601,3,54,38,
7, 6, 0 of D over Ec.

13
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— Notin E¢

Figure 2.1 Digraph D.

01,1
4
cost

capacity  flowx g

Figure 2.2 Corresponding flow problem Dy=(V4,E¢) with minimum cost maximum
flow x shown,
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2.3 The synchronization problem in profocol testing

A finite state machine (FSM) [12] can be defined as follows. It consists
of a finite set of states, one of which is designated as the initial or start state, and
some (maybe none) of which are designated as final states. A FSM also includes a
set of posible inputs and a finite set of transitions which describe for a given state

and for a given input which state to go to and which output to produce.

In this thesis we will use an FSM to represent the control portion of a
communication protocol. A FSM model of a protocol is characterized by a
quintuple M=(S,1,0,6,A), where:

S is a finite set of states {s1,s2,...,sn};
1is a finite set of inputs {il.i2,...,iq};

Q is a finite set of outputs {01,02,...,0r};
d is the transfer function SxI — §;

A is the output function SxI— O.

A state transition tj,=(sj,sk;i/0) is defined as a transition from state sj
to state sk, where i is an input symbol, o an output symbol, and i/o is the label of

the transition.

The aim of protocol testing is to demostrate that an implementation
under test (IUT) conforms to the protocol specification it implements. This
involves testing that every transition in the protocol specification is implemented
correctly by the IUT; i.e., for each transition, checking that the IUT generates the

expected output and transfers to the expected state upon receiving the input

16



associated with that transition. To this end , the tester(s) supply a sequence of
inputs to the [UT to verify that they cause an expected sequence of outputs. This
sequence of inputs is called a fest sequence, and is generated using the protocol

specification.

Various formal methods [18] have been proposed for generating test
sequences from protocol specifications modelled as FSMs. We will use one of the
major formal testing methods called the T-method. In the T-method , a transition
tour (TT) of an FSM is generated which takes the FSM from its start state,
executes every transition at least once, and then returns the FSM to the start state.
The corresponding test sequence is obtained by simply taking the inputs
corresponding to these transitions. This sequence is then applied to the IUT, and
the outputs produced are checked against the expected outputs. Note that the T-
method only detects output errors in the IUT, since the state that the FSM reaches

after the execution of a transition is not checked.

In this thesis, we will consider the distributed test architecture
[13,14,16], which consists of an upper tester U and a lower tester L. During testing
the upper and the lower tester provide control and observation of the upper and
lower service boundaries of the TUT respectively. These testers supply a sequence
of inputs (the test sequence) to the ITUT to verify that they cause the expected

sequence of outputs.
In a test architecture which consists of an upper and a lower tester, a

transition tjj consists of the TUT in the state i receiving an input from the upper or

the lower tester, then transfering to state j and sending an output to the upper tester

17



or lower tester or both, or in some cases sending no output at all. More precisely,

each of the transitions will be one of the following types.i.e. fype(t;;):

RIL: IUT receives an input from L and does not send any output (i.e., output
is null).
RIU: IUT receives an input from U and does not send any output

(i.e., output is null).
RILSIL: UT receives an input from L and sends an output to L.
RIUSIU: TUT receives an input from U and sends an output to U.
RILSIU:  TUT receives an input from L and sends an output to U.
RIUSIL: 1UT receives an input from U and sends an output to L.
RILSIL,U: JUT receives an input from L and sends an output to L and U.
RIUSIU,L:TUT receives an input from U and sends an output to U and L.

Note that the upper and the lower testers do not communicate with each
other. This means that when applying a test sequence to an IUT a problem may
occur because one of the testers (upper or lower) may not be able to determine
when to send an input to the IUT. More precisely, considering two consecutive
transitions from the test sequence, one of the testers faces a synchronization
problem if it did not take part in the first transition and if the second transition
requires that it sends a message to the IUT. For example, if a transition of type
RILSIL s followed by a transition of type RIU, a synchronization problem
occurs because the upper tester has no way of knowing when to send its input to

the IUT.

Any two consecutive transitions tjj and tjx form a synchronizable pair

of transitions if tjk can follow tj; without generating a synchronization problem. A

18



test sequence is called a synchronizable test sequence if any two consecutive

transitions in this sequence form a synchronizable pair.

2.4 Modelling the synchronization problem as a correctly ordered postman

tour

We will represent an FSM by a digraph D =(V,E) where V represents
the states of the FSM, E represents the transitions of the FSM, and each edge has
an input-output label i/o corresponding to the input-output label for the transition it
represents. The problem of finding a shortest TT of an FSM representing a
protocol specification corresponds to finding a CPT in D starting at a specified

start vertex, where the cost on every edge is 1.

We say that a digraph D=(V,E) is order specified if for each edge e inE
we specify a subset of the edges leaving tail(e) as the eligible succesor edges for e.
We call a path in D correctly ordered (CO) if for every consecutive pair of edges
ei and ek in the path, ek has been specified as an eligible successor of ei. A
correctly ordered tour, a correctly ordered postman tour(COPT), a correctly

ordered Euler tour(COET), and a correctly ordered Chinese postman tour

(COCPT) are similarly defined.

Given a digraph D represeriting an FSM model of a protocol, we can
ensure only synchronizable pairs of transitions occur in a test sequence by making
D an order specified digraph in which the eligible successors of an edge into' a
vertex v would be the edges out of v representing transitions for which no

synchronization problem occurs. Thus, a synchronizable test sequence corresponds
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to a COPT in D which starts at a specified state. A minimum length test sequence

corresponds to a COCPT in D which starts and ends at a specified state.

As in Wang[20], in order to specify the correct eligible successors for
each edge in D, the following notation is convenient. For each vertex v in
D=(V,E), the edges leaving v partition into 2 sets: LeaveU[v], which contains the
edges corresponding to transitions in which the IUT receives an input from the
upper tester, and LeaveL[ v], which contains the edges corresponding to transitions
in which the TUT receives an input from the lower tester. The edges arriving at v
partition into 3 sets: ArriveU[v], which contains the edges corresponding to the
transitions involving the upper tester only, ArriveL{v], which contains the edges
corresponding to the transitions involving the lower tester only, and Arrive ULfy],
which contaius the edges corresponding to the transitions involving the lower and
upper testers. In other words, LeaveU[v]={ecE: head(e)=v and type(e) € (RIU,
RIUSIL  RIUSIU RIUSIU,L}}, Leavel-[v]={ec E: head(¢)=v and type(e) € {RIL,
RILGIL  RILSIU RILSIU.L}}, ArriveUlvl={ecE: tail(e)=v and type(e) €
{RIU,RIUSIU}}, Arrivel{v]={eeE: tail(e)=v and type(e) € {RIL, RILSIL}} and
ArriveUL{v]={ecE: tail(e)=v and type(e) e{RIUSIL, RILSIU, RIUSIUL,
RILSIL, Uy},

From the definitions above, it follows that

i) the eligible successors for edges in Arrivel'[v] are the edges in
Leavel[v],

(ii) the eligible successors for edges in ArriveU[v] are the edges in
LeaveU[v),
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(iii) the eligible successors for edges in ArriveUsL{v] are the edges in

LeaveU[v] and Leavel{v].
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Chapter 3

A heuristic for finding a synchronizable test
sequence for protocol conformance testing

In this chapter we examine the problem of finding a minimum length
synchronizable test sequence for protocol conformance testing . As discussed in
Chapter 2, this can be modelled as the problem of finding a correctly-ordered
Chinese postman tour (COPT) in a digraph D starting at a specified vertex vy.
Since this problem is NP-hard[5], it is unlikely that we will find an efficient
algorithm to solve this problem exactly. We describe a heuristic for this problem.
This heuristic is based on the idea of creating an auxillary digraph D' with a
specified edge set Ec and edge e*, which has the property that there exists a COPT
in D starting at vg if and only if there exists a Rural Postman Tour (RPT) over Ec
in D' which uses edge e* exactly once. After creating D', we check to see if D'[Ec]
is weakly connected, and if not, add edges to Ec to make it weakly connected. We
provide a method for adding these edges, which tries to minimize the length of the

resulting RPT, while not affecting the feasibility of the problem.

Once D'[Ec] is weakly connected, we use the methods described in
Section 2.2 to create a RSA D* of D'. If we cannot create D*, then we show there
is no RPT in D' and therefore no COPT in D starting at v(. Finally, we obtain a
RPT of D' over Ec from D*, and create the corresponding COPT in D starting at vy

which corresponds to a synchronizable test sequence.
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Note that the heuristic described here is infact an improved version of
the heuristic developed by Wang in [20]. In Chapter 5 we describe Wang's
heuristic and discuss the differences between the methods. For ease of comparison,
we will use Wang's notation and definitions wherever possible in the following

description of our algorithm.

3.1 Creating the duplex digraph

Given an ordered specified digraph D = (V,E) with specified vertex v, we
now describe how to create a corresponding duplex digraph D' = (V',E"), where V'
= vUy VLU VUL and E' = Ec U F. Without lost of generality, we will assume
that D has no isolated vertices. In D', the edges in Ec are in one-to-one
correspondence with the edges in D, and for any path P'in D', if we take the path P
in D formed by the edges corresponding to Ec n P', then P is correctly ordered

(CO)inD.

We know that all edges leaving a vertex v in D can be partitioned into two
sets: LeaveU[v] and Leavel[v]. All the edges directed into v have either the edges
in LeaveU[v] or Leavel{v] or both as their eligible successors. Thus, in the duplex
digraph D', we replace each vertex v by three vertices: vU, vL, and vU.L. The
edges directed out of vU in D' correspond to LeaveU[v], and the edges directed out
of vL in D' correspond to LeaveL[v]. The edges directed into vU in D' correspond
to those whose eligible successors are edges in LeaveU[v], and the edges directed
into vI- in D' correspond to those whose eligible successors are edges in
LeaveL[v]. Edges directed into vU.L in D' correspond to edges whose cligible
successors are edges in LeaveU[v] and Leavel{v]. We then also add two edges
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(vU.L, yU) and (vU.L, vL) so that we can traverse from vUL to either set of

edges.

Note that it is unnecessary to create a "split vertex" vUL in D' if LeaveU[v]
or Leavel[v] is empty. We handle this situation in steps (¢) and (f) of the
construction described below. Also, it is not always neccessary to create a vertex
vU or vL. In such cases these vertices will be isolated in D' and we remove them

in step (g) of the construction.

Stage 1 of the duplex digraph D'=(V',E’) construction:

(a) Forevery vertex v in V, we create a vertex vU in VU and a vertex vL- in
yvL.

(b) Forevery vertex vin V, if ArriveU,L{v] is not empty, then we create a
vertex vU.L in VU.L and two directed edges (vU-I-,vU) and (vUsL,vLy) in
F.
We call (vU:L,vU) and (vU.L,vL) the child edges. Also, edges (vU.L,vU)
and (vU:L vL) are called mwins.

(c) Foreachedge (u,v) € ArriveU[v] (which implies (u,v) € LeaveU[u]),
we create a directed edge, in Ec from uU to vU, Similarly, for each edge
(u,v) e Arivel[vl, we create a directed edge in Ec from uL to vL.

(d)  For each edge (u,v) € ArriveU:L{v], we create a directed edge in Ec
from uY to vU.L if (u,v) e LeaveU[u], and if (u,v) € Leavel{u], we
create a directed edge in Ec from ul to vU,L, We cali all such edges

parent edges.
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(¢)  Foreach vertex vU.L e VUL\{v U.L}, if LeaveU{v] is empty, then direct
all edges whose tail is vUsL into vL-, and remove vUsL and the twin edges
out of VUL,

()  For each remaining vertex vU.L e VUL\{y ULy, if LeaveL[v] is empty,
then direct all edges whose tail is in ArriveU.L{v] into vU, and remove
yU.L and the twin edges out of vU.L,

(g2) Remove all isolated nodes in D'.

(h)  Give each edge in Ec cost one and give each edge in F cost zero.
(i) Let E=EcUF, and let V'=VUUVLUVULL,

The edge set E' consists of the twin edges and the edges in Ec, where the
edges in Ec and the edges in D are in one-to-one correspondence. We call an edge

e in Ec which is not a parent edge an inherent edge.
3.2 Characteristics of the duplex digraph

Lemma 3.1: An ordered-specified digraph D=(V,E) with specified vertex
vp has a COPT of length k starting at vg if and only if there exists a RPP P of cost
k over Ec in D' with end vertices in {vgl, voU}.

Proof: Suppose we have a COPT T in D. From the way the duplex digraph is
created, we know that each edge e in D is represented in D' by either a single
inherent edge in Ec or by a parent edge p. In the latter case, the tail of this edge is
adjacent to a pair of twin edges. Since the twin edges have the same head vertex
but different tail vertices, as long as the tail vertex in D' and the edge e in D are
specified, the segment in D' corresponding to e can be determined. This segment

will consist of the twin edge whose tail is the specified tail vertex, and the parent
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edge p. If edge e in D corresponds to an inherent edge e’ in Ec, then we will let the

segment corresponding to e in D' be simply the edge ¢'.

Let ei be the ith edge of T for i=1,2,...k, where k is the length of T. To

obtain path P, we construct segments (si: i=1,2,....k} as follows.

Step 1. If ek gives rise to an inherent edge in D', we select the tail vertex of
the inherent edge (i.e., vgU or vgL) as the last vertex of the path P,
i.e., the vertex at which P ends. Otherwise ek corresponds to a parent
edge in D', and we select voU as the last vertex of P. Initially, let i=k

and v]yst be the last vertex in P. Go to step 2.

Step 2. Construct segment si in D' corresponding to edge ei in D with the

specified tail vertex viagt . Go to Step 3.

Step 3. If i=1 then stop. Otherwise, update Va5t to be the head vertex of si

and decrement i by one . Go to Step 2.

The path P is readly constructed from segments {si: i=1,2,....k} as
P=s1 @52 @ ... @ sk,

where @ is used to concatenate the segments.

Since each edge ¢' in Ec is constructed for some edge e in E, and e=ei for
some i=1,2,...k in T, ¢' is contained in si. Hence P contains every edge in Ec,
where each of these edges have cost 1. Since all other edges in P have cost zero, P

is a RPP of cost k over Ec in D' with end vertices in {vgU, voL}, as required.
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Now suppose there is a RPP P' in D' over Ec with cost k and end vertices in
{V()U, voL}. We know from the way the duplex digraph is created that there is a
one-to-une correspondence between the edges in Ec and the edges in D such that if
we take the path P in D formed by the edges corresponding to Ec N P, then P is
correctly ordered. Since P' traverses all the edges in Ec and P’ starts at voU or vgl
and ends at vgU or vol, the corresponding path P in D will be a COPT in D of
length k which starts and ends at vp. @

In our algorithm for finding a RPP in D' with end vertices in {voLl , voU},
it will be much more convenient to search for a rural postman tour rather then a
path. In order to make this possible, we will need to add an edge e* to D' in some
cases, where e* is (voL , vgU) or (vgU , vgl). When this is not necessary (i.e.
wﬁen D' is strongly connected), we will simply add the loop e"‘:(voL , vol) or
e*=(voV , voU). Later we will show that there exists a RPP in D' if and only if

there exists a RPT in D' U {e*} which uses e* exactly once.

Lemma 3.2: If a duplex digraph D'=(V',E') has a RPP over Ec with end
vertices in {vgU, voL}, then either D' is strongly connected, or D' with one of the

edges (VOU, vol) or (voL, voU) added is strongly connected.

Proof: Suppose there exists a RPP P over Ec in D', which starts at a vertex x and
ends at vertex y, where x,y € {vgU, vol}.

Since the subgraph D'[Ec] is a spanning subgraph, P visits every vertex v €

V' in D'. Thus if x=y, D' is strongly connected (Note this will be the case when
only one of vgU or voL exist). If x+y, then if we add an edge from x toy, clearly
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every pair of distinct vertices will have a path between them. Therefore, D' with

the edge (X, y) is strongly connected . W

Stage 2 of the duplex digraph D'=(V',E") construction:

a)  Check to see if D' is strongly connected. If it is, then let e*=(vgL, voL) and
go to step d). Note that if vol- does not exist, we will simply add
e*=(v0U,v0U) instead.

b) Check to see if D' with edge (vgl, vgU) added is strongly connected. If it
is, let e*=(vgl, voU) and go to step d).

¢) Check to see if D' with edge (VOU, VOL) added is strongly connected. If it
is, then let e*= (voU, vol). If it is not, then by Lemma 3.1 and Lemma 3.2,
there does not exist a COPT in D.

d) Let Ec=Ec L {e*}, and let e* have cost 0.

Figures 3.1 and 3.2 shows an example of the duplex digraph construction,

Stages 1 and 2.
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%11 Eligible
Edge Type Successor
el=(2,0) | RIUSY  [ell
e2=(3,0) | RSV |ell
e3=(1,0) | RLSIL e6, ¢8
ed=(3,1) | RLSUL | ¢3,e7
e5=(2,0) | RLSV | ¢6,¢8,c11
e6=(0,1) | RI-ST e3
e7=(1,4) | RVSU | e9
e8=(0,2) | ROSL e§,¢el0
9=(4,3) | RIUSLU | ¢2,ed
e10=(2,3) | RISV ¢2, ¢4
e11=(0,2) | RTUSM el

Figure 3.1 Digraph D with v? =vertex 0.

__) edges in Ec ({cost 1)
. edges notin Ec (cost 0)

Duplex Digraph D'=(V'E’)

Figure 3.2 An example of the duplex digraph construction.
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3.3 An Algorithm for synchronizable test sequence generation

We now describe an algorithm which, given an ordered specified digraph D
originating froim a synchronizable test sequence problem, either finds a COPT in D
starting at vp, or determines that no such tour exists. In the algorithm we first
construct the duplex digraph D' as previously described, and then construct a RPT
in D' over Ec which uses the specific edge e* (from Stage 2 of the construction)
exactly once. Later this edge will be deleted to give us a RPP in D' over Ec with

end vertices in [voU, vOL}, and hence a COPT in D by Lemma 3.1.

In order to construct a RPT in D' over Ec, we must construct a RSA D* of
D'{Ec] which is strongly connected. Note that since D' is strongly connected (by
Stage 2 of the construction), a RSA of D'[Ec] can be obtained by solving a
minimum-cost maximum flow problem as described in the background section.We
will ensure e* is used only once in the RPT we create by giving it a capacity of
zero in the flow problem. Note that if the RSA D* is strongly connected, then it
follows from Theorem 2.3 that we have found a RCPT of D' over Ec, and thus a
COCPT of D. However D* may not be strongly connected.

Recall from Theorem 2.2 that if the edge-induced subgraph D'[Ec] is
weakly connected, then any RSA D* of D'[Ec] is strongly connected. Thus one
way to ensure D* is strongly connected is to add edges to Ec, obtaining Ec' such
that D'[Ec'] is weakly connected, Since E'=EcUF, these added edges are
necessarily child edges. Clearly we wish to add these edges in such a way as to add
as few edges as possible while at the same time ensuring that the graph D'[Ec'] is
as symmetric as possible. However, we must be careful in doing this, because

adding certain edges to Ec will create a new RPT problem for which there is no
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solution. For example, in any directed cut of D\{e*}, we want to be sure that Ec'

only contains one edge from this cut.

To find the edges to add to Ec, we first decompose D'\{e*} into strongly
connected components. If these strongly connected components are not ordered,
then clearly there is no RPP over Ec in D\{e*} and hence no COPT in D by
Lemma 3.1. Otherwise, let the strongly connected components be called Sy,
S,...Sk for some k, k21, such that for any edge (a,b), if aeS;, then be§;, j=i.
Then, we find a minimum cost spanning tree T; in every component S; (with the
directions on the edges ignored), where we assign to each edge e in Ec cost zero,
and we assign each edge e' in F cost 0, where F' is the set of edges in E\Ec whose
head vertices have out-degree equal to 1 and/or whose tail vertices have in-degree
equal to 1. Note that such edges will automatically be traversed by any RPT over
Ec found for D'. The rest of the edges ¢' in E\(EcUF') are assigned cost 1 if the
addition of that edge to EcUF' will make D'[EcUF'] more symmetric at both ends
(i.e. if dgyt(head(e) in D'[EcUFT] is less than the djp(head(e")) in D'[EcUF'] and
the djp(tail(e’)} in D'{EcUF] is less than the doyi(tail(e)) in D'[EcUF]), otherwise
we assign €' cost 2. We then let Ec'=EcUE(T | )UE(T5)...E(Ty). Finally, for any
directed cut S; to S;,.; which contains no Ec edges, we find a "cheapest" child edge

in this cut (using the costs describe above) and add this edge to Ec'.
Since D'[Ec'] is weakly connected, we can next obtain a RSA D* of

D'[Ec'] by solving a minimum cost maximum flow problem Dg=(Vf, Ef) as

described in Section 2.2. We have the following result.
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Theorem 3.3: There exist a flow x = (xg:ecEf) for the flow problem
D¢=(Vf, Ef) which saturates all the edges incident to s and t if and only if D' has a

RPT over Ec using e* exactly once.

Proof: Suppose there exist a flow x=(x¢:e€ Ef) for Df which saturates all the edges
incident to s and t. Therefore, the flow x for each edge e incident to s or to t is
equal to the capacity of e. Hence, the digraph D* formed by replicating each edge
e' in D' xg' times and adding in the edges in Ec' is symmetric and contains each
edge in Ec' at least once. Since e*e Ec' and has capacity 0 in Dy, it is contained in
D* only once. From D* we can obtain a RCPT of D' over Ec' which uses e*

exactly once, and hence a RPT of D' over Ec which uses e* exactly once.

Now suppose D'=(V',E’) has a RPT over Ec which uses e* exactly once. Let
D*=(V*,E*) be the symmetrc digraph obtained from the RPT; i,e. let V*=V' and
let E* be the edges in the RPT in D'(with multiple copies included). We modify
D* to create a new digraph which is symmetric and contains Ec' as follows. Let E”
be the edges in Ec\Ec which are not in the RPT and consider edge e=(x,y) in E". If
there exists a path P from y to x in D\{e*} we add e and P to D*. Note that D* is
still symmetric. If there does not exist a path from y to x in D\{e*}, then let X be
the set of all vertices v such that there exists a path from v to vertex x in D\{e*},
and let Y be the set of all vertices v such that there exists a path from vertex y to v

in D\{e*}.

Claim 1. 8(X) is a directed cut of D\{e*}.
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Proof: Suppose there exists a vertex k in both sets X and Y. Then there exists a
path P from y to x which visits the vertex k, and we obtain a contradiction. Thus

the sets X and Y form a partition of the vertices.

Suppose there exists an edge (a,b) such that ac Y and be X. By definition of
the sets X and Y, there exist a path from b to x, and a path from vertex y to a, and

thus a path from y to x, which leads to a contradiction. This completes the proof of
Claim 1.

Claim 2. For any directed cut 8(U) in D\{e*} if ee Ec'\Ec is in the cut, then

this implies that there is no other edge in Ec' in the cut.

Proof: By our construction of Ec', we know that if ee Ec\Ec is in a directed cut
of D'/e*, then it is in a directed cut from Sj to Sj4+1 which contains no Ec edges.
Furthermore, it is the only edge in Ec\Ec in this cut. This completes the proof of
Claim 2.

Since D'[Ec] is spanning, we know by Claim 1 that the RPT in D' over Ec
must cross the cut 8(X) in D'\{e*} using an edge (u,v) such that ueX, ve Y. By
Claim 2, we know that the edge (u,v) is not in Ec', therefore we can remove the
edge (u,v) form D* and add the edge (x.y), a path from u to X, and a path from y to
v (these paths exist by the definitions of the sets X and Y) to our digraph D* and
still have a digraph which is symmetric, covers the same subset of Ec' as before,
and also now covers edge e=(x,y). By repeating the above modifications to D* for
all edges ecE", we obtain a digraph D* which is symmetric, strongly connected,
uses every edge in Ec' at least once, and uses e* exactly once. Remove one copy of

each edge ec Ec' from D* to obtain D**. We create a feasible flow x=(x¢: e€ Ef)
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for the flow problem Dg=(Vy,Ef) from D** as follows. For each edge ee Ef which
corresponds to an edge in D', let x¢ equal the number of copies of edge e in D**,
Let the value of x, equal the capacity for edges e in D directed out of s and edges
e directed into t. Then x is a feasible flow for the flow problem Df, moreover it

saturates all the edges out of s and into t as required. B

Let D* = (V*,E¥*) be the RSA of D'[Ec'] obtained from the flow x found for
Df . Then for each vertex v € V*, din(v) = doyt(v), where V*=V'and E* contains
every edge in Ec' at least once and every edge in E\Ec zero or more times such
that the total cost of the edges in E* is minimized. Then from Theorems 2.2 and
2.3, the RSA D*has an Euler tour which is a RCPT T* of D' over Ec'. When we
remove e*, we have a RCPP over Ec' with end vestices in {VOU,VOL}, and this
corresponds to a RPP over Ec in D', and a COPT T in the digraph D starting at vg .
T is obtained from T* by removing vertices in VUL (and child edges) from T*,

removing and eliminating the superscripts from the upper and the lower vertices.

Given an order specified digraph D, we propose the following algorithm for

constructing an RPP P* in D' over Ec with end vertices in {vgU , vol'}.
Step 1. Construct the duplex digraph D' using Stages 1 and 2 as described
previously (page 23). Note that we may conclude in Stage 2 that no COPT exists in

D.

Step 2. Check to see if D'[Ec] is weakly connected. If not we find a set of edges in
ENEc to add to Ec to make D'[Ec] weakly connected in the following way:
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i) Let F be the edges e=(u,v) in E\Ec such that dgy¢(u) is 1 and/or djp(v) is
L.
ii) We define a cost function C' for every edge e=(u,v), where

-If e € EcUF, then C'e is zero.

- If dgye(u) in D'[EcUFT] is less than djp(u) in D'[EcUF] and djp(v)

in D'[Ec\UF] is less than dgy¢(v) in D'[EcUF], then C'e is 1.

- Otherwise, C'e is 2.
iii) Let Ec'=Ec.
iv) Decompose D'\{e*} into strongly connected components. If these
components are not ordered, then there is no RPP in D\{e*} over Ec and
hence, by Lemma 3.1, no COPT in D starting at vg. Let the ordered
strongly connected components be $1,55,...,Sk for some k, k21.
v) For each component S;, find a minimum cost spanning tree T; for the
underlying undirected graph using the cost function C'. Let Ec'=Ec'U T; .
vi) For each directed cut S; to S, check to see if any Ec edges are in the
cut. If not choose the edge e in the cut with minimum cost ¢'e and add it to

Ec'.

Step 3. Generate the RSA D* of D'[Ec] by solving the minimum cost maximum

flow problem on graph D=(Vf,Ef) as described in the background section. In this

flow problem, the edge e* is given capacity zero. Let x=(xgie€ Ef) be the

minimum cost maximum flow found. If x saturates all the edges incident with s,

then we obtain a strongly connected RSA of D' [Ec'} which contains e* exactly

once, and we go to step 4. Otherwise, by Theorem 3.3 and Lemma 3.1 we

conclude that there exists no COPT inD starting at vg.

Step 4. Find a RCPT in D* over Ec'. Note that it will traverse e* exactly once.
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Step 5. Delete the edge e*. This will give a RPP in D* over Ec with end nodes in
{voU.voL .

Step 6. Find the corresponding COPT in D using the method described in Lemma
3.1

We will now demonstrate the above heuristic on the digraph D shown in
Figure 3.1, whose duplex digraph D' is shown in Figure 3.2. Figure 3.3
demonstrate Step 2 of the heuristic , showing the strongly connected components
81, S2, S3 of D', the costs C', and the edges which are added to Ec to make D{Ec]
weakly connected. Figure 3.4 shows the flow problem D¢=(Vy,Ef) used to find the
RSA D* of D[Ec'] and the minimum cost maximum flow x. Figure 3.5 shows the
RSA D* of D'(Ec']. The RCPT of D' over Ec'is 0L, 1L, oL, 2L, 3U.L, 3L, 2U.L,
2L, 3UL, 3L, (UL, 1U, 4U, 3UL, 3U, oU, 2U, U, oL, and from this we obtain
the COPT 0,1,0,2,3,2,3,1,4,3,0,2,0 for D starting at vg .
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——) edges notin Ec

Figure 3.5 The RSA D* of D'[Ec’]
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Chapter 4
Implementation
4.1 Digraph generator GENGRAPH

In order to test our implementation, we require a way to randomly generate
test digraphs. GENGRAPH is a program written in Turbo Pascal Version 6.0
which generates order-specified digraphs which have no loops, and for which a

COPT does exist. The user specifies the following parameters:

NUMNODE: The number of vertices in the digraph.

LENGTH:; The length of the main path generated.
NUMPATH: The number of paths to be added to the main path.
DIST: The maximum length of an added path.

GENGRAPH first creates a correctly-ordered main path P of length
LENGTH by randomly generating the vertices along P, and ensuring the type of
each edge (also randomly generated) results in P being correctly ordered. Next,
GENGRAPH generates and adds NUMPATH correctly ordered paths to P, each of
length <= DIST. Each of these paths Q start at some vertex u in P and end at some
vertex v in P such that v comes before u in P. These start and end vertices are
randomly generated for each path Q. Also, the edge-type for the first edge in Q is

chosen such that it is an eligible successor for the edge into u in P, and the edge-
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type for the last edge in Q is chosen such that the edge out of v in P is an eligible

successor for it.

A copy of the program GENGRAPH can be found in Appendix A.

4,2 Synchronizable test sequence generator STSG

STSG is a program written in Turbo Pascal version 6.0, which is used to
find a COPT for a given order-specified digraph D stored in a file called
Digraph.ixt.

Our computer program stores all the information contained in the text file
Digraph.txt in a matrix called Orig_probl. The row indices in this matrix are the
edges_type and the column indices are the number label of the vertices. This
matrix contains in each position Vi an array of records containing all the

information of the edges incident with vertex Vi.

The first step of our algorithm is to create a duplex digraph D'. Our
computer program will create D' by inserting all the information available into a
matrix called matrix_duplex. The row indices in this matrix are the vertex_type
and the column indices are the number labels of the vertices. This matrix contains
in each position Vi a record whose fields are used by different procedures of our
computer program. This record also includes two arrays, the array in_vertices
which contains all the information of the edges going into Vi and the array

out_vertices which contains the information of the edges coming out of Vi.
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A vertex Vi is in the duplex digraph D' if the field active in the position Vi
is equal to true. Othewise, we ignore that position of the matrix in all the

procedures of our program.

A copy of the program STSG can be found in Appendix A.

4.3 Description of algorithms implemented

Our program STSG uses several standard algorithms to accomplish all the
steps needed in our algorithm to generate a synchronizable test sequence. These
algorithms have been adapted to our data structure, which in most cases is different

from the one used originally in the algorithms.

First, we have used an algorithm described in [2,10] to decompose D' into

strongly connected components. This procedure is called

STRONGCOMPONENTS in our program.

After decomposing the digraph D' into strongly connected components, we
use the procedure CHECK_STRONGLY_CONNECTED to check if D' is strongly
connected after adding an extra edge e*. this is done by using the
STRONGLYCOMPONENTS procedure and checking if there is only one strongly

connected component in D', If this is not the case we exit the program.
Our next algorithm is Minimum Spanning Tree (Dijkstra/Prim) {2]. We find

a minimum spanning tree for each strongly connected component. Our computer

program uses the MST_EDGE_COST procedure to assign costs to the edges.
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The procedure LINK_EDGES finds the edges linking a component Si and a
component Si+1 of minimum cost, by comparing the costs of all the edges going

into Si+1 that are comming from Si.

The next step in our computer program is to add an extra edge e* and
calculate the net degree of each vertex in order to continue with our next procedure
which is the minimum cost max flow . Here we use the Busacker-Gowen
algorithm [9]. In the minimum cost max flow procedure we will use an algorithm
proposed by Ford and Bellman[9] which calculates the shortest paths between a
vertex s and all the other vertices. We will use an auxiliary matrix instead of the
duplex_matrix to store all the information in this procedure. We do not add a
vertex s and a vertex t to our matrix. The flow coming from s and the flow going to

t are stored in a field called flow_from_s and flow_to_t, respectively.

The last two procedures in our computer program are RPT (see [15]) and
COPT. The RPT procedure uses a standard greedy algorithm to find the Euler tour
for the RSA of D'{Ec] we have created. It creates a list called vertex_list with the
RPT of D'. The COPT procedure creates a text file with the COPT in D and the
length of this COPT.
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Chapter 5

Performance

5.1 Complexity analysis

Recall that our original order-specified digraph is D=(V,E) and D'=(V',E') is
the corresponding duplex digraph. We have that IV'l = 31V] and |E'l=IEl+2IVI. The
total time required for the work done in creating the duplex digraph D' is O(IE').
The total number of steps executed in decomposing D'\{e*] into strongly
connected components is O(IE'l). The worst case running time for the minimum
cost spanning tree algorithm for all the strongly connected components is in
O(IVYIE'). The number of instructions executed in finding the link edges in all
directed cuts Si to Si+1 is O(IE'). Finding the shortest path using the Bellman-Ford
algorithm takes time in O('V'IIE'l). Let K be the set of nodes with net degree greater
than zero. Since in every iteration of the minimum cost maximum flow algorithm

the flow increases by at least 1, and

3 (capacities of edges e : ec §(s))= Z (net degrees of nodes v: ve K)

<Y (djp(v): veK)

< IEc'l,
we have that we will search for a flow augmenting path at most O(IEc'l) times.
Since we use Bellman-Ford for each search for a flow augmenting path, the overall
amount of work done in the minimum cost maximum flow algorithm is
O(IE2IV"). Finding the RPT in D' takes time O(IENV') and obtaining the
corresponding COPT in D takes time O(IE'). Hence the complexity of our
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synchronizable test sequence generator algorithm is O(IE'?IV'l). In terms of E and

V this is O(IEI2IVI). (Note that a complexity analysis of each portion of the

impiementation is provided in Table 5.1.)

Combplexity chart
Algorithm o)
Clean_orig_probl o(IvI)
Fill_original O(IEI)
Initiallize_duplex Oo@GIV')
Create_Ec_edge O(IE')
Remove_edges_and_vertices O(IE')
StrongComponents O(IE')
Check_ordered O(V'IE')
MST_vertex_degree OQ2IE)
MST_edge_cost O(IE'l)
Check_strongly_connected O(E)
MinSpanningTree O(IV'IIE')
Link_edges O(IE')
Add_extra_edge Constant
Net_degree OC2IE)
Bellman_Ford O(V'IIE')
Min_cost_maxflow O(E'2IV')
RPT OENV)
COPT O(IE')
Table 5.1




5.2 Comparison with Wang's Heuristic

For comparison purposes and for completeness, we now describe Wang's
heuristic for synchronizable test sequence generation[20]. Before Wang describes
his algorithm for synchronizable test sequence generation, he describes an
algorithm of complexity of O(IEI2), which determines if there exists of COPT in
D. Wang then describes a heuristic for the probiem of finding a synchronizable
test sequence using the T-method for protocol conformance testing which can be

modelled as the problem of finding a COPT in D.

Wang's heuristic

Step 1. Construct the duplex digraph D' from D.
Given a digraph D=(V,E) with specified vertex vq and for which a COPT exists,
create a duplex digraph D'=(V'E’), where V'=VUUVLUH and E'=EcUF, as
follows.
(a) For each vertex v in V, there are two sets of edges leaving v: LeaveUlv]
and LeaveL[v]. Create a vertex vUin VUif LeaveU[v]#D and a vertex
vL in VL if LeaveL[v]#@. In addition for vertex v, if LeaveU[vg]=J but
ArriveUlvg] #@, create a vertex voU in VU similarly, if Leavel[vy]l=2
but Arrivel[vg] #&, create a vertex vgl in VL.
(b) For each edge (u,v) € ArriveV[v] (that implies (u,v) € LeaveUlu]),
create a directed edge, in Ec, from uU to vU. Similarly, for each edge (u,v)
e Arrivel[v], create a directed edge, in Ec, from ul- to vL.

(c) For each edge (u,v) € ArriveUL[v], one of the following is performed:
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i) In the case that vertex vU exists but vertex vl does not, create
a directed edge, in Ec, from uV to vU, if (u,v) € LeaveUu]; if (u,v)
e LeaveL[u], create a directed edge, in Ec, from ul to V.
it) In the case that vertex vL exists but vertex vU does not, create
a directed edge, in Ec, from uU to vL, if (u,v) € LeaveUlul; if (u,v)
e Leavel[u], create a directed edge, in Ec, from ul to vE.
iii) In case that both vU and vl exist, create two subcases: If
(u,v) € LeaveU[u], create, in H, a vertex U, ,, a directed edge
(uU,U, ) in Ec, and two directed edges (U, ,,vV) and (Uyy»vh)in F.
Similarly if (u,v) € Leavel{u), create, in H, a vertex L\, a
directed edge (uwtL, ,) in Ec, and two directed edges (Lyy»vY) and
Ly inF.
(d) Each edge in Ec is given cost one and each edge in F is given cost zero.
Step 2. Find the strongly connected components {H;i=1,2,....k} of D', If k=1 then
go to Step 3 else go to Step 4.
Step 3. Construct an RPT T* in D' over Ec starting either from vgV or vgl
according to the method described in [20] in section 2.6.1. Since T* corresponds to
a COPT in D, stop.
Step 4. Sort {Hj:i=1,2,....k} into {G;:i=1,2,....k}, the ordered decomposition of D',
obtain subgraph D;=(G;,E;), where E; = {(1,v) € E"u,v € G}, and Eic =E; N E;
for i=1,2,....k.
Step 5. Determine A(G;,G;,) and remove redundant edges from A(G;,G;,1) for
i=1,2,...k-1.
Step 6. Identify the links (x;,y;) from G; toward Gy, for i=1,2,....k-1. Let yo=VoY

and x,=vgl when voU € G, Vol € Gy, otherwise let yg=vol and x;=voU .
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Step 7. Construct an RPP P; in D; over E;; from y;.; to x; for i=1,2,...,k according
to the method described in [20] in section 2.6/ Then construct an RPP T* in D"
over Ec:

T*=P, @x,,y; @ P, @X,,y; @...@P1 @X.1,¥x.1@ Py,

which corresponds a COPT in D.

Our heuristic for finding a COPT in D is infact an improved version of the
heuristic developed by Wang [20] for this problem. Below we cutline the major

areas of improvement, and give an example which compares the two methods.

5.2.1 Checking for the existence of a COPT in D

Wang's heuristic requires the existence of a COPT in D starting at vp. He
checks for the existence of such a tour in a separate algorithm which creates what

is called a "reachability matrix". The complexity of this algorithm is O(IEI2).

In comparison, our heuristic either finds a COPT in D starting at vg, or
determines that no such tour exists. Discovering that such a tour doesn't exist is a
natural part of the heuristic, and does not increase the complexity of the algorithm.
There are three places in our algorithm where we can discover that no COPT inD

exists:

1) In Stage 2 of the construction of the duplex digraph, when edge e* is
added.

2) In step 2 of the heuristic , when we find the strongly connected
components of D\{e*}.
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3) In step 3 of the heuristic, in the case where the flow found does not

saturate the edges out of vertex s.
5.2.2 Creating a duplex digraph

Both heuristics create a duplex digraph D', and search for a RPP over Ec in
D'. The main difference in the formation of D' is that, whenever vU and vL exist,
Wang creates a vertex UL and twin edges (veUL, vL), (veUsL, vU) for gvery
edge ee ArriveU:L(v), whereas our D' has one such vertex vU.L and a set of twin
edges for all edges in AmriveUsL(v). Hence Wang's duplex digraph contains 2|VI+Z
(IArriveUsL(v)! : ve V) vertices, whereas ours contains 3|V vertices. Not only does
this means that Wang's duplex digraph D' is much larger, it also means that D'[Ec]
potentially contains a much larger number of weakly connected components in
D[Ec], which adversely affects the number of additional edges which must be
added to Ec in the ﬁext stage of the heuristic, thus increasing the length of the tour

which is found.

Figure 5.1 shows an order specified digraph D, and Figure 5.2 shows the
duplex digraph D' constructed by each heuristic.
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Eligible

Edge Type Successor
el=(0,1) | RIUSL | e4,e8
e2=(0,4) | RISI- e9
¢3=(3,0) | RILSLL e2
e4=(1,2) | RELSIV es5, €6, ell
e$5=(2,3) | RSV e3,e7,¢el4
e6=(2,1) {RIUSIU | ¢8
¢7=(3,1) { RIVslU c8
e8=(1,4) | RIUSL | e9,el0
€9=(4,0) | RELSI- e2
el0=(4,0) | RILSV | el
el1=(2,5) | RLSUL | e12,e13,¢e15
e12=(5,3) | RIUSIUL 1 ¢3,¢7,¢14,¢16
el13=(52) | RIVSIU | e
el4=(3,4) | RIUSTUL | e5, e10
¢15=(5,3) | RILSIL e3
el6=(3,5) | RIL§™- els

Figure 5.1 Digraph D.
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—> InEc
~——>» Notin Ec

Our duplex digraph D’

—) In Ee
—> NotlnEc

Wang's duplex digraph D’

Figure 5.2
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5.2.3 Finding the RSA D*

Both heuristics add edges to Ec to make D'[Ec] weakly connected, and then
find the RSA D* of D'[Ec] by using a minimum cost maximum flow algorithm. In
Wang's heuristic, a flow problem is formulated and solved for each strongly
connected component in D'[Ec], whereas we formulate and solve a single flow

problem, which is more time efficient.

In adding edges to Ec to make D'[Ec] weakly connected, Wang chooses the
edges randomly. We attempt to add edges in such a way as to add as few edges as
possible, while keeping D'[Ec] as symmetric as possible. This is an important
improvement over Wang's heuristic, as any edge added to Ec now must be
traversed by the RPP found for D', which directly affects the length of the COPT
found for D.

Figure 5.3 shows the edges added to Ec by each of the heuristics. In
choosing edges to add for Wang's heuristic, we have tried to make "bad" choices to

illustrate the effect that this can have.
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———» Edges in Ec
=———> Notin Ec
s Jpe Added 10 Ec

Our digraph D'

Wang's digraph D’

Figure 5.3
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5.2.4 Comparison of performance

Our heuristic will always find a COPT in D whose length is less than or
equal to the one found by Wang's heuristic. In the example shown in Figure 5.4,
the COPT in D found by Wang's heuristic (using bad choices for the edges added
toBe)is0,1,2,5,2,1,4,0,1,2,5,3,1,4,0,1,4,0,1,2,3,4,0,1,2,1,4,0, 1, 2,
5,3,5,3,0, 4, 0 and has length 36. The COPT found by our heuristic is 0, 1, 2, 5,
3,4,0,1,2,3,1,4,0,1,2,5,2,1,4,0, 1, 2, 3,5, 3,0, 4, 0 and has length 27. Thus
for this example, our heuristic out-performs Wang's heuristic. In the next section

we will demonstrate empirically that this is generally the case.
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Number of copies of edge

Our RSA D* of D'[EC]

Number of copies of edge

Wang’s RSA D* of D'[Ec']

Figure 5.4
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5.3 Empirical Testing of the heuristic

We empirically compared our heuristic STSG and our implementation of
Wang's heuristic[20]. Our implementation of Wang's heuristic creates a duplex
digraph as described in [20] but the rest of this implementation we adopted it from
the implementation of our heuristic (STSG) with some changes in the way we
choose the edges added to Ec. Since Wang's heuristic chooses this edges
randomly, we implemented Wang's heuristic in such a way that it will always

make bad choices of the edges added to Ec.

Using GENGRAPH, we generated 41 digraphs D=(V,E), where the number

of vertices varied between 3 and 10.

For convenience, we implemented Wang's heuristic using the same data
structure that was used for STSG. Although this data structure was satisfactory for
our heuristic, its space requicement was much larger for our implementation of
Wang's heuristic due to the fact that his duplex digraph is much larger than ours in
a worst case scenario. In the worst case, our duplex digraph has 3IV! vertices, and
hence O(IVI2) edges. However, Wang's duplex digraph may have O(E) vertices in
the worst case, and thus O('VM) edges. This meant that we were unfortunately
unable to run our implementation of Wang's heuristic on problems larger than 10
vertices, as our data structure required the static allocation of memory for the worst

case scenario. The results of our testing are reported in Table 5.3.

In the column labelled STSG and the column labelled Wang, we report the
length of the COPT in D found by our heuristic algorithm and by Wang's heuristic
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algorithm respectively. In column labelled % Gap, we report the percentage of
difference between these lengths, which is calculated using the formula

% Gap = 100 (Wang-STSG)/Wang).
In the column labelled Density, we report the percentage of the number of possible
edges present in the digraph D, which is calculated using the formula

Density = [EI/31VI(IVI-1).

As can been seen from the test results, our algorithm always did as well as
or better than Wang's. The maximum percentage gap found in these examples was

529%, and the average percentage gap over all examples was 16.6%.

In our testing, we found no clear relationship between %Gap and Density,
or %Gap and |VI. However, we did notice a relationship between % Gap and the
number of strongly connected components in the duplex digraph D' for D. Because
these test problems are small, D was strongly connected in most cases. However,
in the problems with high percentage Gap, the number of strongly connected

components was higher than 1.
For example, the problem that gave 52 %Gap had 3 strongly connected

components in D'. This leads us to believe that for larger problems for which D'

has a larger number of strongly connected components, the %Gap will be higher.
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IVi Density STSG Wang % Gap
3 33% 6 8 25%
3 33% 6 7 14%
3 50% 11 13 15%
3 56% 10 15 33%
3 78% 14 15 7%
3 83% 18 20 10%
3 100% 19 20 5%
4 19% 8 13 38%
4 39% 17 27 37%
4 50% 19 20 5%
4 67% 25 30 17%
4 81% 33 35 6%
4 97% 30 35 14%
5 30% 20 23 13%
5 37% 25 28 11%
5 45% 27 38 29%
5 50% 33 33 -

5 70% 46 46 -

Table 5.3
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VI Density STSG Wang % Gap
6 19% 8 12 33%
6 19% 20 23 13%
6 30% 32 40 20%
6 34% 35 41 15%
6 40% 39 43 9%
7 7% 11 14 21%
7 18% 26 30 13%
7 21% 28 34 18%
7 25% 32 37 14%
7 27% 38 42 10%
8 6% 13 18 28%
8 7% 11 14 21%
8 8% 14 16 13%
8 9% 16 18 11%
8 14% 26 27 4%
9 5% 15 16 6%
9 7% 11 19 42%
9 8% 20 23 13%
9 10% 24 24 -
10 5% 15 15 -
10 6% 15 20 25%
10 7% 20 25 20%
10 9% 14 29 52%

Table 5.3
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5.4 An example where our heuristic does not find an optimal solution

Although our algorithm works very well in practice, it is not guarantead to
always find the optimal solution. As an example, consider the digraph D shown in
Figure 5.5. In Figure 5.6, we show the corresponding duplex digraph D', as well as
the strongly connected components and the cost Ce for every edge ¢ for the
minimum spanning tree which is defined in Step 2 of our heuristic algorithm. Note
that for the minimum spanning tree we have to choose the edge 3U.L - 2U and any
one of the edges 3U:L - 3L, 1UL - 1L, or 1U.L - 1U, In Figure 5.6 a we choose
3U,L - 3U and 1U.L - 1U and in Figure 5.6 b we choose 3UsL - 3U and 1U.L -
1L. The choice of Figure 5.¢ a results in the COPT 020 1 0135351431413
2302 0 of length 21, whereas the choice of Figure 5.6 b results inthe COPT 020
73535101314143132302 0 ¢f length 23, showing that our algorithm

may obtain a non optimal solution.

Eligible
Edge Type Successor

el=(0,1) | RESL  |e2,e5
¢2=(1,0) | RLSIL el,el4
e3=(0,2) | RSV o4

ed=(2,0) | RIUSIV | &3

e5=(1,3) | RLSUL | ell,¢12,¢13,¢17
e6=(1,4) | RVSV | e7,e8
e7=(@4,1) | RUSIU | e6,¢16
e8=(4,3) | RUSL | ell,e12,¢e13,e17
e9=(2,3) | RLSTUL | el1,e12,¢13,217
210=(5,1) | RISV | ¢2,¢5,¢6,¢16
el1=(3,1) | RESUL | e2,¢5,¢6,¢e16
el2=(3.2) { RISV | e4,¢9,¢15
e13=(3,0) | RSV | e3

¢14=(0,2) | RILSI- ¢9,¢e15
e15=(2,0) | RESIL | el4, el
e16=(1,3) | RIUSTUE | el1, €12, ¢13,¢17
¢17=(3.5) | RE-SL | e10,c18
e18=(5,3) | RILSTL ! el7,e12,ell

Figure 5.5 Digraph D.
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—)» edgesin Ec
—>» eodges notin Ec
——y odges added lo Ec

Figure 5.6 a Adding 1 UL. 1Uand 3UL. 3V o make D'[Ec] weakly connected.

>
KL

4”

1

—» edges in Ec
— edgesnotln Ec
Y gdges added to Ec

Figure 5.6 b Adding 1U:L . 1L and 3U.L . 3V 10 make D'[Ec] weakly connected.



Chapter 6

A  heuristic for finding a correctly-ordered
Chinese postman tour

In this chapter we consider the problem of finding a correctly-ordered
Chinese postman tour in a digraph D. Because this problem is NP-hard[5], we
have little prospect of success for finding an efficient algorithm to solve this

problem exactly. Therefore, we describe a heuristic for this problem.

Our heuristic is based on the idea of creating a digraph D' in which
each vertex in D is replaced by a bipartite component, and D' has the property that .
there exists a correctly-ordered postman tour (COPT) in D if and only if there

exists a Rural Postman Tour (RPT) over a set of specified edges Ec in D',

An important step in finding the RPT in D' requires checking to see if
D'[Ec] is weakly connected, and if not, adding edges to Ec to obtain Ec' such that
this is true. We provide a method for adding these edges which attempts to add as
few edges as possible. We then create a RSA D* of D'[EcT], and from this a COPT
of D. If we cannot create D*, then we show there is no RPT in D' over Ec and

therefore there is no COPT in D.
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6.1 The digraph D’

Given a ordered specified digraph D = (V,E) , we now describe how to
create the corresponding digraph D' = (V',E"), where V' = VAU VL and E' = Ec v
F. Without loss of generality, we will assume that D has no isolated vertices. In D',
the edges in Ec are in a one-to-one correspondence with the edges in D. We obtain
the vertices in D' by essentially replacing each vertex v in D by a bipartite graph in
D' whose vertices partition into two sets: vL and vA. There is a vertex viA in vA
for each edge ei coming into v in D, and a veriex viL in vL for each edge ej
leaving v in D. We include edge (viA,viL) if edge ¢j is an eligible successor for
edge ei in D, For any path P' in D', if we take the path P in D formed by the edges

corresponding to Ec M P', then P is correctly ordered (CO) in D.
Such a graph D' is created as follows.
Digraph D'=(V',E') construction:

(a) For every edgc ej=(u,v) in E, we create a vertex uil in VL | a vertex viA in
VA and an edge e;' in Ec from uiL to viA,

()  Forevery edge ej=(u,v) in E, we create an edge in F from viA to xiL for
every edge ej=(x,y) which is an eligible successor of ej in D.

()  Give each edge in Ec cost one and give each edge in F cost zero.

(d Let V'=VLUVA, and let E=FUEC.

Figure 6.1 gives an example of a digraph D and its corresponding digraph
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6.2 Characteristics of the digraph D'

Theorem 6.1: An ordered-specified digraph D=(V,E) has a COPT T* of
length k if and only if there exist a RPT T of cost k over Ec in D'

Proof: Suppose we have a COPT T* in D. From the way the digraph D' is created,
we know that each edge ¢ in D is represented by a segment which consists of the
corresponding edge e' in Ec and an edge in F. The segment in D' corresponding to

an edge e in D can be determined, if the successor of e in T* is specified.

Let ei be the ith edge of T* for i=1,2,....k, where k is the length of T*. For
i=1,....k-1, let ei" be the edge in F in D' that goes from tail(ei’) to head(ei+1").(We
know that ei" exists since ei+1 is an eligible successor of ei in D.) Let ek" be the
edge that goes from tail (ek’) to head(el'). Then

el'el",e2',e2",....ek’,ek"

is a RPT in D' over Ec with cost k.

We also know from the way the digraph D' is created that there is a one-to-
one correspondence between the edges in Ec and the edges in D such that for any
tour T in D', if we take the tour T* in D formed by the edges corresponding to En
T, then T* is correctly ordered. Thus if T is a RPT in D' over Ec of costk, since T
traverses all the edges in Ec, the corresponding tour T* in D will be a COPT in D
of lengthk. &

It follows from Theorem 6.1 and the fact that Ec is spanning in D' that if D’
is not strongly connected, then there can be no COPT in D. In our algorithm for

finding a RPT of D' over Ec we check this.
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6.3 An Algorithm for the problem of finding a COPT in D

We now describe an algorithm which, given an ordered specified digraph
D, either finds a COPT in D, or determines that no such tour exists. In the
algorithm we first construct the digraph D' as previously described, and then

construct a RPT in D' over Ec.

In order to construct a RPT in D' over Ec, we must construct a RSA D* of
D'[Ec] which is strongly connected. Note that since D' is strongly connected, a
RSA of D'[Ec] can be obtained by solving a minimum-cost maximum flow
problem as described in Section 2.2. If this RSA D* is strongly connected, then it
follows from Theorem 2.3 that we have found a RCPT of D' over Ec, and thus a

COCPT of D. However D* may not be strongly connected.

Recall from Theorem 2.2 that if the edge-induced subgraph D'[Ec] is
weakly connected, then any RSA D* of D'[Ec] is strongly connected. Thus one
way to ensure D* is strongly connected is to add edges to Ec, obtaining Ec' such
that D'[Ec'] is weakly connected. Clearly we wish to add these edges in such a
way as to add as few edges as possible while at the same time ensuring that the

graph D[Ec'] is as symmetric as possible.

To find the edges to add to Ec, we find a minimum cost spanning tree T in
D' (with the directions on the edges ignored), where we assign to each edge e in Ec
a cost C'e equal to zero, and we assign each edge ¢' in F' cost 0, where F' is the set
of edges in E\Ec whose head vertices have out-degree equal to 1 and/or whose tail

vertices have in-degree equal to 1. Note that such edges will automatically be
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traversed by any RPT over Ec found for D'. The rest of the edges &' in E\(EcUF)
are assigned cost 1 if the addition of that edge to EcUF" will make D'[Ec\UF'} more

symmetric at both ends, otherwise we assign e' cost 2. We then let Ec'=Ec\U(T\Ec).

D* = (V*¥,E*) is a RSA of D'[Ec] if for each vertex v € V¥, din(v) =
dout(v), where V*= V' and E* contains every edge in Ec' at least once and every
edge in ENEc' zero or more times such that the total cost of the edges in E* is
minimized. Then from Theorem 1, a minimum cost RSA D*has an Euler tour
which is an RCPT T* of D' over Ec', which corresponds to a RPT of D’ over Ec,
and a COPT T in the digraph D. T is obtained from T* by removing the edges not

in E from T* and eliminating the superscripts from the vertices.

Given an order specified digraph D, we propose the following algorithm for

constructing an RPT T* in D' over Ec .

Step 1. Construct the digraph D' as described previously.

Step 2. Check to see if D' is strongly connected. If not, we may conclude that no
COPT exists in D.

Step 3. Check to see if D'[Ec] is weakly connected. If not we find a set of edges in
E\Ec to add to Ec to make it weakly connected in the following way:

i) We find a minimum cost spanning tree T in D' for the underlying
undirected graph using the following cost function C' for every edge
e=(u,v).

- If eefc, then C'e is zero.
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- If ee ENEc and the out-degree of u is 1 and/or the in-degree of v is
1, then ee F' and C'e is zero.

- If the out-degree of u in D'[EcUF] is less than the in-degree of u in
D'[EcUF"] and the in-degree of v in D'[EcUF'] is less than the out-
degree of v in D'[EcUF'], then C'e is 1.

- Otherwise, C'e is 2.

ii) We add the edges T\Ec to Ec, to get Ec'.

Step 4. Generate the RSA D* of D'[Ec'] by formulating a mimimum cost

maximum flow problem, as described in the background section.
Step 5. Find a RCPT in D*over Ec'.

Step 6. Find the corresponding COPT in D using the method described in
Theorem 6.1.

Figure 6.2 shows the digraph D' from 6.1, along with the edges added to Ec
to form Ec'. Figure 6.3 shows the RSA D* of D[Ec'] found. From D* we obtain the
RCPT
T*= 04A, 01L, 11A 12L 02A, 5L, 25A 26L, 16A 131, 23A 24L, 04A,

of D' over Ec', and the COPT
T=0,1,0,2,1,2,0
of D of length 6.
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Chapter 7

Conclusions

In this thesis, we formulated the problem of finding a Chinese postman tour
in an order-specified digraph and proposed a heuristic to find an approximate
solution. We also formulated a specialized version of this heuristic for generating a
minimum length synchronizable test sequence that tests every transition of a

protocol at least once.

Although the correctly-ordered Chinese postman problem (COCPP) is NP-
hard[5], this does not necessarily mean that it is NP-hard for the special form
which needs to be solved for the protocol conformance testing application. Recall
that for this application, the eligible successors have a special form (as described in
Section 1.3, page 7).The proof used in [5] for the COCPP could not be adopted to
this application, as it transforms the Travelling Salesman Problem into an instance
of the COCPP in which the eligible successors do not have the required special
form. An open problem is to find a polynomial time algorithm to generate a
minimum length synchronizable test sequence in an order-specified digraph, or to

prove that this problem is NP-hard.
There are several formal testing methods proposed for generating test

sequences from FSM-based specifications. Wang[20] describes a heuristic to

generate a synchronizable test sequence in an order-specified digraph which is
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extended to the W-method, the D-method, and the UIO-method. We have adapted
the specialized version of our heuristic to the T-method, and obtain improved
performance over Wang's heuristic. A future research topic could be to extend our

heuristic to other formal testing methods.

In this thesis, we have concentrated on developing the special version of the
general heuristic. Perhaps a future topic of research would be to adapt some of the
specializations done for the generation of a synchronizable test sequence in an
order-specified digraph to the general problem to improve the current heuristic.
For example, when creating D', if the bipartite graph that corresponds to a vertex v
in D is complete, we could replace it by a single vertex v' in D'. Other more

complicated simplifications of our auxillary graph D' are also possible.

In [7], Chen, Lu, Wang, and Lee described a heuristic algorithm for the
general problem. As a suggestion, it would be interesting to compare the
performance of this heuristic algorithm with our heuristic algorithm to see which

one is more useful.
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Appendix A

Program GenGraph (input, output});

{ This program generates an order-specified digraph which has a COPT)
{First it generates a main path, then it generates a number of paths}
{along that path. It will contain no loops, and may or may not result}
{in a strongly connected duplex digraph.)

uses crt;

const
MaxNode = 10;
MaxGraph = 100;

type
EdgeKind = (L,LU,U,UL);

Edge = record
head,tail: integer;
kind: edgekind;
end; {record}

patharray = array{1..MaxGraph)] of edge;
Grapharray = array [1..MaxGraph] of edge;
kindarray = array[0..3] of edgekind;

var
Length,Position,NumNode,NumPath,Dist,I: integer; {Dist is max length of paths}
PLength: integer; {Nodes are 0,1,....NumNode)

EdgeType: kindarray;
EdgeTypeSt: array [0..3] of string;
Graph: grapharray;

MPath, Path: patharray;
Digraph:text;

[#******************#******GE’I‘[NPUT********#*##*#*#*t***#l**#*lll }

Procedure GetInput(var NumNode, Length, NumPath, Dist: integer);
begin
Write('Please enter number of nodes (must be >=3 and <="MaxNode:0,): ');
readln(NumNode);
write('Please enter length of main path: ");
readin(Length);
Write('Please enter number of added paths: ');

readln(NumPath);
Write('Please enter max. length for these paths (must be >=2). ');

Readin{Dist);
end;

{ ##**##*****#********#***CHOOSEKHQD#****#*#**&*#*#ﬁ#*#t#l##*ttt* }
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Function ChooseKind(GivenKind: EdgeKind): EdgeKind;
{Find an edge kind which is an eligible successor of GivenKind}

var k,z: integer;
begin
if GivenKind = U then begin
K:=random{2);
ChooseXind := EdgeType[k+2];
end; {if)
if GivenKind = L then begin
k:= random(2);
ChooseKind:= EdgeType(k];
end; (if}
if (GivenKind = UL) or (GivenKind = LU) then begin
k:= random(3);
if k=0 then ChooseKind:=L;
if k=1 then ChooseKind:=U;
if k=2 then begin
k:=random(2);
ChooseKind:=EdgeType[2*k+1];
end; {if}
end; | if}
end; { Proc}

[ ****#*t*#*t#*#*#******##***MAINPATI.]************‘***********##** ]
Procedure MainPath(NumNode,Length: integer; var MPath: PathArray);
{Gencrates the Main Path from 0 to 0 which is Length long.}

[ The path is stored as a list of nodes. MPath(i].tail is the ith node}

{in the path, and MPath.kind is the edge kind of the edge}

{ (MPath[i-1], MPath[i}).}

var j,N: integer;
begin
MPath[1].tail:= 0;
MPath[length+1].tail:=0;
Mpath[1].kind:=UL;
for j:= 2 to length do begin
repeat
N:=random{NumNode);
MPath[j].tail:= N;
until N<>MPath[j-1].tail; {i.e. no loops in path}
MPath(j].kind:= ChooseKind(MPath[j-1].kind);
end; {for}
MPath[Length+1}.kind:= ChooseKind(MPath[Length] kind);
if MPath{Length].tai! = MPath{Length+1].tail then begin {avoid loop at end}
repeat
N:= random(NumNode);
MPath[Length].tail:= N;
until (N<MPath[Length+1].tail) and (N<>Mpath[Length-1].tail);
end: {if)
end; (Proc)
[**‘*‘#*i*#‘##**#t*#**#**UPDA‘I'EGRAPH##****###********#******#}
Procedure UpdateGraph(LengthlIn: integer; Pathln: patharray;
var Position: integer;
var Graph: grapharray);

72



{Graph is a list of the edges (head and tail) and their kind in the graph.}
{This procedure adds the edges from the latest path produced to Graph. }
{Position is the position of the last entry in Graph.}

var j: integer;
Current; integer;

begin
for j:= 1 to LengthIn do begin
Current:= Position + j;
Graph[Current].tail:= PathIn[j+1].tail;
Graph[Current].head:= Pathln[j].tail;
Graph[Current).kind:= PathIn[j+1).kind;
end; {for}
Position:= Position + LengthIn;
end; {Procedure}

{ 'Il********IHI*****#****lll**MAKEPA'[’I.H*#********#*********]

Procedure MakePathI(MPath; Patharray;
NumNode,NumPath, Dist, Length: integer;
var Path: patharray;
var PLength: integer);
{Produces a path of length PLength<= Dist from a randomly chosen start position
in the main path to a finish position which occurs before
the start position in the main path.}

var start,finish: integer;
k,N: integer;
Temp: edgekind;
begin
PLength:= random(Dist-1) + 2; {ensure PLength>=2,<=dist}
{Cioose a start and finish position in MPath}
start:= random{length+1}+1;
finish:= randomqstart)+1;
Path[ 1].tail:= Mpath[start] taik;
Pathf1].kind:= Mpath(start].kind; {ensure can traverse MPath onto Path}
Path|PLength+1].tail:= MPath{finish).tail;
for k:=2 to PLength do begin
repeat
N:= random(NumNode);
Path[k].tail:=N;
until Ne>Path[k-1].tail; {prevent loops}
Path[k].kind:= ChooseKind(Pathk-1].kind);
end; {for)
{Choose kind for final edge such that can traverse MPath}
Temp:=ChooseKind(Path[PLength].kind);
If Temp=L then Temp:=LU;
If Temp=U then Temp:=UL;
Path{PLength+1].kind:= Temp;
if (path[PLength].tail= path[PLength+1).tail) and (PLength>=2) then begin
repeat
N:= random{NumNode}; {Prevent loop at end}
Path[Plength].tail:=N;
until (N<>Path[PLength+1).tail) and (N<>Path[PLength-1].1ail);
end; (if)

73



end; {Procedure}

{#t#*##tllll*#*t*#**#**l*WRI'TEPA'IH**t*t**#*t*t*t*#***#*]
Procedure WritePath(InLength: integer; InPath; patharray);
var k:integer;
begin
writeln;
writeln("Path’);
for k:= | to InLength+1 do
write(Inpath[k].tail,' ' EdgeTypeSt[ord(Inpath[k] kind)1:2,' ')
end;

[*lﬁ#lllllt**#*###t*****##****###DELE'I‘EDUPLICA‘I‘E*##*##t***#*#*#***#**]
procedure DeleteDuplicate(var position:integer;var Graph: Grapharray);
var y,x,z,head,tail:integer;
kind:edgekind;
begin
y:=1;
while y<position do
begin
head:=graph[y].head;
tail:=graph(y].tail;
kind:=graph[y].kind;
xi=y+1;
while x<position do
if ((head=graph[x).head) and (tail=graph[x].tail}) and
(kind=graph[x].kind) then
begin
Zi=X;
while z<position do
begin
graph(z):=graph[z+1];
zi=z+1;
end;
position:=position-1;
end
else
xi=x+1;
if {(head=graph[position).head) and (1ail=graph[position].tail)) and
(kind=graph[position].kind) then
position:=position-1;
y:=y+l;
end; {while y}
end; {proc}

[ LE L L] *#tl##t##tit*#*t*#**#***WRI'I'EGRAPH****************#*********}
Procedure WriteGraph(Position: integer; Graph: Grapharray);
var edpe; integer;
begin
writeln;
writeln('List of Graph Edges');
for edge:= 1 to Position do
write(Graph[edge].head:3, Graph[edge].tail:3,EdgeTypeSt[ord(Graph[edge].kind)]:3," ');
writeln;
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end; {Proc})

{******************#**#****#*CREA’IEDIGRAPH************ti##**ttt* }

procedure CreateDigraph(Position:integer; Graph: Grapharray; var Digraph:text);
var

edge,N:integer;
drive:string;
filename,output_file:string;
begin
filename:='";
write('Drive where the output file will be located: );
readIn(drive);
write('Name of the output file: "),
readin(output_file);
filename:=drive+':'+output_file;
assign(Digraph,filename);
rewrite(Digraph);
for edge:=1 to position do
begin
write(Digraph,'(,graph[edge].head,','\graph[edge].tail,"),’);
if graph[edge]. kind=L then
writeln(Digraph,RilSil');
if graph[edge].kind=LU then
begin
N:=random(2);
if N=0 then
writeln{Digraph, RilSiu’)
clse
writeln(Digraph, RilSiul’);
end;
if graph[edge).kind=UL then
begin
N:=random(2);
if N=(0} then
writeln{Digraph, RiuSil’)
else
writeln(Digraph, RiuSiul');
end;
if graphfedge] kind=U then
writeln(Digraph, RiuSiu’);
end; {for}
writeln(Digraph,'");
close(Digraph);
end; {proc}

[**#**#*#*#*##t*#******t*****#MAIN PROGRAM*#####**#**#*#*###*}
begin {Main Program}

clrscr;

randomize;

Position:= 0;

EdgeType(0] := L; EdgeTypeSt{0] := L}

EdgeType[1]):= LU; EdgeTypeSt[1] := LU}

EdgeType[2]):= U; EdgeTypeSt[2] :='U";

EdgeType{3]):= UL; EdgeTypeSt[3] := ‘UL

GetInput (NumNode, Length, NumPath, Dist);
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MainPath (NumNode, Length, MPath);

WritePath (Length, MPath);

UpdateGraph(length,Mpath,Position,Graph);

For I:= 1 to NumPath do begin
MakePathI(Mpath, NumNode, NumPath, Dist, Length, Path, PLength);
WritePath(PLength, Path);
UpdateGraph(PLength,Path,Position, Graph);

end; {for)

writeGraph(position,graph);

Deleteduplicate(position,Graph);

WriteGraph(Position, Graph);

CreateDigraph(Position, Graph, Digraph);

end. {Main program}

76



{ This program is used to find a COPT for a given order-specified digraph D
stored in the input file. The input file is generated by a program called
GENGRAFH}

program STSG;
{$M 65520,0,655360)

uses crt;

const
max_vertices=10; {IVI+1]
max_nodes=50; {maximum of positions in an array vused in some procedures)
max_e_orig=30; {maximum number of edges in each position of original}
max_e_duplex=30;{maximum number of edges going in or coming out of each
vertex in the duplex digraph D'}

type

edges_type=(arrive_up,arrive_low,arrive_u_|,leave_up,leave_low);
{ this are the rows for matrix_original}

rec_edges=
record
vertex:integer;
type_edge:edges_type;
num_vertex :integer;
end;

vertex_type=(upper,lower,up_low);
{this are the rows for matrix_duplex}

pointer="node;
node=
record
next:pointer;
vertex:integer;
v_type:vertex_type;
end;
{this list is vsed in the procedures RPT and COPT)
list=
record
head:pointer;
end;

set_of_edge=(Ec,f); {This indicates if the edge isin Ec
or if is a twin edge}

vertices=array[1..max_e_orig] of rec_edges;
{this is array containing the edges in arrive_up, arrive_low,...,leave_low}

matrix_criginal=array[0..max_vertices,arrive_up..Jeave_low] of vertices;
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{this matrix contains all the information of the digraph D}

edge_rec=
record
out_of_vertex:integer;
out_of_type:vertex_type;
into_vertex:integer;
into_type:vertex_type;
end;
{this record contains the information of the edge e*}

rec_vertex=
record

num_vertex:integer;

vertexinteger;

type_vertex;vertex_type;

mst_e_costiinteger;

edge_set:set_of_edge;

duplicate:boolean;

capacity:integer;
end;
{this record in matrix_duplex to store the information
of each edge going in or coming out of every vertex in D'}

statustype=(intree,fringe,unseen);
(this is used in the minimum spanning tree procedure}

rec_duplex=
record
active:boolean; {this is true if the vertex is in the duplex digraph}
in_vertices:array[!..max_e_duplex] of rec_vertex;
{this array contain the information of the edges going into a vertex in D'}

out_vertices:array[1..max_e_duplex] of rec_vertex;
{this array contains the information of the edges coming out of a vertex in D'}

{the next five fields are used for the strongly connected compenents procedure}
component:integer;

dfsNumber:integer;

low:integer;

removed:boolean;

ptr:integer;

{the next three fields are used to store the information on
the link edges between components}

link:boolean;

link_vertex:integer;

link_type:vertex_type;

{the next five fields are used for the minimum spanning tree procedure}
status:statustype;

mst_v_degree:integer;

fringe_cost:integer;

parent_vertex:integer;

parent_type:vertex_type;
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{the next fields are used in the minimum cost maximum flow procedure}
net_degree:integer;
old_label:integer;
new_label:integer;
old_pre_vertex:integer;
new_pre_veriex:integer;
old_pre_type:vertex_type;
new_pre_type:vertex_type,
flow_from_s:integer;
flow_to_tiinteger;
end;
matrix_duplex=array[0..max_vertices,upper..up_low] of rec_duplex;
{this matrix contains all the information of the duplex digraph D'}
var
prueba,num_comp:integer;
edge:edge. rec;
orig_probl:matrix_original;
duplex:matrix_duplex;
original,tour:text;
vertex_list:list;

{*******lk**lll***********!I"h***#CLEAN_ORIG_PROBL**t*##***#******#**#*********]
procedure clean_orig_probl(var orig_probl:matrix_original);
var

i:integer;

jredges_type;
begin

for i:=0 to max_vertices do

for j:=arrive_up to leave_low do
orig_probl[i,jl[1).num_vertex:=0;

end;

[****t**********#***m‘[‘ ORIGINAI *uuuuuuu***#*uunuunnuu]

procedure fill_original(var original:text;var orig_probl:matrix_original);
var
numvertex:char;
ij.k,m,code,v,u,num_char:integer;
line,type_edge.file_name drive,input_file:string;
siedges_type;
begin
file_name:='";
write(Name of the input file: ');
readIn(input_file);
write('Drive where input file is located: *);
readin(drive);
file_name:=drive+':'+input_file;
assign(original file_name);
reset({original);
readIn(original,line);
m:=0;
k:=0;
clean_orig_probl{orig_probl);
while not eof{original) do
begin
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=2

val(line[j],u,code);
i=i+2;
val(line[j],v,code);

i=i2;

num_char;=length(line)-j;
type_edge:=copy(line,j+1,num_char);
if (type_edge = RiuSilJor (type_edge =RiuSiul’} then

else

begin
k:=orig_probl[u,leave_up)[1].num_vertex +1;
orig_probl[u,eave_up][k].vertex:= v;
orig_probl[u,leave_up]{k].type_edge:=arrive_u_l;
orig_probl[u,leave_up][1].num_vertex:= k;
m:=orig_probl{v,arrive_u_l][1].num_vertex +1;
orig_probl[v,arrive_u_l]{m].vertex:= u;
orig_problfv,arrive_u_l][m].type_edge:=leave_up;
orig_probl[v,arrive_u_I][1].num_vertex:= m;
end

if type_edge='RiuSiu’ then

begin

k:=orig_probl{u,leave_up][1].num_vertex +1;
orig_probl[u,leave_up][K].vertex:= v;
orig_probl[u,leave_up][k].type_edge:=arrive_up;
orig_probl[u,leave_up][k]).num_vertex:=k;
m:=orig_probl[v,arrive_up][1].num_vertex+1;
orig_probl[v,arrive_up][m].vertex:= u;
orig_probl{v,arrive_up}[m].type_edge:=leave_up;
crig_probl[v,arrive_up](1].num_vertex:= m;

end

else

if type_edge ='RilSil’ then

begin
k:=orig_probl[u,leave_low]{1].num_vertex +1;
orig_probl[u,leave_low][k].vertex:= v;
orig_probl[u,Jeave_low][k].type_edge:=arrive_low;
orig_probl[u,leave_low][1].num_vertex :=k;
m:=orig_probl[v,arrive_low]{1].num_vertex +1;
orig_probl[v,arrive_low][m].vertex:= u;
orig_probl[v,arrive_low][m].type_edge:=leave_low;
orig_probl[v,arrive_low][11.num_vertex:= m;

end

else

if (type_edge ='RilSiu’) or (type_edge="RilSiul) then
begin
k:=orig_probl[u,leave_low][1].num_vertex +1;
orig_probl[u,leave_low][k].vertex:= v;
orig_probl[u,leave_low][k].type_edge:=arrive_u_l;
orig_probl{u,leave_low][1].num_vertex:= k;
m:=orig_probl[v,arrive_u_l]{1].num_vertex +1;
orig_probl[v,arrive_u_{][m].vertex:= u;
orig_probl[+.arrive_u_l][m].type_edge:=leave_low;
orig_probl[v,arrive_u_{][1].num_vertex:= m;
end;

readIn{original,line);
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end;
close(original);
end;

{******#*********lt****mmLLIZE_DUPLEx**************lﬂﬁ***\l#****#***#***t*}
Procedure initiallize_duplex(orig_probl:matrix_original;var duplex:matrix_duplex);
var

i,x:integer;
jrvertex_type;
begin
for i:=0 to max_vertices do
for j:==upper to up_low do
begin
duplex[i,j).active:=false;
if (j=up_low) and (orig_probi(i,arrive_u_{}[1].num_vertex<>0) then
begin
duplex[i.j]).active:=true;
duplex(i,j].out_vertices[1].vertex:=i;
duplex[i,j].cut_vertices[1].type_vertex:= upper;
duplexl[i,j].out_vertices[1].edge_set:=f;
duplex[i,j).out_vertices[1].capacity:=1000;
duplex([i.j].out_vertices{ 1]1.duplicate:=false;
duplex[i,j].out_vertices[2].vertex:=i;
duplex(i,j].out_vertices[2].type_vertex:= lower;
duplex[i,j].out_vertices[2].edge_set:=f;
duplex(i,jl.out_vertices{2].capacity:=1000;
duplex[i,j].out_vertices{2].duplicate:=false;
duplex[i,j).out_vertices[1].num_vertex:=2;
duplex[i,jl.in_vertices[1].num_vertex:=0;
duplex[i,j].mst_v_degree:=0;
duplex[i,j].fringe_cost:=0;
duplex[i,jl.link:=false;
duplexit,j]l.flow_from_s:=0;
duplex[i,j].flow_to_t:=0;
end;
if ((j=upper) or (j=lower)) and ((orig_probl[i,leave_up][1).num_vertex>0) or
(orig_probl[i,leave_low][1].num_vertex>0)) then
begin
duplex[i.,j].active:=true;
dupiex[i,j].mst_v_degree:=0;
duplex[i,j].fringe_cost:=0;
duplex[ijl.link:=false;
duplex[i,j].flow_from_s:=0;
duplex(i,j).flow_to_t:=0;
if orig_probl[i,arrive_u_{][1].num_vertex>0 then
begin
duplex{i,j).in_vertices[ I].vertex:=i;
duplex[i,j].in_vertices[1].type_vertex:=up_low;
duplex[ijl.in_vertices[1].edge_set:=f;
duplex[i,j).in_vertices[1].capacity:=1000;
duplex[i j].in_vertices[1].duplicate:=false;
duplex{i,jl.in_vertices[1].num_vertex:=1;
duplex[i,j].out_vertices[1].num_vertex:=0;
end
else
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begin
duplex[i,j}.in_vertices[1].num_vertex:=0;
duplex[i,j).out_vertices[1].num_vertex:=0;
end;
end;
end;
for i:=0 to max_vertices do
for j:=upper to up_low do
if duplex[i,j].active=true then
begin
if j=upper then
writeln(i, ,upper');
if j=lower then
writeln(i,’ Jower');
if j=up_low then
writeln(i,',up_low');
readin;
end;
end;

{ sl ook kR sk soiokok kR okkx CREATE  Ec EDGE********************#*#*****}

procedure create_Ec_edge(orig_probl:matrix_original;var duplex:matrix_duplex);
var
i,k,m,u,in_pos,out_pos,out_u_pos,out_|_pos:integer;
jry:edges_type;
begin
for i:=0 to max_vertices do
for j:=arrive_up to leave_low do
begin
if (j=arrive_up) and (orig_probl[i,jl[1}.num_vertex > 0) then
begin
in_pos:=duplex[i,upper].in_vertices[1].num_vertex;
m:=orig_probl{i,arrive_up][1].num_vertex;
for k:=1 to m do
begin
u:=orig_probl[i,arrive_up][k].vertex;
out_pos:=duplex[u,upper].out_vertices[1].num_vertex+1;
duplex[u,upper}.out_vertices[out_pos].vertex:=i;
duplex[u,upper].out_vertices[out_pos].edge_set:=Ec;
duplex[u,upper].out_vertices[out_pos).type_vertex:=upper;
duplex[u,upper].out_vertices[out_pos].capacity:=1000;
duplex[u,upper].out_vertices[out_pos).duplicate:=false;
in_pos:=in_pos +1;
duplex[i,upper].in_vertices[in_pos].vertex:=u;
duplex{i,upper].in_vertices[in_pos].edge_set:=Ec;
duplex[i,upper].in_vertices[in_pos].type_vertex:=upper;
duplex[i,upper].in_vertices[in_pos].capacity:=1000;
duplex[i,upper].in_vertices[in_pos].duplicate:=false;
duplex[uv,upper].out_vertices{1].num_vertex:=out_pos;
end;
duplex[i,upper].in_vertices[ 1).num_vertex:=in_pos;
end;
if (j=arcive_low) and (orig_probl[ij1[1].num_vertex > 0) then
begin
in_pos:=duplex[i,lower].in_vertices{ 1].num_vertex;
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m:=orig_probl[i,arrive_low][1].num_vertex;
for k:=1 tomdo
begin
u:=orig_probl[i,arrive_low][k].vertex;
out_pos:=duplex[u,lower].out_vertices[1].num_vertex +1;
duplex[u,lower].out_vertices[out_pos].vertex:=i;
duplex|u,lower].out_vertices[out_pos].edge_set:=Ec;
duplexfu,lower].out_vertices{out_pos].type_vertex:=lower;
duplex[u,lower].out_vertices[out_pos].capacity:=1000;
duplex[u,lower].out_vertices{out_pos].duplicate:=false;
in_pos:=in_pos +1;
duplex[i,Jowerl.in_vertices[in_pos].vertex:=u;
duplex[i,Jower].in_vertices[in_pos}.edge_set:=Ec;
duplex[i,lower).in_vertices[in_pos].type_vertex:=lower;
duplex[i,lower).in_vertices[in_pos].capacity:=1000;
duplex(i,lower).in_vertices[in_pos].duplicate:=false;
duplex{u,lower].out_vertices[1].num_vertex:=out_pos;
end;
duplex[i,lower).in_vertices[ | ].num_vertex:=in_pos;
end;
if (j=arrive_u_1) and (orig_probl[i,j]{1].num_vertex > 0) then
begin
in_pos:=duplex[i,up_low].in_vertices[ 1].num_vertex;
m:=orig_probl[i,arrive_u_l][1].num_vertex;
for k=1 to mdo
begin
u:=orig_probl[i,arrive_u_l][k].vertex;
y:=orig_probifi,arrive_u_l][k].type_edge;
if y=leave_up then
begin
out_u_pos:=duplex{u,upper).out_vertices[1].num_vertex +1;
duplex[u,upper].out_vertices[out_u_pos].vertex:=i;
duplex[u,upper].out_verticesfout_u_pos].edge_set:=Ec;
duplexfu,upper].out_vertices[out_u_pos].type_vertex:=up_low;
duplex[u,upper].out_vertices[out_u_pos).capacity:=1000;
duplex[u,upper].out_vertices[out_u_pos].duplicate:=false;
in_pos:=in_pos +1;
duplexfi,up_tow).in_vertices[in_pos].vertex:=u;
duplex[i,up_low).in_vertices{in_pos].edge_set:=Ec;
duplex[i,up_low).in_vertices[in_pos].type_vertex:=upper;
duplexfi,up_low].in_vertices[in_pos].capacity:=1000;
duplex[i,up_low].in_vertices[in_pos].duplicate:=false;
duplex[u,upper].out_vertices[1].num_vertex:=out_u_pos;
end
else
if y=leave_low then
begin
out_)_pos:=duplex[u,lower].out_vertices[1].num_vertex +1;
duplex{u,lower].out_vertices[out_I_pos].vertex:=i;
duplex[u,lower].out_vertices{out_I_pos].edge_set:=Ec;
duplex[u,lower] .out_vertices[out_|_pos].type_vertex:=up_low;
duplex[u,lower].out_vertices[out_l_pos].capacity:=1000;
duplexfu,lower].out_vertices[out_I_pos].duplicate:=false;
in_pos:=in_pos +1;
duplex[i,up_low].in_vertices[in_pos].vertex:=u;
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duplexfi,up_low].in_vertices[in_pos).edge_set:=Ec;
duplex[i,up_low].in_vertices[in_pos].type_vertex:=lower;
duplex[i,up_low].in_vertices[in_pos).capacity:=1000;
duplex[i,up_low).in_vertices[in_pos].duplicate:=false;
duplex{u,lower).out_vertices[1].num_vertex:=out_l_pos;
end

end;

duplex(i,up_lowl.in_vertices[1].num_vertex:=in_pos;

end;

end;
end;

[ t*t#ti‘t#tl##t#tt#thEMOVE_EDGES_AN‘D_VERTICES*##*##‘i##**##‘**##*##‘t#*‘* }
procedure remove_edges_and_vertices(var duplex:matrix_duplex;orig_probl:matrix_original);
var
num_in,num_out,x,i,k,num_u_I,num_low,num_up,posi,j,vertex,m,aux_num:integer;
type_of_vertex:vertex_type;
found:boolean;
begin
for i:=0 to max_vertices do
begin
if ((orig_probil[i,leave_up][1).num_vertex=0) and
(orig_probl{i.leave_low][1].num_vertex>0))and {i<>0) then
if duplex[i,up_low].active=true then
begin
writeln(i, lower');
num_Jow:=duplex[i,lowerl.in_vertices[1].num_vertex;
writeIn(num_low: ,num_low);
if num_low>1 then
for k:=2 to num_low do
duplex[i,lower].in_vertices{k- 1]:=duplex[i,lower].in_vertices(k];
duplex{i,Jower].in_vertices[1].num_vertex:=num_low -1;
writeln('num_vertex: ', duplex(i,lower].in_vertices[1].num_vertex);
readln;
j=1
posi:=duplexi,lower].in_vertices]1].num_vertex +1;
num_u_l:=duplex[i,up_low).in_vertices[1).num_vertex;
while num_u_l > 0do
begin
vertex:=duplex[i,up_lowl.in_vertices[j}.vertex;
type_of_vertex:=duplex{i,up_lowl].in_vertices[j}.type_vertex;
aux_num:=duplex{vertex,type_of_vertex].out_vertices[1].num_vertex;
m:=l;
found:=false;
while {(m<=aux_num) and not found do
if (duplex[vertex,.type_of_vertex].out_vertices{m).vertex=i) and
(duplex[vertex,type_of_vertex].out_vertices[m].type_vertex=up_low) then
found:=true
else
m:=m+1;
duplex{vertex,type_of_vertex].out_vertices[m].type_vertex:=lower;
duplex{i,lower].in_vertices[posi]:=duplex[i,up_low].in_vertices[j];
Ji=idl;
num_u_b=num_u_l- 1;
posi:=posi+1;



end;
duplex{i,lower].in_vertices[1].num_vertex:=posi-1;
writeln('num_vertex: ' duplex(i,lower].in_vertices[1].num_vertex),
readln;
orig_probl[i,arrive_u_}[!).num_vertex:=num_u_;
end;
if ((orig_probl[i,leave_low][1].num_vertex=0) and
(orig_probl(i,leave_up][1].num_vertex>0)) and (i<>0) then
if duplexfi,up_low).active=true then
begin
num_up:=duplex[i,upper].in_vertices[1].num_vertex;
if num_up>1 then
for k:=2 to num_up do
duplex[i.uppcr].in_vertices[k-l]:=dup1ex[i,upper].i n_vertices[k];
duplex[i,upper].in_vertices[ 1].num_vertex:=num_up - 1;
=1
posi:=duplex[i,upper].in_vertices[ }].num_vertex +1;
num_u_l:=duplex[i,up_lowl.in_vertices[1].num_vertex;
while num_v_l > 0do
begin
vertex:=duplex[i,up_low].in_vertices(j].vertex;
type_of_vertex:=duplex[i,up_low}.in_vertices(j].type_vertex;
aux_num:=duplex[vertex,type_of_vertex].out_vertices[1].num_vertex;
m:=l1;
found:=false;
while (m<=aux_nuin) and not found do
if (duplex[vertex,type_of_vertex).out_vertices[m].vertex=i} and
(duplcx[vcrtex,type_of_venex].out_veniccs[m].type_vertcx:up_low) then
found:=true
else
mi=m+1;
duplex([vertex,type_of_vertex].out_vertices[m].type_vertex:=upper;
duplex [i.uppcr].in_vertices[posi]:=dup|cx[i,up_!ow].in_vcrtiocs[j];
j=j+ls
num_u_l:=num_u_1 - 1;
posi:=posi+1;
end;
duplex[i,upper}.in_vertices[1].num_vertex:=posi-1;
orig_probl[i.arrivc_u_l][l].num_venex::num_u_l;
end;
if (orig_probi[i,arrive_u_l]{1].num_vertex = 0) then
begin
{if (orig_probl[i,leave_up)[1].num_vertex>0) and (vrig_probi[i,leave_low][1].num_vertex>0) then
begin
num_up:= duplex[i,upperl.in_vertices{1].num_vertex;
num_low:=duplex[i,lowerl.in_vertices[1].num_vertex;
if num_low >1 then
for k:=2 to num_low do
duplex[i,lower].in_verticcs[k-I]:=duplex[i.lower].in_vcrtices[k];
duplex[i,lower].in_venices[I].num_vertcx::num__low-l;
if num_up >1 then
for k:=2 to num_up do
duplex[i,upper].in_vertices[k-1]:=cluplex[i,upper].in,,v:ﬁices[k];
duplex(i,upper}.in_vertices(1).num_vertex:=num_up -1;
end; }
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duplex{i,up_low).active:=false;
end;
if (orig_probl[i,leave_up]{1].num_vertex=0) and (i<>0) then
duplex[i,upper].active:=false;
if (orig_probl[i,leave_low][1].num_vertex=0) and (i<>0) then
duplex(i,lower].active:=false;
if ((crig_probli,leave_up][1].num_vertex=0) and
(orig_probi[i,arrive_up]{1].num_vertex=0)) and (i=0) then
duplex[i,upper].active:=false;
if ((orig_probi(i,leave_low][1].num_vertex=0) and
(orig_probl [i,arrive_low]{1].num_vertex=0)) and (i=0) then
duplex[i,lower].active:=false;
end;
for i:=0 to max_vertices do
for type_of_vertex:=upper to up_low do
if duplex[i,type_of_vertex].active=true then
begin
if type_of_vertex=upper then
begin
writeln(i,' upper');
writeln('in_vertices: '.duplex[i,type_of_vertex].in_vertices[1].num_vertex);
num_in:=duplex[i Jtype_of_veriex].in_vertices[1].num_vertex;
x:=1;
while x<=num_in do
begin
if duplex[i,type_of_vencx].in_verticcs[x].type_vcrtex:uppcr then
writein(duplexfi,type_of_vertex] An_vertices[x).vertex,’,upper');
if duplex[i,type_of_vertex].in_verticﬁ[x].type_vertcx:lower then
writeln(duplex[i,type_of_,vcrtcx].in__vertices[x] ~vertex,' lower');
if duplex(i,type_of_vertex).in_vertices[x] type_vertex=up_low then
writeln(duplex[i,type_of_vertex] .in_vertices[x].vertex, up_low");
x:=x+1;
end;
writeln(out_vertices: '.duplex[i,type_of_vertcx].-3ut_vcrtices[1].num_vertcx):
num_out:=duplex[i,type_of_vertex].cut_verticzs[1].num_vestex;
x:=1;
while x<=num_out do
begin
if duplex[i,type_of_vertex].out_vertices[x].type_veriex=upper then
writeln(duplex[i.typc_of_vertcx].out_vmiccs[x].vertex.'.uppcr');
if duplex[i,type__of_vcrtex].out_venices[x].type_vcmx:lower then
writcln(duplex[i.type_of_venex].out__vcnices[x] ~vertex,'lower'y;
if dup!cx[i,type_of_,vertcx].out_vcrtices[x].type_vcrtcx:up_low then
writeln(duplex[i,type_of_vertex).out_vertices[x].vertex,' up_low’),
xi=x+1;
end;
end;
if type_of_vertex=lower then
begin
writeln(i,’ lower');
writetn(in_vertices: '.duplex[i,type_of_vertex].in_venices[l].num_vcrtex);
num_in:=duplex[i,type_of_vertex].in_vertices(1].num_veriex;
x:=l;
while x<=num_in do
begin




if duplex[i,type_of_vertex).in_vertices{x].type_vertex=upper then
writeln(duplex{i,type_of_vertex).in_vertices[x].vertex,', upper’);
if duplex[itype_of_vertex].in_vertices{x].type_vertex=lower ther
writeln(duplex{i,type_of vertex].in_vertices[x].vertex,' lower’);
if duplex[i.type_of_vertex).in_vertices{x].type_vertex=up_low then
writeln(duplex[i,type_of_vertex}.in_vertices[x].vertex, ,up_low');
x:=x+1;
end;
wrileln('out_vertices: ' duplex[i,type_of_vertex).out_vertices[1].num_vertex};
num_out:=duplex[i,type_of_vertex].out_vertices{1]).num_vertex;
x:=1;
while x<=num_out do
begin
if duplex[i,type_of_vertex].out_vertices{x].type_vertex=upper then
writeln(duplex[i,type_of_vertex].out_vertices{x].vertex,’,upper’);
if duplex[i,type_of_vertex].out_vertices[x].type_vertex=lower then
writeln(duplex[i,type_of_vertex].out_vertices[x].vertex,' lower'y;
if duplex[i,type_of_vertex].out_vertices[x].type_vertex=up_low then
writeln{duplex[i,type_of_vertex).out_vertices{x].vertex," up_low’);
xi=x+1;
end;
end;
if type_of_vertex=up_low then
begin
writeln(i,’ up_low');
writeln(in_vertices: ,duplex{i,type_of_vertex]).in_vertices[1].num_vertex);
num_in:=duplex[i,type_of_vertex).in_vertices[1]).num_vertex;
x:=l;
while x<=num_in do
begin
if duplex([i,type_of_vertex).in_vertices[x].type_vertex=upper then
writeln(duplex{i,type_of_vertex].in_vertices[x].vertex,' ,upper’);
if duplex[i,type_of_vertex).in_vertices[x].type_vertex=lower then
writeln(duplex[i,type_of_vertex].in_vertices[x].vertex,' lower’);
if duplex([i,type_of_vertex].in_vertices[x].type_vertex=up_low then
writeln(duplexfi,type_of_vertex).in_vertices[x].vertex,',up_tow');
x:=x+1;
end;
writeIn{out_vertices: ",duplex[i,type_of_vertex].out_vertices[1].num_vertex);
num_out:=duplex[i.type_of_vertex].out_vertices[1].num_vertex;
x:=l;
while x<=num_out do
begin
if duplex{i,type_of_vertex].out_vertices[x].type_vertex=upper then
writeln(duplex[i,type_of_vertex].out_vertices[x].vertex,',upper');
if duplex(i,type_of_vertex].out_vertices[x].type_vertex=lower then
writeln(duplex[i,type_of_vertex].out_vertices{x).vertex,' lower’);
if duplex(i,type_of_vertex].out_vertices[x].type_vertex=up_low then
writeln{duplex(i,type_of_vertex].out_vertices[x].vertex,’ up_low’);
xi=x+1;
end;
end;
readin;
end;
end;
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{tt#**#ttttttttm*itltt*S’I‘RONGCOMPON‘EN'ISt‘ltittttttt#ﬂl‘ititttttt#t!‘ittttt]
Procedure StrongComponents(var duplex:matrix_duplex;var num_comp:integer);
type
nodes=record
vertex:integer;
v_type:vertex_type;
end;
var
1,dfn:integer;
top_vertex,v_vertex:integer;
jitop_type,v_type:vertex_type;
SC:array[1..max_nodes] of nodes;
num_nodes:integer;

Procedure SCompDFS(v_vertex:integer;v_type:vertex_type);
var
w_vertex:integer;

w_type:veriex_type:
ptriinteger;

begin
din:=dfn+1;
duplex[v_vertex,v_type].dfsNumber:=dfn;
duplex[v_vertex.v_lype].low:=dfn;
duplex[v_vertex,v_type].removed:=false;
while duplex[v__vencx.v_type].ptr<=duplex[v_vertcx.v_type].out_vcniccs[ 1}.num_vertex do
begin
ptr:=duplex[v_vertex,v_type].ptr;
w_vertex:=duplex[v_vertex,v_type].out_vertices[ptr].veriex;
w_type:=duplex(v_vertex,v_type] «out_vertices[ptr].type_vertex;
if duplex[w_vertex,w_type].dfsNumber=0 then
begin
SCompDFS(w_vertex,w_type);
if duplex[w_venex.w_typc].low<duplex[v_vertex.v_type].low then
duplex[v_venex,v_type].]ow:=duplex[w_vertex.w_typc].low:
end
else
if not duplex[w_vertex,w_type].removed then
if duplex[w_vcmx.w_typc].dfsNumber<duplcx[v_veﬂcx,v_type].low then
duplex[v_vertex,v_type] Jow:=duplex[w_vertex,w_type].dfsNumber;
duplex[v_vertex.v_type].ptr:=duplex[v_vcncx,v_type1.ptr+1;
end;
if duplex[v_vertcx,v_type].low=duplex[v_verlex,v_lypc].dt‘sNumbcr then
begin
num_comp:=num_comp+1;
duplex[v_vertex,v_typel.removed:=true;
duplcx[v_vertex,v_type] .component:=aum_comp;
if num_nodes>0 then
begin
top_vertex;=SC[num_nodes].vertex;
top_type::SC[num__nodes].v_type;
while (num_nodes>0) and
(duplex[top_vencx.top_type].dfsNumbcr>duplex[v_vertex.v_type].dfsNumber) do
begin




duplex[top_vertex,top_type].component:=num_comp;
duplex[top_vertex,top_typel.removed:=true;
num_nodes:=num_nodes-1;
if num_nodes>0 then
begin
top_vertex:=SC[num_nodes].vertex;
top_type:=SC[num_nodes].v_type;
end;
end;
end;
end
else
begin
num_nodes:=num_nodes+1;
SC[num_nodes].vertex:=v_vertex,
SC[num_nodes].v_type:=v_type;
end;
end;

begin
for v_vertex:=0 to max_vertices do
for v_type:=upper to up_low do
if duplex[v_vertex,v_type].active=true then
begin
duplex[v_vertex,v_typel.component:=0;
duplex[v_vertex,v_type].dfsNumber:=0;
duplex[v_vertex,v_type].ptr:i=1;
end;
num_nodes:=0;
dfn:=0;
for v_vertex:=0 to max_vertices do
for v_type:=upper to up_low c'o
if (duplex[v_vertex,v_type).ac:ive=true) and
(duplex[v_vertex,v_type].dfsNumber=0) then
SCompDFS(v_vertex,v_type);
end;

{****t****#********##**CHECK_‘ORDERED*IHI#***ﬁ-‘**#***#***#********#*********}
Procedure check_ordered(duplex:matrix_duplex;num_comp:integer);
var

found:boolean;
i,num,n,k,component,num_no_link:integer;
j.livertex_type;
begin
num_no_link:=0;
component:=1;
while component<=num_comp do
begin
found:=false;
for i:=0 to max_vertices do
for j:==upper to up_low do
if not found and ((duplex[ij).active=true)and
(duplex[i.j].component=component)) then
begin

ni=l;
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num:=duplex[i,j].out_vertices[].num_vertex;
found:=false;
while (n<=num) and not found do
begin
k:=duplex[i j].out_vertices[n].veriex;
l:=duplex{i,j].out_vertices[n].type_vertex;
if duplex[k,1].component<>component then
found:=true
else
ni=n+l;
end;
end;
if not found then
num_no_link:=num_no_link+1;
component:=component+1;
end;
if num_no_link>1 then
begin
writeln('THERE IS NO COPT');
readln;
halt;
end;
end;

{ solopsookokk ek Rk kMST VERTEX DEGREE****#***#*#*****************t*#*****]

Procedure MST_vertex_degree(var duplex:matrix_duplex);
var
vertex,i,num_out_u,m,num_in_u,n,in_t,out_uinteger;
Jtype_of_vertex:vertex_type;
begin
for i:=0 to max_vertices do
for j:=upper to up_low do
if duplex[i,j].active=true then
begin
in_u:=0;
num_in_u:=duplex[i,j].in_vertices[1].num_vertex;
if (num_in_u=1) and (duplex[i,j].in_vertices[1].edge_set=f) then
in_u=in_u+1
else
for n:=1 to num_in_u do
if duplex[i,jl.in_vertices{n].edge_set = Ec then
in_w=in_u+1
else
begin
vertex:=duplex{i,j].in_vertices[n].vertex;
type_of_vertex:=duplex[i,jl.in_vertices[n].type_vertex;
if (duplex{vertex,type_of_vertex].out_vertices[1].num_vertex=1) and
(duplex[vertex,type_of_vertex].out_vertices[1].edge_set=f) then
in_u:=in_u+1;
end;
out_u:=0;
num_out_u:=duplex[i,j].out_vertices[1].num_vertex;
if (num_out_u=1) and (duplex[i,jl.out_vertices[11.edge_set=f) then
out_u:=out_u+1
else



for m:=1 to num_out_u do
if duplex[i,j].out_verticesim].edge_set = Ec then
out_u:=out_u+l
else
begin
vertex:=duplex[i,jl.out_vertices[m].vertex;
type_of_vcrtcx::duplex[ij].out_verticcs[m].type__vcncx;
if (duplcx[vcrtex.type_of_venex].in_venices[l].num_verlex:l) and
(duplcx{vencx.typc_of_vertcx].in_vcrticcs[1].edge_set=t) then
out_u:=out_u+l;
end;
duplcx[i,j],mst_v_degrce::in_u - out_u;
end;
end;

#t**#**#i#t#****#*#MSTHEDGE_COS'I‘**##t*ili**#***lll##t****#**tt#tt*#**t#tt#* }
procedure MST_edge_cost(var duplex:matrix_duplex);
var
i,k,m,edge_out_num,edge_in_num:integer;
jnivertex_type;
begin
for i:=0 to max_vertices do
for j:=upper to up_low do
begin
if duplex[i,j].active=true then
begin
cdge_out_nurn::duplex[ij].out_\'enices[ 1].num_vertex;
edge_in_num:=duplex[iJ].in_verticcs[l].num_vcrtex;
for k:=1 to edge_out_num do
if duplex[i,j].out_vertices(k].edge_set=Ec then
duplex[i,j].out_veniccs[k].mst_e_cost:-—-O
else
begin
m:=duplex[i jl.out_vertices[k].vertex;
n::duplex[iJ].out__vcrlices[k].typc_vertex;
if (duplex[i,j].out_vcrticcs[1].num_vertex=1) or
(duplex[m.n].in_vcniccs[l].num_vertex:l) then
duplex[i.j].out_vertices[k].mst_e_cost::O
else
if (duplex[i j].mst_v_degree>0) and
(duplcx[m.n].mst_v_degree<0) then
duplex[ij].out_verlices[k] .mst_¢_cost:=1
else
duplex[i.j].out__vcrticcs[k].mst_e_cost:=2;
end;
for k:=1 to edge_in_num do
if duplex[i,j).in_vertices[k].edge_set=Ec then
dup!ex[i,j].in__verticcs[k] .mst_e_cost:=0
else
begin
m:=duplex[i j].in_vertices[k].vertex;
n:=duplex[i,jl.in_vertices[k] .type_vertex;
if (Guplex[i).in_vertices{1].num_vertex=1) or
(duplcx[m.n].out_.vcniccs[!].num_vertex:l) then
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duplex[i,j].in_vertices[k].mst_e_cost:=0
else
if {duplex[ij]l.mst_v_degree<0) and
{duplex[m,n].mst_v_degree>0) then
duplex[i,j].in_vertices{k].mst_e_cost:=1
else
duplex[ijl.in_vertices[k].mst_e_cost:=2;
end;
end;
end;
end;

{**#titti##iti*###**##CH:ECK_S’I'RONGLY_CONNECI‘ED‘#‘&‘#-l*t#itii#it*#‘!#!#“'.}

Procedure check_strongly_connected{duplex:matrix_duplex;num_comp:integer;var edge:edge_rec);
var

auxiliar:matrix_duplex;
comp_num,num_in,num_out:integer;
begin
auxiliar:=duplex;
if (num_comp=1) and (auxiliar[0,lower].active=true) then
begin
edge.out_of_vertex:=0;
edge.out_of_type:=lower;
edge.into_vertex:=0;
edge.into_type:=lower;
end
clse
if (num_comp=1) and (auxiliar[0,upper).active=true) then
begin
edge.out_of_vertex:=0:
edge.out_of_type:=upper;
edge.into_vertex:=0;
edge.into_type:=upper;
end;
if num_comp:>1 then
begin
comp_num:=0;
num_in:=auxiliar{O,upper].in_vertices[t].nbm_vertex;
auxiliar[0,upper].in_vertices[num_in+1].vertex:=0;
auxiliar[0,upper).in_vertices[num_in+1).type_vertex:=lower;
auxiliar[0,upper).in_vertices{1].num_vertex:=num_in+1;
num_out:=auxiliar[0,Jower].out_vertices[1].num_vertex;
auxiliar{0Jower].out_vertices[num_out+1}.vertex:=0;
auxiliar[0,Jower].out_vertices[num_out+1].type_vertex:=upper,
auxiliar{0,Jower].out_vertices[1]).num_vertex:=num_out+1;
edge.out_of_vertex:=0;
edge.out_of_type:=lower;
edge.into_vertex:=0;
edge.into_type:=upper;
StrongComponents(auxiliar,comp_num);
if comp_num>1 then
begin
comp_num:={;

auxiliar[O.upper].in_vertices[l].num_vcrtcx::auxiliarlo.upper].in_vertim[l].num_vertex-l;
auxiliar{0,Jower).out_vertices[1].num_vertex:=auxiliar{0,lower] .out_vertices[1].num_vertex-1;
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num_in:=auxiliar[0,lower].in_vertices{1].num_vertex;
auxiliar{0,lower].in_vertices[num_in+1].vertex:=0;
auxiliarf0,lower].in_vertices[num_in+1).type_vertex:=upper;
auxiliar{0,lower).in_vertices[ 1].num_vertex:=num_in+1;
num_out:=auxiliar[0,upper].out_vertices[ 1].num_vertex;
auxiliar{0,upper].out_vertices{num_out+1].vertex:=0;
auxitiar{0,upper].out_vertices[num_out+1].type_vertex:=lower;
auxiliarfO,upper].out_vertices[1].num_vertex:=num_out+1;
edge.out_of_vertex:=0;
edge.out_of_type:=upper;
edge.into_vertex:=0;
edge.into_type:=lower;
StrongComponents(auxiliar,comp_num);
if comp_num>1 then

begin

writeln("THERE IS NO CCPTY),

readin;

halt;

end;
end;

end;
end;

[‘“"t““"*"********MNSPANNH\]GTREEnu"nuuunununtuuunn]
procedure MinSpanningTree(var duplex:matrix_duplex;num_comp:integer);
type
vertexdata=
record
vertex:integer;
vert_type:vertex_type;
end;
var
list_fringe:array[1..max_nodes} of vertexdata;
parent_vertex,vericx_out_num,vertex_in_num,total_vertex,x,n,actual_v,p,g.y.k fringelist:integer;
num,i,edgecount,q,s,pos_min_cost,component,num_parent:integer;
found,stuck:boolean;
parent_type,m,j,actual_t_v,r,h:vertex_type;
begin
component:=1;
while component<=num_comp do
begin
n:=0;
found:=false;
for i:=0 to max_vertices do
for j:=upper to up_low do
if (duplex[i j].active=true) and (duplex[i,j].component=component) then
begin : .
n:=n+l; )
if found=false then
begin
found:=true;
parent_vertex:=i;
purent_type:=j;
end;
end;
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if n=1 then
begin
duplex[parent_vertex,parent_type].status:=intree;
duplex[parent_vertex,parent_type].parent_vertex:=parent_veriex;
dt:flex[parcnt_vcnex.parem_typc] .parent_type:=parent_type;
en
else
begin
k:=parent_vertex;
mi=parent_type;
edgecount:=0;
fringelist:=0;
for i:=0 to max_vertices do
for j:=upper to up_low do
if (i=parent_vertex)and (j=parent_type) then
begin
duplex(i,j).status:=intree;
duplex[i,j).parent_vertex:=parent_vertex;
duplexlij].parent_type:=parent_type;
end
else
if (duplexli,j}.active=true) and (duplex{i j].component=component) then
duplex(ij].status:=unseen;
stuck:=false;
while (edgecount<n-1) and not stuck do
begin
vertex_out_num:=duplex[k,m].out_verticesf1).num_vertex;
vertex_in_num:=duplex{k,m].in_vertices{1].num_vertex;
total_vertex:=vertex_out_num+vertex_in_num;
y:=1;
x:=1;
while y<=total_vertex do
begin
if y<=vertex_out_num then
begin
actual_v:=duplex[k,m].out_vertices[y].vertex;
actual_t_v:=duplexfk,m].out_vertices[y].type_vertex;
i:e dt.lplex[acmal__v,actlml_t_v] .component=component then
gin
if (duplex[actual_v,actual_t_v].status = fringe) and

(duplex[k,m).out_vertices[y].mst_e_cost< duplex[actual_v,actual_t_v].fringe_cost) then

begin
duplexfactual_v,actual_t_v].parent_vertex:=k;
duplexfactual_v,actual_t_v].parent_type:=m;

duplex{actua!_v,acma]_t_v].fringe_cost::duplex[k,m].out_verlicﬁ[y].msl_e,.cost;

end;

if (duplex[actual_v,actual_t_v].status=unseen) and (duplex[actual_v.actual_t_v].activc=true) then

begin
duplex[actual_v,actual_t_v].status:=fringe;
fringelist:=fringelist+1;

list_fringe[fringelist]. vertex:=actual _v;
list_fringeffringelist].vert_type:=actual_t_v;
duplex[actual_v,actual_t_v].parent_vertex:=k;
duplexfactual_v,actual_t_v].parent_type:=m;

duplexfactual_v,actual_t_v).fringe_cost:=duplexfk,m] .out_vertices[y).mst_e_cost;
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end;
end;
end
clse
begin
actual_v:=duplex{k,m].in_vertices[x].vertex;
actual_t_v:=duplex[k,m).in_vertices{x].type_vertex;
if duplex[actual_v,actual_t_v].component=component then
begin
if (duplex{actual_v,actual_t_v].status = fringe) and
bgdl.xplex[k.m].in_vertices[x].mst_e_cost< duplex[actual_v,actual_t_v].fringe_cost) then
gin
duplex{actual_v,actual_t_v].parent_vertex:=k;
duplex[actual _v,actual_t_v].parent_type:=m;
dl:i plcx[actual_v.actual_t_v}.fringe_cost:=duplex[k,m].in_venices[x].mst_e_cost;
end;
:L (c!uplex[actual_v.actual_t_v].status-zunseen) and (duplex[actual_v,actual_t_v].active=true} then
gin
duplex[actual _v,actual_t_v].status:=fringe;
fringelist:=fringelist+1;
list_fringe[fringelist].vertex:=actual _v;
list_fringe[fringelist].vert_type:=actual_t_v;
duplex[actual_v,actual _t_v].parent_vertex:=k;
duplex[actual_v,actual_t_v].parent_type:=m;
dl.:lplex[actual_\'.aclual_t_\'].fl‘inge_cost:--dup]ex[k.m].in__vcrticcs[x].mst_c_cost;
end;
end;
x:=x+1;
end;
y=y+l;
end;
if fringelist=0 then stuck:=true
clse
begin
pos_min_cost:=1;
if fringelist >1 then
begin
for s:=2 to fringelist do
begin
p:=list_fringe[s].vertex;
r:=list_fringe[s]. vert_type;
g:=list_fringe[pos_min_cost].vertex;
h:=list_fringe[pos_min_cost].vert_type;
if duplex{p,r].fringe_cost<
duplex(g.h].fringe_cost then
pos_min_cost:=s;
end;
end;
k:=list_fringelpos_min_cost].vertex;
m:=list_fringe[pos_min_cost].vert_type;
q:=pos_min_cost;
while q<fringelist d
begin :
list_fringe[q]:=list_fringefq+1];
q:=q+l;
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end;
fringelist:=fringelist-1;
duplexfk,m].status:=intree;
edgecount:=edgesount+1;
end;
end;
end;
component:=component+1;
end;
end;

{ **t##t#*tttt#*#*tt*##t#tttL[NK_EDGES***t#t*#tit*#t!tttlt##t##*t#titti##i ]
procedure link_edges(var duplex:matrix_duplex;num_comp:integer);
type
vertexdata= record
vertex:integer;
vert_type:vertex_type;
other_vertex:integer;
other_type:vertex_type,
cost:integer;
end;
var
pos_venex,i,component.edge_link.num_in,num_]inks,num _parent,position:integer;
pos_typ%
j.edge_type:vertex_type; '
min_link:array[1..max_vertices] of vertexdata;

begin
if num_comp>1 then
begin
for i:=1 to max_vertices do
min_Jlink[i]l.cost:=3;
for i:=0 to max_vertices do
for j:=upper to up_low do
begin
if (duplex(i,j).active=true) then
begin
num_jn:=duplex[ij].in_vertices[1].num_vertex;
component:=duplex[i,j].component;
for num_links:=1 to num_in do
begin
edge_link:=duplex[ij] .in_vertices[num_links).vertex;
odge_type::luplex[i.j].in_vcrticcs[num_links] J1ype_vertex;
if (duplexfedge._link,edge_type].component=component+1) and
(duplex[ij].in_veniccs[num_links].mst_e_cost<min_link[componcm].cost) then
begin
min_linkfcomponent).vertex:=i;
min_link[component].vert_type:=j;
min_link[component].other_vertex:=edge_link;
min_link[component].other_type:=edge_type;

min_link[componem].cost::duplex[i,j].in_vcnicm[num_links].mst_e_cosl:
end;

end;
end;
end;



for i:=1 to num_comp-1 do
begin
pos_vertex:=min_link[i].vertex;
pos_type:=min_link[i].vert_type;
duplex[pos_vertex,pos_type].link:=true;
du plcx[pos_vencx.pos_typc].link_vmex:=min_!ink[i].omer_vertex;
duplex[pos_vertex,pos_type].link_type:=min_link[i].other_type;
pos_vertex:=min_link[i].other_vertex;
pos_type:=min_link{i].other_type;
duplex[pos_vertex,pos_type].link:=true;
duplex[pos_vertex,pos_type].link_vertex:=min_link[i].vertex;
duplex[pos_vertex,pos_type].link_type:=min_link{i].vert_type;
end;
end;
end;

[ ttttttt#l#!tit!#titt###tADDME!t#tt‘##*it**#t*#tttttttttttttltt)
procedure add_extra_edge(var duplex:matrix_duplex;edge:edge_rec);
var
i,numsinteger;
Jivertex_type;
begin
i:=edge.out_of_vertex;
ji=edge.out_of_type;
num:=duplex[ij).out_vertices[1].num_vertex+1;
duplex[i,j}.out_vertices{num).vertex:=zedge.into_veriex;
duplex[i.j].cut_vertices[num].type_vertex:=edge.into_type;
duplex(ij].out_vertices[num].edge_set:=Ec;
duplex[i,j).out_vertices[1].num_vertex:=num;
i:=edge.into_vertex;
ji=edge.into_type;
num:=duplex[i,j].in_vertices[1}.num_vertex+1;
duplex(i j].in_vertices[num].vertex:=cdge.out_of_vertex;
duplexfi,jl.in_vertices[num].type_vertex:=edge.out_of_type;
duplex[i,jl.in_vertices[num].edge_set:=Ec;
duplex[i,j].in_vertices[1].num_vertex:=num;
end;

{‘*‘t#t*t‘ilttttitttl#"N‘E’I“DEGRmtlitt#ttitttt#ttt# & ,=}
Procedure net_degree(var duplex:matrix_duplex);
var
negative_degree,positive_degree,num_out,num_in,z,x,i,num_out_u,n,num_in_u,in_u,out_u:integer;
jiy:vertex_type;
found:boolean;
begin
for i:=0 to max_vertices do
for j:=upper to up_low do
if duplexi,j).active=true then
begin
in_u:=0;
num_in_w:=duplex[i jl.in_vertices[1}.num_veriex;
for n:=1 to num_in,_u do
begin
if ((duplex(i,j).link=true) and
(duplex(ij).in_vertices[n).vertex==duplex[i j].link__vertex)) and
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((duplex[ij].in_vertices[n].type_vertex=duplex(ij].link_type) and
(duplex[ij).in_vertices[n].edge_set=f)) then
in_u=in_u+1;
if ((duplex[i j).in_vertices[n].vertex=duplex[i,j].parent_vertex) and
(duplex[i,j].in_vertices[n).type_vertex=duplex{i,j].parent_type)) and
(duplex[ij].in_vertices[n].edge_set=f) then
begin
num_out;=duplex{i,j].out_vertices[ | ].num_vertex;
z=I;
found:=false;
while (z<=num_out) and not found do
if ((duplex(ij].out_vertices[z].vertex=duplex[i j].parent_vertex) and
(duplex{i,j].out_vertices[z].type_vertex=duplex[i j].parent_type)) and
(duplex[i j].out_vertices(z].edge_set=Ec) then
found:=true
else
z:=z+1;
if not found then
in_u:=in_u+1;
end;
x:=duplex[ij).in_vertices[n].vertex;
y:=duplex[i,jl.in_vertices[n].type_vertex;
if ((duplex[x,y].parent_vertex=i) and
(duplex{x,y).parent_type=j)) and
(duplex[i,j].in_vertices[n).edge_set=f) then
begin
num_out:=duplex[ijl.out_vertices[1}.num_vertex;
z:=1;
found:=false;
while (z<=num_out) and not found do
if ((duplexi j).out_vertices[z].vertex=x) and
(duplex[i,j).out_vertices[z].type_vertex=y)) and
(duplex[ij}.out_vertices[z].edge_set=Ec) then
found:=true
else
z:=z+l;
if not found then
in_w=in_u+l;
end;
if duplex[i,j).in_vertices[n].edge_set=Ec then
in_w:=in_u+1;
end;
out_u:=0;
num_out_u:=duplex(ij].out_vertices[1].num_vertex;
for n:=1 to num_out_u do
begin
if ((duplex[i,j].link=true) and
(duplex[ij].out_vertices[n].vertex=duplex[i,j].link_vertex)) and
((duplex(i,j].out_vertices[n).type_vertex=duplex[i j).link_type) and
(duplexfi,jl.out_vertices{n}.edge_set=f)) then
out_w:=out_u+l;
if ((duplex[i,j].out_vertices[n].vertex=duplex[i,j].parent_vertex) and
(duplex(i.j}.out_vertices[n].type_vertex=duplex[i j}.parent_type)) and
(duplex(i j).out_vertices(n].edge_sct=f) then
begin
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num_in:=duplex[ij].in_vertices[!].num_vertex;
z=l;
found:=false;
while (z<=num_in) and not found do
if ((duplex[i.j].in_vcrliccs[z].vcnex=duplcx[iJ].parcnt_vcrtex) and
(duplcx[iJ].in_verticcs[z].typc_vcrtex=duplcx[i,j}.parcnt_typc)) and
(duplex[i,j}.in_vertices[z].edge_set=Ec) then
found:=true
clse
z:=z+l;
if not found then
oui_u:=out_u+l;
end;
x:=duplex(ij].out_vertices[n].vertex;
y:=duplex[i,j).out_vertices[n] .type_vertex;
if ((duplex[x,y].parent_vertex=i) and
(duplex[x,y].parent_type=j)} and
(duplex[ij].out_vertices[n].edge_set=f) then
begin
num_in:=duplex(ij).in_vertices{1].num_vertex;
z=l;
found:=false;
while (z<=num_in) and not found do
if ((duplex[i jl.in_vertices[z).vertex=x) and
(duplex{ij].in_vestices[z].type_vertex=y)) and
(duplex(i,j).in_vertices{z].edge_set=Ec) then
found:=true
clse
z=z+l;
if not found then
out_u:=out_u+l;
end;
if duplex{i,jl.out_vertices[n).edge_set=Ec then
out_u:=out_u+l;
end;
duplex[i,j].nes_degree:=in_u-out_u;
end;
positive_degree:=0;
negative_degree:=0;
for i:=0 to max_vertices do
for j:=upper to up_low do
if duplexi,jl.active=true then
begin
if j=upper then
writeln(i, ,upper; net degree: ' duplex[ijl.net_degree);
if j=lower then
writeln(i, lower; net degree: "duplex{i jl.net_degree);
if j=up_low then
writeln(i,', up_low; net degree: 'duplex[ij).nct_degree);
read!n;
if duplexfi,j].net_degree>0 then
positive_degree:=positive_degree+duplex[i j].net_degree;
if duplex]i,j].net_degree<0 then
negative_degree::negativc_degrecﬂ(-l)‘duplex[i,j].nct_degrec);
end;



if negative_degree<opositive_degree then
begin
writeln(THERE 18 NO COPT);
readln;
halt;
end;
end;

#*Il#*tt#t*t#‘t#t#t#**#BHJLMAN_P()RD#‘#*#!###*!*Q.#t‘t!#iiﬁ‘t‘#i!#‘tit#*#**t}

procedure Bellman_Ford(var duplex:matrix_duplex;var spath:boolean);
var
num,n,i,s k,num_in,x,min_vertex,min_label,cost:integer;
cycle,same,changed:boolean;
j.m,min_type:vertex_type;
begin
n:=0;
num:=0;
for i:=0 to max_vertices do
for j:=upper to up_low do
if duplex[i,j).active=true then
begin
if (duplex[ij].net_degree>0} and
(duplex[i,j].flow_from_s<duplex(i,jl.net_degree) then
begin
duplex(ijl.old_label:=0;
duplex(ij].old_pre_vertex:=i;
duplex(i,j).old_pre_type:=j;
num:=num+1;
end
else
begin
duplexfi,jl.old_label:=1000;
duplex[i,j].old_pre_vertex:=i;
duplex[i,j).old_pre_type:=j;
end;
ni=n+l;
end;
writeln{num: ‘,num);
readln;
if num=0 then spath:=false;
same:=false;
cycle:=false;
si=2;
while ((not same) and (not cycle)) and (spath) do
begin
changed:=false;
for i:=0 to max_vertices do
for j:=upper to up_low do
if duplex[i,j).active=true then
begin
num_in:=duplex[ijl.in_vertices[1].num_vertex;
x:=2;
min_veriex:=duplex[i,j].in_vertices[1].vertex;
min_type:=duplex[ij].in_vertices[1).type_vertex;
if (duplex[i,j].in_vertices{1].edge_set=Ec) and
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(duplex[ij).in_vertices([1).duplicate=false) then
cost:=1;
if (duplcx[i.j].in_veniccs[1].edge_sct=Ec) and
(duplex[i,j).in_vertices[1].duplicate=truc) then
cost:=-1;
if duplex{ij}.in_vertices{1].cdge_set=f then
cost:=0);
min_label:=duplex[min_vertex,min_type].old_label+cost;
while x<=num_in do
begin
if (duplex[i,j}.in_vertices[x].edge_set=Ec) and
(duplex(i,j].in_vertices[x].duplicate=false) then
cost:=1;
if (duplex[ij].in_vertices{x].edge_set=Ec) and
(duplex(i,j}.in_vertices[x].duplicate=true) then
cost:=-1;
if duplex[i,j].in_vertices[x).edge_set=f then
cost:=0;
k:=duplex{i,j].in_vertices[x].vertex;
m:=duplex[ij].in_vertices{x].type_vertex;
if duplex(k,m].old_label+cost<min_label then
begin
min_vertex:=k;
min_type:=m;
min_label:=duplex[k,m].old_label+cost;
end;
xi=x+1;
end;
if min_label<duplex[ij).old_fabel then
begin
changed:=true;
duplex[ij}.new_pre_vertex:=min_vertex;
duplex[i,jl.new_pre_type:=min_type;
duplex(i,jl.new_label:=min_label;
end
else
begin
duplex[ij).new_pre_vertex:=duplex[i j].old_pre_vertex;
duplex(i,j).new_pre_type:=duplex[i,j).old_pre_type;
duplex{i,j].new_label:=duplex[i,j).old_label;
end;
end;
if changed and (s=n) then
begin
cycle:=true;
writeln{THERE IS A CYCLE');
readln;
end;
if not changed and (s<=n) then
same;=true;
if (s<n) and changed then
for i:=0 to max_vertices do
for j:=upper to up_low do
if duplex[ij).active=truc then
begin
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duplex{i,j].old_pre_vertex:=duplex[i,jl.new_pre_vertex;

duplex(i,j).old_pre_type:=duplex(i,jl.new_pre_type;
duplex[i,j).old_label:=duplexfi,j].new_label;
end;

si=s+1;
end;
end;

{#*t*‘ttt*ttt#*t####tttttt##ancosT_MAmowtltt t*tt**‘**##‘i"‘ttt‘#tmﬂ#“t]
procedure min_cost_maxflow(var duplex:matrix_duplex;edge:edge_rec);

var

aux_graph:matrix_duplex;

y,z,num,vertex,edges_in,num_in_aux,num_in_duplex,num_out_duplex:integer;
edges_out,i,num_in,num_out.k,x, _vertex,min_capacity,min_label,min_vertex:integer;
type_of_vertex,j,m,pre_type.min_type:vertex_type;
found,another_path:boolean;
begin
aux_graph:=duplex;
for i:=0 to max_vertices do
for j:=upper to up_low do
if ((aux_graph(i jl.active=true) and (i=edge.into_vertex)) and
(j=edge.into_type) then
begin
num_in:=aux_graph(i,j].in_vertices[1].num_vertex;
found:=fase;
x:=1;
while not found do
if (aux_graph(i j).in_vertices[x].vertex=edge.out_of_vertex) and

(aux_graph[i,j).in_vertices[x].type_vertex=edge.out_of_type) then
found:=true

else
x:=x+1;
while x<aum_in do

aux_graphl[i j].in_vertices[x]:=aux_graph(i,j).in_vertices[x+1];

aux_graph[i.j].in_vcrtices[1].num_vcﬂcx::aux_graph[i.j].in__vcrtices[l].num__veru:x-I;
end;

another_path:=true;
Bellman_Ford(aux_graph,another_path);

writeln(After bellman_ford’);
readln;
while another_path do
begin
min_label:=1001;
for i:=0 to max_vertices do
for i:=upper to up_low do
if ((aux_graph(i,jl.active=true) and
(aux_graph(i,j].flow_to_t<aux_graphfi,jl.net_degree*(-1))) and
(aux_graphli,j].new_label<min_label) then
begin
min_vertex:=i;
min_type:=j;
min_Jabel:=aux_graph(i j].new_label;
end;
min_capacity:=2000;
k:=min_vertex;
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m:=min_type;
pre_vertex:=aux_graph[k,m].cld_pre_vertex;
pre_type:=aux_graph(k,m].old_pre_type;
while (k<pre_vertex) or (m<pre_type) do
begin
num:=aux_graph{k.m}.in_vertices[1].num_vertex;
x:=l;
found:=false;
while (x<=num) and not found do
if (aux_graph[k,m}.in_vertices[x].vertex=pre_vertex) and
(aux_graphf{k,m].in_vertices[x].type_vertex=pre_type) then
found:=true
clse
x:i=x+1;
if aux_graph[k,m].in_vertices[x}.capacity<min_capacity then
min_capacity:=aux_graph[k,m].in_vertices[x].capacity;
k:=pre_vertex;
mi=pre_type;
pre_vertex:=aux_graph[k,m].new_pre_vertex;
pre_type:=aux_graph[k,m].new_pre_type;
end;
if (aux_graph[k,m).net_degree-aux_graph[k,m].flow_from_s)<min_capacity then
min_capacity:=aux_graph[k,m].net_degree-aux_graph(k,m}.flow_from_s;
k:=min_vertex;
m:=min_type;
if (aux_graph[k,m].net_degree®(-1)-aux_graph[k,m].flow_to_t)<min_capacity then
min_capacity:=aux_graph[k,m].nct_degree*(-1)-aux_graph[k,m].flow_to_t;
aux_graph[k,m}.flow_to_t:=aux_graph[k,m].flow_to_t+min_capacity;
pre_vertex:=aux_graph[k,m}.old_pre_vertex;
pre_type:=aux_graph[k,m].old_pre_type;
while (k<>pre_vertex) or (m<>pre_type) do
begin
num:=avx_graph{k,m).in_vertices[1].num_vertex;
x=1;
found:=false;
while (x<=num) and not found do
if (aux_graph[k,m).in_vertices[x).vertex=pre_vertex) and
(aux_graph[k,m}.in_vertices[x].type_vertex=pre_type) then
found:=true
else
x:=x+1;
if aux_graph{k,m}.in_vertices[x].duplicate=true then
begin
asux_graph[k,m).in_vertices{x).capacity:=aux_graph[k,m].in_vertices[x].capacity-min_capacity;
vertex:=aux_graph[k,m}.in_vertices[x).vertex;
type_of_vertex:=aux_graph[k,m].in_vertices{x].type_vertex;
num_out:=aux_graph[vertex,type_of_vertex].out_vertices[1}.num_vertex;
x:i=1;
found:=false;
while (x<=num_out) and not found do
if ((aux_graph[vertex,type_of_vertex].out_vertices{x].vertex=k) and
(aux_graph[vertex,type_of_vertex].out_vertices[x].type_vertex=m)) and
(aux_graph[vertex,type_of_vertex].out_vertices[x].duplicate=true) then
found:=true
clse
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xi=x+1;
aux_graph[vertex,type_of_vertex].out_vertices{x].capacity:=
aux_graph[vertex,type_of_vertex].out_vertices[x].capacity-min_capacity;
end
else
begin
num_out;=aux_graph[k,m].cut_vertices[1].num_vertex;
x:=1;
found:=false;
while (x<=num_out} and not found do
if ((aux_graph{k,m).out_vertices[x].vertex=pre_vertex) and
(aux_graph{k,m].out_vertices(x].type_vertex=pre_type)) and
(aux_graph[k,m].out_vertices{x].duplicate=true) then
found:=true
else
x:=x+1;
if found then
begin (si el duplicado ya estaba creado)
aux, _graph[k.m].out_vertices[x].capacity::aux_graph[k,m].out_vcrﬁces[x].capacity+min_capacity;
vertex:=aux_graph{k,m].out_vertices[x].vertex;
type_of_vertex::aux_graph[k.m].out_vertices[x].type_venex;
num_in:=aux_graph[vertex,type_of_vertex].in_vertices[1].num_vertex;
x:=l;
found:=false;
while (x<=num_in) and not found do
if ((aux_graph[vertex,type_of_vertex}.in_vertices[x].vertex=k) and
(aux_graph{vertex,type_of_vertex].in_vertices[x] Aype_vertex=m)) and
(aux_graph[vertex,type_of_vertex].in_vertices[x).duplicate=truc) then
found:=true
else
x:=x+1;
aux_graph[vertex,type_of_vertex).in_vertices[x].capacity:=
aux _graph[vertex.typc_of_vertex].in__vcrtices[x].capacity+min_capacity;
end
else{if the duplicated edge hasn't been created )
begin
num_out:=aux_graph[k,m].out_vertices{1].num_vertex+1;
aux_graph[k,m).out_vertices{num_out).vertex:=pre_veriex;
aux_graph{k,m].out_vertices[num_out].type_vertex:=pre_type;
num_in:=aux_graph[k,m}.in_vertices[1].num_vertex;
x:=1;
found:=false;
while not found and (x<=num_in) do
if (aux_graph{k,m].in_vertices{x].vertex=pre_vertex) and
(aux_graph[k,m].in_vertices[x].type_vertex=pre_type) then
found:=true
clse
xi=x+1;
aux_graph[k,m).out_vertices[num_out].edge_set:=
aux_graph{k,m].in_vertices{x].edge_set;
aux_graph[k,m].cut_vertices{num_out].capacity:=min_capacity;
aux_graph[k,m).out_vertices[num_out].duplicate:=true;
aux_graph{k,m].out_vertices[1].num_vertex:=num_out;
num_in:=aux_graph[pre_vemx.pre_,type].in_vertices[l].num_vmcx-l-l;
aux_graph[prc_vertex,pfe_type].in_vertim[num_in].vem:x::k;
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aux_graph{pre_vertex,pre_typel.in_vertices[num_in).type_vertex:=m;
aux_graph[pre,_vertex,pre_type].in_vertices[num_in].cdge_seti=
aux_graph{k,m].out_vertices{num_out].edge_set;
aux_graph[pre_vertex,pre_type).in_vertices[num_in].capacity:=min_capacity;
aux_graph{pre_vertex,pre_typel.in_vertices[num_in].duplicate:=true;
aux_graph{pre_vertex,pre_typel.in_vertices[1].oum_vertex:=num_in;
end;
end;
k:=pre_vertex;
m:=pre_type;
pre_vertex:=aux_graph[k,m].new_pre_vertex;
pre_type:=aux_graph[k,m].new_pre_type;
end;
if (k=pre_vertex) and (m=pre_type) then
aux_graph(k,m).flow_from_s:=aux_graph[k,m].flow_from_s+min_capacity:
another_path:=true;
Bellman_Ford(aux_graph,another_path);
writeln(after the second bellman ford');
readin;
end;
for i:=0 to max_vertices do
for j:=upper to up_low do
begin
if duplex[i jl.active=true then
begin
x:=1;
num_in_duplex:=duplex[i,jl.in_vertices[1].num_vertex;
num_out_duplex:=duplex[i jl.out_vertices[1].num_vertex;
while x<=num_out_duplex do
begin
if duplex[i,jl.out_vertices{x].edge_set=Ec then
duplex[i,j).out_vertices[x).capacity:=1
else
begin
if ((duplex(i,j].link=truc}) and
(duplex{ij).link_vertex=duplex[i,j).out_vertices[x].vertex)) and
(duplex(i,jllink_type=duplex[ij).out_vertices[x].type_vertex} then
begin
vertex:=duplex[ij].link_vertex;
type_of_vertex:=duplex[ijl.link_type:
if duplex[i,j].component=duplex[vertex,type_of_vertex].component+1 then
duplexfi,j).out_vertices[x).capacity:=1;
end {if link=true})
else
if (duplex[i,j]. parent_vertex=duplex{ij}.out_vertices[x].vertex) and
(duplexli).parent_type=duplex[i,j].out_vertices[x].type_vertex) then
begin
=1
found:=false;
while (z¢=num_in_duplex) and not found do
if ((uplex]i,jl.in_vertices[z].vertex=duplex[i j].parent_veriex) and
(duplex[ij]).in_vertices[z}.type_vertex=duplex{ij].parent_type)) and
(duplex[i,j}.in_vertices[z].edge_set=Ec) thea
found:=true
clse
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z=z+l;
if found=false then
duplex[ij).out_vertices[x].capacity:=1
else
duplex(i j].out_verdces[x].capacity:=0;
end (if parent_vertex)
else
begin
vertex:=duplexfi,jl.out_vertices{x].vertex;
type._of_vertex:=duplex(i j).out_vertices{x].type_vertex;
if (duplex[vertex,type_of_vertex).parent_vertex=i) and
(duplex[vertex,type_of_vertex].parent_type=j) then
duplex[i,j].out_vertices{x].capacity:=1
else
duplex{i,j).out_vertices[x].capacity:=0;
end;
end; if edge set=f)
vertex:=duplex[i,j).out_vertices[x].vertex;
type_of_vertex:=duplex[i;j].out_vertices[x].type_vertex;
z:=1;
found:=false;
num_in:=duplex[vertex,type_of_vertex].in_vertices[1].num_vertex;
while (z<=num_in) and not found do
if (duplex[vertex,type_of_vertex].in_vertices[z}.vertex=i) and
(duplex[vertex,type_of_vertex].in_vertices[z].type_vertex=j) then
found:=true
else
zi=z+1;
duplex[ven‘.ex.typc_of_vertcx].in__vertices[z].capacity:=duplex[i.i].oul_venices[x}.capacity;
xi=x+1;
end;{while x}
end; (if active)
end;{for}

for i;=0 to max_vertices do
for ji=upper to up_low do
begin
if duplex[i,j].active=true then
begin
num_in_aux:=aux_graphfi j}.in_vertices[1].num_vertex;
num_in_duplex:=duplex(i jl.in_vertices[1].num_vertex;
num_out_duplex:=duplex[i,j].out_vertices[1}.num_vertex;
x:=1;
while x<=num_in_aux do
begin
if aux_graph[i,jl.in_vertices[x].duplicate=true then
begin
y:=1;
found:=false;
while (y<=num_out_duplex) and not found do
if (duplex[i,j].out_vcrtiecs[y].vertex:aux_gmph[ij].in_venices[x].vencx) and
(duplex[i j].out_vestices[y].type_vertex=aux _graphl[i,j].in_vertices[x].type_vertex) then
found:=true
else
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yi=y+l; :
duplex[ij).out_vestices(y).capacity:=
duplexfijl.out_vertices(y] .capacity+aux_graphli j].in_vertices[x).capacity;
vertex:=duplex{i j}.out_vertices(y].vertex;
type_of,_vertex:=duplex[ij].out_vertices[y].type_vertex;
z=1;
found:=false;
num_in::duplcx[vcrtex,type_of_vertex].in_vcrtices[l].num_veru:x;
while (z<=num_in) and not found do
if (duplex[vertex.type_of_vcnex].in_,vertices[z].verlcx:i) and
(duplex[vcﬂex,typc_of_venex]jn_vcnices[z].type_vertex:j) then
found:=true
else
zi=z+1;
duplex[vertex,type_of_vertex].in_vertices[z] .capacity:=duplex[ij].out_vertices[yl.capacity;
end; {if duplicate=true}
x:=x+};
end;{while x}
end; {if active]
end; {for}
end; {procedure}

[##*‘t#tittit“tttt*#ttt#*t*#mtt!t*tt**#####tit*it###t*tt*#*#t**ttt*#t#}

procedure RPT(duplex:matrix_duplex;var vertex_list:list);
var
vertex,aux_vertex,aux_i,num_out,x,i:integer;
vertex_t,aux_type,aux_j,j:vertex_type;
stuck,end_list,found:boolean;
wp,wq:pointer;
q.p.aux:pointer;
aux_list:list;
begin
found:=false;
for i:=0 to max_vertices do
for ji=upper to up_low do
if (duplex[i,j).active=true) and not found then
begin
found:=true;
aux_i:=i;
aux_ji=j;
end; {if active}
stuck:=false;
vertex_list.head:=nil;
while not stuck do
begin
ii=aux_{;
j=aux_j;
new(p);
ph.vertex:=i;
pr.v_type:=j;
p~anext:=nil;
if vertex_list.head=nil then
begin
vertex_list.head:=p;
wp:=vertex_listhead;
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end
else
begin
wph.next:=p;
wp:=p
end;
found:=false;
num_out:=duplex[i,j].out_vertices[1].num_vertex;
xi=1;
while (x<=num_out) and not found do
if duplex(i,j).out_vertices[x].capucity>0 then
begin
found:=true;
duplex[i,j].out_vertices{x).capacity:=duplex[i,jl.out_vertices[x].capacity-1;
aux_i:=duplex[i jl.out_vertices[x].vertex;
aux_j:=duplex[i,j].out_vertices[x].type_vertex;
end
else
xi=x+1;
if (x>num_out) and not found then
stuck:=true;
end; { while not stuck}
p:=vertex_list.head;
while (p<>nil) do
begin
i=ph.vertex;
j=phv_type;
x:=1;
num_out:=duplex{i,il.out_vertices[1].num_vertex;
while {(x<=num_out) and not found do
if duplex[i.j).out_vertices[x].capacity>0 then
begin
found:=true;
duplex[i,j].out_vertices[x].capacity:=duplex[i,j].out_vertices[x].capacity-1;
end
else
xi=x+1;
if not found then
p:=p*.next
else
begin
end_list:=false;
aux_list.head;=nil;
while not end_list do
begin
aux_i:=duplex[i,jl.out_vertices[x].vertex;
aux_j:=duplex[i,jl.out_vertices[x].type_vertex;
new(q);
q".vertex:=aux_i;
q.v_type:=aux_j;
g™.nexti=nil;
if aux_list.head=nil then
begin
aux_list.head:=q;
wq:=aux_list.head;
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end
else
begin
wqgt.nexti=q;
wa:=(;
end;
ir=aux_i;
ji=aux_j;
found:=false;
num_out:=duplex[i,j).out_vertices[1].num_vertex;
x:=1;
while (x<=num_out) and not found do
if duplex[i,j].out_vertices[x].capacity>0 then
begin
found:=true;
duplex[i,jl.out_vertices{x].capacity:=duplex{i,j).out_vertices[x] .capacity-1;
end
else
xi=x+1;
if (x>num_out) and not found then
end_list:=true;
end; {while not end_list}
if end_list=true then
begin
aux:=p;
p:=p".next;
gh.next:=p;
q:=aux_list.head;
auxA.next:=q;
end;
end;{else)
end;{while p<nil)
end;{procedure}

[ *lHl********t*******ti*****Con#********###*#*#*********#****#**#**********}

procedure COPT (vertex_list:list;var touritext);
var

p:pointer;

previous,x,vertex,y:integer;
vertex_t:vertex_type,;
file_name,drive,output_file:string;

begin

file_name:="";

write('Name of the output file: *);
read!n(output_file);

write('Drive where the output file is going to be located: *);
readin(drive);
file_name:=drive+":'+output_file;
assign(tour,file_name);

rewrite(tour);

x:=0;

pi=vertex_list.head;

previous:=pA.vertex;

write(tour,previous);

y:=1;
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p:=p~.next;
while p<>nil do
begin
vertex:=p”".vertex;
if (vertex<>previous) then
begin
X:=x+1;
previous:=vertex;
write(tour,', ',previous);
y=H
end
else
yi=y+1;
if y>2 then
begin
xi=x+1;
write(tour,’, ',previous});
end;
pi=p".next;
end;
writeln(tour);
writeln(tour, Length of the COPT: ' x);
close(tour);
end;{procedure}

{********#*********************MAIN******#**************#***#************** l

begin

clrscr;

num_comp:=0;

fill_original(original,orig_probl);
initiallize_duplex(orig_probl.duplex);
create_Ec_edge(orig_probl,duplex);
remove_edges_and_vertices(duplex,orig_probl);
writeln('Before strongcomponents');

readln;

StrongComponents(duplex,num_comp);
writeln('After strongcomponents');

readln;

check_ordered{duplex,num_comp);
MST_vertex_degree(duplex);
MST_edge_cost(duplex);
check_strongly_connected(duplex,num_comp,edge);
MinSpanningTree(duplex,num_comp);
link_edges(duplex,num_comp);
add_extra_edge(duplex,edge);

net_degree(duplex);

writeln('Before min_cost_maxflow");

readln;

min_cost_maxflow(duplex,edge);

writeln('After min_cost_maxflow');

readln;

RPT(duplex,vertex_list);

COPT(vertex_list,tour);

writeln('THE OUTPUT FILE HAS BEEN CREATED');
readin;
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end.
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