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ABSTRACT

RECTILINEAR INTERDICTION PROBLEM BY LOCATING A LINE BARRIER

Gharravi, Hossein Gharehmeshk
M.S., Department of Industrial Engineering

Supervisor : Assoc. Prof. Dr. Haldun Siiral
Co-Supervisor : Assoc. Prof. Dr. Canan Sepil

January 2013, 150 pages

This study is an optimization approach to the rectilinear interdiction problem by locating a line barrier.
Interdiction problems study the effect of a limited disruption action on operations of a system. Network
interdiction problems, where nodes and arcs of the network are susceptible to disruption actions, are
extensively studied in the operations research literature. In this study, we consider a set of sink points
on the plane that are being served by source points and our aim is to study the effect of locating a line
barrier on the plane (as a disruption action) such that the total shortest distance between sink and source
points is maximized. We compute the shortest distances after disruption using visibility concept and
utilizing properties of our problem. The amount of disruption is limited by imposing constraints on the
length of the barrier and also the total number of disrupted points. The suggested solution approaches
are based on mixed-integer programming and a polynomial-time algorithm.

Keywords: Line barrier, Location, Interdiction
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CizZGi BARIYER YERLESTIRME iLE DOGRUSAL ENGELLEME SORUNU

Gharravi, Hossein Gharehmeshk
Yiiksek Lisans, Endiistri Miihendislig Boliimii

Tez Yoneticisi : Dog. Dr. Haldun Siiral
Ortak Tez Yoneticisi : Dog¢. Dr. Canan Sepil

Ocak 2012, 150 sayfa

Bu calisma, bir ¢izgi bariyer yerlestirerek dogrusal engelleme sorunu i¢in bir optimizasyon yaklasimi
gelistirir. Engelleme sorunlar1 bir sistemin operasyonlar: iizerinde sinirli bir bozulma eyleminin etk-
isinin aragtirilmasim icerir. Bu c¢alismada, hizmet vermekte olan kaynak noktalar: ile hizmet alan
hedef noktalari arasindaki mesafe, diizlemde bir ¢izgi bariyeri yerlestirerek en ¢oklanir. Bu bozma
eyleminden dolay1 yukselmig olan uzaklik en kisa mesafe probleminin 6zelliklerine gore hesaplanir.
Bozulma miktar1 bariyerin uzunlugu ve bozulan noktalarin sayisi ile sinirhidir. Tamsayili dogrusal
programlama ve polinom zamanl algoritmalarin gelistirilimesi Onerilen ¢6ziim yaklasimlaridir.

Anahtar Kelimeler: Cizgi bariyer, Yer Se¢imi, Engelleme
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Willa, this is for you, obviously

for inspiring me to solve:

maximize Y, O
meT
for all moments, m, in time, T

despite the occasional drab constraints of
O < ®, dm
Ow<$ , dm
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

One of the most crucial operations for organizations is logistics where a flow of resources are trans-
ported from the point of origin(source) to the point of destination(sink). Resources can be anything
from food, material, equipment, troops, and artilleries to information, energy, and particles. Usually,
distance between the source and sink points causes a travelling cost on transportation of resources. Be-
sides, logistics usually has a repetitive nature which implies that the related cost and efforts are scaled
by the frequency of deliveries.

To evaluate the reliability of one’s logistics system, we can perform a sensitivity analysis on critical
transportation components. For example, closing down some of the roads due to maintenance or traffic
accidents may have an adverse effect on the performance of transportation system while shutting down
a factory might lead to loss in supplying goods and services to customers. In operations research
literature, studying the effect of such disruptions in a system’s operations are addressed in interdiction
problems. The reasons of disruption vary from technical failures and natural disasters to malicious
operations.

Apart from identifying the vulnerabilities of one’s system against disruption, there is another applica-
tion for interdiction problems when there is a competition between two adversaries. In a competitive
environment, efficiency of our logistics operations is as much important as inefficiency of our rival’s.
In such context, our rival’s loss can be interpreted as a potential gain for us. For example, the police
presumably attempts to disrupt the transportation of illegal drugs by blocking the distribution points
and routes whereas drug-traffickers try to handle the operations as smooth as possible. In this case,
the interdiction problem can help the police to make the most of its limited resources to optimally
disrupt the rivals operations. Preventing nuclear smuggling using radiation sensors, and protecting
electricity grid against terrorists attacks are another examples of interdiction problems in a competitive
environment.

Interdictors actions are usually constrained by a limited budget and assumed to have a limited damage
on the system. In this case, decisions are usually more complex and we examine the best decisions for
protecting our own operations or disrupting the rival’s. The type of disruption can be anything from
removing sources, blocking routes to increasing cost or distance.

In this study, our aim is to maximize the total weighted rectilinear distance between source and sink
points by locating a line barrier on the plane. Here, the barrier location is considered as the disruption
action. In addition to restricting the length of the line barrier, the total number of disrupted points is
also bound to a certain limit. All sink points on the plane communicate with a single source (one-to-
many) or with each other (many-to-many). Sink points may have identical or different weights based
on their importance. The following four problems are introduced and solved in this study:



1. One-to-many interdiction problem with a line barrier on a plane subject to a disruption con-
straint. In this problem, the total weight of disrupted points should not exceed a certain percent-
age of the total weights. For this problem, a mathematical model is proposed in Chapter 2 and
solved for several test instances in Chapter 3.

2. One-to-many interdiction problem with a line barrier on a plane. This problem is special case of
the above problem with no disruption constraint. For this problem, an algorithm is developed in
Chapter 2 and solved for several test instances in Chapter 3.

3. Many-to-many interdiction problem with a line barrier on a plane subject to a disruption con-
straint. In this problem, the total weight of disrupted points should not exceed a certain percent-
age of the total weights. For this problem, a mathematical model is proposed and solved for
several test instances in Chapter 4.

4. Many-to-many interdiction problem with a line barrier on a plane. This problem is special case
of the above problem with no disruption constraint. For this problem, an algorithm is developed
and solved for several instances in Chapter 4.

In this chapter, an introduction to the rectilinear interdiction, its motivation, and some possible applica-
tions are given in Section 1.1. Because of its disruptive act, the purpose of our problem becomes similar
to that of interdiction problems and network interdiction problems, which are explained in Sections
1.2 and 1.3. The solution approaches to find the shortest way between facility (source) and demand
(sink) points in the presence of barriers are extensively studied in facility location literature. We briefly
review the facility location with barriers in Section 1.4. The difference between line (barrier) location
in our context and classic line location problems in the location literature is also explained in Section
1.5.

1.1 Introducing the Rectilinear Interdiction Problem

Suppose that there are n sink points located on a plane which are served by one or more source points.
In planar interdiction problem, the aim is to disrupt the access of the source point(s) to sink points by
increasing the distance between them.

The distance between two points on a plane is determined by the underlying metric. The most famous
distance metrics for a plane are rectilinear (or Manhattan), Euclidean and Tchebychev. Increasing
distances between source and sink points is a major target in planar interdiction problem and a suitable
disruption action is locating a barrier on the plane.

A barrier, as the name implies, is an area on the plane through which traveling is assumed to be
forbidden. Barriers can be natural entities like mountains, forests, lakes, or man-made like trenches,
state borders, or no-fly zones. Since deliberate location of barriers is our interest, we only consider
man-made barriers in planar interdiction problems. Once a barrier is located on a plane, it blocks
some of the possible routes between points and, hence, some other ways round the barrier have to be
considered. If a barrier blocks the shortest way between two points, it effectively increases the distance
between these points which is the aim of this study.

The shape of the barrier and also the distance metric can affect the amount of disruption. Figure 1.1
shows an arbitrary-shaped barrier located between source and sink points. In Figure 1.1.(a), the barrier
can effectively disrupt the direct way between the source and sink points when the distance metric is
Euclidean. However, the barrier fails to make any disruption when the distance metric is rectilinear, as
shown in Figure 1.1.(b). In planar interdiction problems, therefore, the optimal location of barrier has
to be decided based on the barrier shape and the underlying distance metric.
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Figure 1.1: Example: an arbitrary shape barrier disrupts the Euclidean path between a source and its
two sinks (a) but has no effect on their rectilinear path(b)

Some possible applications of planar interdiction are in battlefields where there is a flow of troops,
arms, and logistics delivered from an arsenal of our enemy (source point) to some strongholds (sink
points). The accessibility of strongholds to the enemy’s arsenal is not desired and, therefore, a long
barbed-wire, trench, or minefield can be located as a line barrier such that it best disrupts the undesired
flow.

Another application is building a wall in a city in order to disrupt traffic flow or trespassing from
one side to the other side of the wall. Once the wall is located, the disrupted flow has to go through
either endpoints of the wall. In addition to increases in distances, having security checkpoints at two
endpoints of the wall can provide better control and surveillance on the flow between disrupted points.

In real life, the line barrier does not have to be a physical barrier like a trench or wall all the time.
For example, a line barrier can be a no-fly zone or no-drive zone which is controlled by an authority.
Any traffic or transportation across the zone will be readily detected and eliminated so that it becomes
impossible to trespass the zone. Therefore, the flow between points has to go round the zone and
undergo the cost of increased distances. For example, drug-traffickers usually take less trodden paths
through mountains and sea to enter other countries. A barrier, therefore, can be a patrolling zone that
can identify and stop suspicious movements. In that case, drug-traffickers have to go through further
and more difficult routes.

1.2 Interdiction Problems

Interdiction problems correspond to optimally impeding a system’s operations using limited disruption
actions (Cole Smith, 2010). In such problems, there are usually two opposing parties involved in
a severe competition or warlike conflict. While one operates the system in order to maximize her
effectiveness or efficiency, the other attempts to sabotage operations and limit the achievable objective
value by the opponent. A few examples of interdiction problems among others are:

Attacking the electricity grid on its facilities or transmission lines (Salmeron et al., 2004),
Disrupting the supply lines (McMasters and Mustin, 1970), (Fulkerson and Harding, 1977),
Hindering drug trafficking operations (Wood, 1993),

Blocking the air, ground and maritime routes by creating no-fly, no-drive and no-sail zones.



Interdiction problems also help to identify vulnerabilities of a system against inauspicious attacks and
perhaps can be coupled with fortification problems to protect the system (Scaparra and Church, 2006).

1.3 Network Interdiction Problems

Different disruption actions can be proposed based on possible failures and fatal vulnerabilities of
different systems. In network interdiction problems, which are widely studied in operations research
(Smith, 2010), disruptions usually target nodes and arcs by removing network components, decreasing
arc capacities, or increasing cost of flows. The disruptions can be man-made or realize as a natural
disaster on a network. Most network interdiction problems are formulated as Stackelberg games where
a “leader” acts first by disrupting the system and, then, the “follower” responds to the damage by
performing some recourse operations. In the literature, such subjects are sometimes referred to as
“interdictor” and “operator”.

The disruptions are usually partial and limited in their scale or strength such that it cannot destroy the
whole system. Partial disruption reflects the limited offensive power of the leader for which has to
make the best decision to attack the system. Besides, the problems with partial disruption offer more
information about system’s vulnerabilities than the problems with total disruption. Partial interdiction
is first studied by McMasters and Mustin (1970), dealing with interdiction of military supply lines.

A possible disruptive action in network interdiction is arc removal. Wollmer (1964) and Fulkerson
and Harding (1977) studied the problem of maximizing the shortest path by removing arcs in a net-
work. Deterministic interdiction on the maximum flow through a network is studied by Wood (1993)
and Cormican et al. (1998) propose a stochastic variation of this problem. Israeli and Wood (2002)
analyze impact of arc removals on the shortest path between two nodes following the earlier studies
by Fulkerson and Harding (1977). Lim and Smith (2007) studied a network interdiction problem on a
multicommodity flow network where interdiction can be discrete (each arc must either be left alone or
completely destroyed) or continuous (arc capacities are partially reduced).

Another possible interdiction is on network nodes. Scaparra and Church (2006) study the r-interdiction
median problem with fortification where some of facilities can be selected to be immune (fortified)
against attacks while the other facilities are left unprotected due to a budget constraint. Should an
unprotected facility be attacked, its demand points will be re-allocated to further away sites. The
operator’s aim is to select the fortified facilities such that the total increased distance after disruption
is minimized. The attacker inflicts the disruption by eliminating a set of unprotected facilities to
maximize the total distance between demand points and facilities. Liberatore et al. (2011) and Losada
et al. (2012) propose stochastic variations of this problem. Aksen et al. (2012) introduced partial
interdiction into this problem.

Although interdiction on networks is extensively studied, to the best of our knowledge, disruption
of the shortest path between source and sink points by locating a barrier on the plane has not been
addressed before. As the impact of disruption on nodes or arcs is readily known in network interdic-
tion models, the result of disruption in barrier interdiction problem has to be calculated based on the
location of the barrier on the plane and the distance metric.



1.4 Facility Location with Barriers

Since the line barrier in our problem is located on a plane, calculating shortest path between points
around this barrier becomes an important issue. Finding shortest path between source and sink points in
the presence of barriers is mainly studied in facility location literature. A brief review of this literature
is presented below.

Facility location in the presence of barriers was first studied by Katz and Cooper (1981) in terms of a
circular barrier and Euclidean norm. They use heuristics approaches to solve the problem. Later on,
Aneja and Parlar (1994) consider the same problem with convex and non-convex polyhedral barriers
and develop a solution approach based on simulated annealing. In their approach, a facility location
is generated at each iteration and subsequently a graph is constructed using all demand points, barrier
vertices, and the facility point as nodes. If no barrier obstructs the direct distance between two nodes,
the nodes are called “visible” and connected to each other including a new arc. The resulting graph
is called “visibility graph”. Bischoff and Klamroth (2007) use genetic algorithm instead of simulated
annealing to solve the same problem.

Decomposition of feasible region into sub-regions was first introduced by Butt and Cavalier (1996)
where the shortest path between a pair of points does not change. Klamroth (2001a) introduces another
decomposition approach in which the region is divided into sub-regions to keep the visibility graph as
it is. A branch and bound approach is introduced by McGarvey and Cavalier (2003) where they use a
variant of the big square small square method.

Larson and Sadiq (1983) study the same problem under rectilinear distance metric and they show that
the problem can be discretized on a graph of edges and nodes which, in turn, can be transformed into
a tree with a finite set of dominating nodes suggesting an optimal region to locate a facility. Batta
et al. (1989) provide a procedure to obtain a global optimum solution in the presence of arbitrarily
shaped barriers in rectilinear distance. Nandikonda et al. (2003) solve the same problem rectilinear
norm with a minimax objective function. Dearing et al. (2002) propose a polynomial-time algorithm
to decompose and solve the center location problem with barriers in rectilinear distance. In this paper,
they introduce a set of dominating points for the optimal solution. The results are extended by Dearing
et al. (2005) and rectilinear norm is replaced with block norm. Dearing and Segars(2002a,b) show that
it is possible to modify non-convex barriers into convex ones without affecting the objective value. The
reduced feasible region, then, is decomposed into rectangular cells which, in turn, are partitioned into
convex subsets and solved optimally.

Facility location problems in the presence of line barriers are also studied in the location literature.
Klamroth (2001b) considers a line barrier and a finite set of passages on the barrier that allows traveling
between two sides divided by the barrier. The facility location in the presence of a probabilistic line
barrier is first considered by Canbolat and Wesolowsky (2010) where the objective function is based
on the expected rectilinear distances from the facility to demand points. Probabilistic line barriers
are recently studied by Amiri-Aref et al. (2011a,b) for the facility center location problem and the
multi-period facility location-relocation problem.

Locating a finite-size facility in the presence of barriers is studied by Savas et al. (2002) where the
facility itself change the connection paths between points. Wang et al. (2002) study placement of a
rectangular facility with I/O points in a layout context. Kelachankuttu et al. (2007) propose using
contour lines with equal objective values to place the new facility in rectilinear distance. Sarkar et
al. (2007) addressed the finite size facility placement problem with a center objective and only user-
facility interactions.



Note that, in all these studies, the barrier is assumed to have a fixed size and the problem tries to
minimize the total transportation costs. In our problem, the aim is to decide about the length of the
barrier and locate that barrier between source and sink points with an objective so that an access from
source to sink points is getting harder than it was before.

1.5 Line Location Problem

There is an extensive body of work in linear regression analysis where a line is desired to be located
among points on the plane such that it minimizes the distance between the line and the points (Schobel,
1999). Note that in our problem, the total distance between source and sink points has to be maximized
and the distance from the line barrier is actually not a matter of our concern.



CHAPTER 2

THE ONE-TO-MANY RECTILINEAR INTERDICTION WITH A LINE BARRIER ON A
PLANE

2.1 Problem Preliminaries and Formulation

We assume a set of points on the plane that are considered as sources and sinks where the flow is from
the source towards the sink in rectilinear distance. In this chapter, we assume to have one source point
communicating with many sink points on the plane, hereinafter called the one-to-many type problem.
Figure 2.1.(a) shows an example of one-to-many configuration with a single source point Py and seven
sink points.
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Figure 2.1: (a) A single source point Py communicates with 7 sink points in one-to-many configuration
and (b) a horizontal line barrier disrupts the distance for sink points P, and P53 (b)

The source’s accessibility to sinks is not desired. Therefore, our objective is to locate a horizontal line
barrier such that it maximizes the total distances between the source and sinks, as trespassing through
the barrier is assumed to be impossible. Minefields, water canals, and barricades can be examples of
such barriers. If a sink point is not disrupted by the barrier, its distance from the source point remains
the same. Otherwise, the flow has to go round the barrier to reach the sink point and, hence, its
distance changes. Therefore, identifying the disrupted points and calculating their increased distances
to the source point becomes important to obtain the total distance value. Figure 2.1.(b) shows how a
horizontal line barrier disrupts the distance for two sink points P, and P;.

The above objective can be increased indefinitely if there is no limit or the length of the barrier. On
the other hand, barriers may disrupt all the sink points on the plane if there is no limit on the number



of disrupted points. Therefore, two main constraints are introduced to this generic problem:

e A constraint on barrier length
e A constraint on total weight of disrupted sink points, known as disruption constraint

In this chapter, above objective and constraints are introduced and studied in following problems:

1. The one-to-many interdiction problem with a line barrier on a plane subject to a disruption
constraint. In this problem, the total weight of disrupted points should not exceed a certain
percentage of the total weights.

2. The one-to-many interdiction problem with a line barrier on a plane. This problem is special
case of the above problem with no disruption constraint.

In Section 2.1.1, general assumptions required for above problems are introduced. Section 2.1.2 tells
us how to identify the disrupted points in presence of a barrier while Section 2.1.3 shows us how
to calculate the shortest distance for disrupted points. Constraints on barrier length and amount of
disruption are explained in Sections 2.1.4 and 2.1.5.

A mixed-integer programming model for the problem with disruption constraint and an algorithm for
the problem with no disruption constraint are presented in Sections 2.2 and 2.3, respectively.

2.1.1 Preliminaries and Assumptions

Distance norm: All distances are computed in rectilinear (or Manhattan) metric.

Barrier Type: The barrier is a horizontal line segment with negligible width that can be located
anywhere on the plane such that the total weighted distance to the source is maximized. The horizontal
line is located either above or below the source point. Therefore, the plane can be partitioned into two
half-spaces with respect to the source point. In Figure 2.2, the plane is partitioned into two half-spaces
H; and H, with respect to the horizontal line barrier and the source point Py. When the barrier is
located below the source point, it disrupts only the sink points that are in the corresponding half-space.
For example, consider three sink points P;,P, and P3 in H,. In this example, only P, and P; are
disrupted by the line barrier below the source Py. The rectilinear path between the source and four
sink points in H;, however, cannot be disrupted given that the barrier is in H>. Conversely, points in
H, will not be disrupted if the barrier is located in H;.

\_‘ Line Barrier
] l

P2

Figure 2.2: Partitioning the plane into two half-spaces H; and H,



Therefore, the problem can be solved for H; and H, separately and the solution with higher weighted
disruption would represent the optimal solution for the problem.

The problem with a vertical line segment can be converted into a problem with horizontal line segment
by simply rotating the points on the plane as much as 90 degrees and the rectilinear distances between
points remain the same. Therefore, the solution to the transformed problem can be rotated back with
-90 degrees to obtain the vertical line location in the original problem. A point at (a,b) can be rotated
with 6 degrees using following formula:

a _ |cost  —sinf « a
b | |sin® cosd b

Hence, due to the equivalence of these horizontal and vertical problems, only location of horizontal
line barrier is considered in this study as a general problem without loss of generality.

Barrier-point intersection: If a barrier falls on a sink point, that point is considered as invisible to
the source. It implies that the barrier will be shifted towards the source point with a negligible amount
(e > 0).

Distance function: Consider n sink points P;(i = 1, ..., n) on the plane with coordinates (a;, b;) that are
being served by a source point Py at coordinates (ag, bg). The rectilinear distance between a sink point
P; and the source point Py is:

I(P;, Po) = lai — aol + |b; — bl 2.1

Since the distance metric is rectilinear, there are several alternative paths between P; and Py with equal
distance. Note that the word "path” used in this context simply means “way” on the plane and it does
not intend the meaning used in network terminology in which a ”path” goes through a set of nodes and
arcs.

Figure 2.3 shows two alternative paths between P; and P, with equal rectilinear distances. On a
continuous plane, there are infinitely-many alternative paths between P; and Py, falling in the minimum
bounding rectangle (MBR) of P; and Py, as depicted in Figure 2.3.
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Figure 2.3: Alternative rectilinear paths between P; and Py

The total weighted distance from the single source Py to all sink points P;’s is represented by following
expression:
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where w; refers to the weight of the point P; on the plane. Note that the distance expression in 2.2
does not take the presence of a line barrier into account. The source Py may have to find the shortest
possible path to any sink P; without passing through the barrier to minimize the total weighted distance
between the source and sinks. The total distance expression in 2.1.1 can be written as:

> wil(Py, Py) (2.3)

i=1

where IB(P;, Py) refers to the distance corresponding to the shortest path round the barrier. If the barrier
is effectively blocking all alternative paths between P; and Py, the two points are said to be invisible
to each other, and visible otherwise. If two points are invisible to each other, the rectilinear distance
introduced in equation 2.1 is no longer valid and the shortest path that does not intersect with the barrier
has to be calculated. Therefore, understanding the relationship between invisibility and the shortest
path between the source and sink points in presence of a line barrier becomes essential to understand
the problem nature and its complexity.

2.1.2 Identifying Disrupted Points in Presence of a Single Line Barrier Using Visibility Concept

The concept of visibility with different norms and barriers is thoroughly explained by Klamroth (2002).
In this study, two points P; and Py are said to be invisible to each other if all alternative rectilinear paths
between them, defined by a rectangle whose edges cross at points P; and Py, intersects with the barrier.
It means that the two points are vertically on two different sides of the line barrier and the barrier
extends beyond the right and left edges of rectangle.
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Figure 2.4: P; and Py are invisible to each other due to the barrier stretched from X; to X,.

Figure 2.4 shows a graphical example in which two points are invisible due to a line barrier. In this
example, all alternative rectilinear paths between P; and P, are defined by the minimum bounding
rectangle. The barrier is vertically between P; and Pj and it intersects with the rightmost and the
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leftmost alternative paths (two vertical edges of the bounding rectangle). Hence, all alternative paths
between P; and Py are blocked by the barrier. The shortest way, then, has to pass through either X; or
X..

Figure 2.5 shows three graphical examples in which points P; and Py are visible to each other with an
exemplary alternative path between them. The barrier in Figure 2.5.(a) is not vertically between the
two points and, therefore, it cannot block any alternative way in the rectangle. The barriers in Figure
2.5.(b) and Figure 2.5.(c) are lying vertically between the points, but they fail to intersect with both
vertical edges of the rectangle leaving a gap in the left or right for alternative paths.

8 Xs Xe
pi pi
! [— ®pi 1 P 7 U]
1 1
& i 6 - — 5 i
] ; -
5 r 5 LXs Xe 5 Xs xe |
! |
! 1
4 i 4 | 4 '
. ;
| i !
3 o 3 ' 3 '
I . 0
2 | 27 i 2
!
!
1 . 1 L4 1 [ S
PO o) 0
0 0 . . o
o 1 2 3 4 5 & 7 & 9 0o 1 2 3 4 5 & 7 & 9 0o 1 2 3 &4 s & 7 8 9
@ (b) (©

Figure 2.5: Examples in which P; and Py are visible to each other.

Now we formulate the invisibility conditions in Lemma 2.1.

Lemma 2.1 Suppose that the starting and ending coordinates of the line barrier are (x;,y5) and
(xe,v.) respectively and the line is horizontal, i.e. y; = y, = y. Two points (a;, b;) and (ay, by) on
the plane are said to be invisible to each other if:

bi <y <byVby<y<b; 2.4)

and

Xy < ag < Xe N\ Xg < a; <X, 2.5)

The first condition is called y-invisibility condition which controls whether the line barrier is vertically
between the two points or they will be visible to each other regardless of the barrier. The second
condition is called x-invisibility condition which controls if the barrier can successfully cut all vertical
paths between points P; and Py. From x-invisibility conditions we infer that x; has to be smaller than
both a; and ay while x, must be greater than both @; and ay. In other words:

xg < min{a;, ap} A max{a;, ap} < x. (2.6)

P; and Py are invisible to each other only if both y-invisibility and x-invisibility conditions hold. In
that case, the shortest path has to go through either endpoints of the line barrier. The corresponding
shortest distance calculations between such two points are explained next.
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2.1.3 Calculating the Shortest Distance for Disrupted Points in the Presence of a Single Line
Barrier

Property 2.1 When a horizontal line barrier makes two points invisible, it only affects the x-distance
between the points. y-distance between the points remains the same due to the rectilinear norm (Can-
bolat and Wesolowsky, 2010).

Property 2.1 implies that the rectilinear distance interdiction problem with a horizontal line barrier can
be reduced to a one-dimensional problem along the x-axis by taking the total distance along the y-axis
as a constant value.

When two points are invisible to each other, the shortest path must go through one of the line barrier
ends. Therefore, the shortest distance for a pair of invisible points P; and Py is:

1B(P;, Po) = min{la; — x| + lag — x|, |xe — ail + |x. — aol} + |b; — byl 2.7

From x-invisibility condition we can infer that both a; and ay have to be greater than x; and less than
Xe:
Xy < Aj, Xg < Ay, Xe > Ajy Xe > A (2.8)

Then:
1B(P;, Py) = min{a; + ag — 2x,, 2x, — a; — ao} + |b; — bo (2.9)

Another way of calculating the shortest path between a pair of invisible points is to add the additional
distance along the x-axis to the original distance when no barrier exists.

Figure 2.6 provides an example in which P; and Py are invisible and the shortest path has to go through
the endpoints of the barrier. As shown on the figure, the additional distance through X, and X, are 2d;
and 2d, where d, = min(a;, ayg) — x; and d, = x, — max(a;, agp).

Figure 2.6: Additional distances through X, and X,

The minimum of these additional distances, d, and d,, has to be taken as the shortest added distance.
Therefore, with respect to the invisibility conditions explained in (2.4) and (2.6), the additional distance
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can be calculated as:

2 min{min(a;, agp) — x,, X, — max(a;, a if P; invisible to P
AZB(P,‘,P()) _ { ( i 0) ss e ( i 0)} i 0 (210)
0 otherwise
Therefore, the shortest distance for a pair of invisible points can be written in terms of the original
distance and the added distance:

1B(P;, Po) = I(P;, Py) + AIP(P;, Py) (2.11)

Recall that the term I(P;, Py) is the original distance between P; and P and can be computed before-
hand. Therefore, the problem can be reduced to finding the additional distances incurred by barrier,
ie. AIB(P;, Py).

Example 2.1 Figure 2.7 illustrates an example of a one-to-many interdiction problem instance with
the source point Py located at (5,5) and 3 sink points Py, P, and P3 located at (2,1), (4,3) and (6,2),
respectively with unit weights. The total rectilinear distance when there is no barrier on the plane is:

3 3
DUIPo, Py =) (ag —ail +1by = bih) = B+4) + (1+2)+ (1 +3) = 14

i=1 i=1

Once a line barrier is placed between (3,4) and (7,4), the shortest path between the invisible points
has to be calculated.

5
4 -
3 ‘ LA
P2 I
2
P3
1 ®
P1
o T T T T T T 1
o 1 2 3 4 5 6 7 3

Figure 2.7: An example of a one-to-many problem instance with one source and 3 sink points

For all sink points y-invisibility condition hold because the barrier is vertically between the source
and sink points. x-invisibility does not hold for P; (xy > 2) but it does for the other sink points with
Xy <6 < x, and x; <5 < x, while x; < 5 < x, holds for the source point. The additional distances for
sink points (shown with hash pattern) can be calculated as:

AB(Py,P1) =0
AIB(Py, P») = 2 min{min(4, 5) — 3,7 — max(4, 5)} = 2min{1,2} =

2
AIB(Py, P3) = 2 min{min(6, 5) — 3,7 — max(6, 5)} = 2min{2, 1} = 2

And the total shortest distance between the source and the sink points is:

APy, P)=14+4 =18
1

3 3
i=1 i=

i IB(P(),P,‘) = Z l(PO, Pi) +
i=1

13



2.1.4 Constraining the Barrier Length

Figure 2.8 shows the same example in Figure 2.2 but with a further or longer barrier. When the barrier
is located further from the source point (a), less points become exposed to disruption. But if a longer
barrier is located (b), more points can be disrupted and higher increased distance can be obtained.

FPU Fpu

Line Barrier . Line Barrier

P2 P2
e
Pl P1

(a) (b)

Figure 2.8: Further barrier (a) disrupts less. Longer barrier (b) disrupts more.

Based on above observations, a combination of barrier location and length is used in this study in
which a line barrier should have a variable length proportional to its vertical distance from the source
point. We think that the closer the barrier is to the source point, the shorter length it is allowed to have.
Therefore, the barrier length is zero at the source location and increases gradually as it goes far from
the source point. In real life problems, getting closer to the enemy’s source point (stronghold, facility,
etc.) may be costly and locating a long barrier near the source point will not be tolerated by the enemy.
Besides, different areas on the plane may have different cost and allowance to locate a barrier.

This idea can be formulated as a constraint. Suppose that by and y are the y-coordinates of the source
point and the barrier respectively such that [y — by| gives the vertical distance between them. Then, the
length of the barrier, L, is determined by following constraint:

L < aly - byl 2.12)

where « is a constant ratio. Above constraint can be seen as an isosceles triangle where the source point
is at the vertex point and the barrier is located on the base side of the isosceles. We can define the length
rate as @ = 2 tan 6 where 6 is the vertex angle between a leg and the height of the isosceles. Therefore,
parameter « itself can be represented by an angle parameter 6° as @ = 2 tan 8° where 6° € (0, 90).

As shown in Figure 2.9.(a), the closer barrier to the source point is shorter than the further barrier
(L1 < Lp). Besides, Figure 2.9.(b) shows that higher 6 angles (or higher « ratios) allows longer
barriers. When 6 is increased to ¢, the length of L; and L, increase to L; and L, respectively.

Since the barrier in this study is a horizontal line segment, it can only increase sink-source distances
along the x-axis and y values can only affects the y-invisibility of sink points. Longer barriers can
cause more interdiction which, based on above assumption, can be obtained by locating them as far as
possible from the source point. Recall barrier-point intersection assumption in Section 2.1.1 in which
if a barrier is located on a sink point, that point is considered as invisible to the source point.
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Figure 2.9: Higher angles allow longer barriers: Since 6" > 6, barriers in (b) are longer than (a).

Theorem 2.1 There exists an optimal solution to the one-to-many rectilinear interdiction problem
where the line barrier is placed on one of the sink points, i.e. i : y* = b; and a; € (x}, x,).

Proof. Suppose that sink points in the lower half-space are sorted descendingly according to their
y-coordinate values and the barrier is not located on any of the sink points. Let the barrier be vertically
located between the source point and the closest sink point, i.e. y € (by,b;). For the same set of
y-invisible points, we can get a longer barrier if y = b; and, hence, the shortest distance to the source
definitely increases for the invisible points providing more interdiction than any other y € (bg, by).
When y € (by,b,), Py becomes visible and the set of y-invisible points change. By the same token,
however, y = b, would provide a better solution than any other y € (b, b,). The same holds for all
other y ranges and, therefore, i : y* = b;.

*

Moreover, if y* = b; and a; ¢ (x}, x) then P; becomes visible to the source point. Let Py be the closest
point to the source in the current set of invisible points. y = b, would provide a longer barrier than
y = b; for the same set of invisible points leading to a higher interdiction. Therefore, the optimal

location of the barrier has to be on one the sink points, i.e. di : y* = b; and a; € (x}, X}). |

Figure 2.10: The optimal location of the line barrier must fall on one of the sink points
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The example in Figure 2.10 shows how the barrier falls on one of the sink points. The shorter barrier
does not intersect with any sink point whereas y* = b, provides a longer barrier. Since the set of
y-invisible points for both barrier locations are P, and P3, only the longer barrier can inflict more
interdiction.

The interpretation of Theorem 2.1 is that the one-to-many problem can be discretized along y-axis by
locating the barrier on one of the sink points. This theorem is implemented in the algorithm in Section
2.3 where the problem is discretized along the y-axis and x-axis and the solution space is reduced to
some candidate y values. This discretization on y value can be implemented in MIP models as valid
inequalities.

2.1.5 Constraining the Total Weight of Disrupted Points (or Presence of a Disruption Con-
straint)

In interdiction literature, systems are disrupted partially and there is usually a limit on the scale of
disruption. In this study, apart from limiting the length of the barrier, the total weight of disrupted
points is also restricted by a disruption rate 8. This rate defines the fraction of total weights allowed to
be disrupted.

2.1.6 Problem Formulation

Consider n sink points P;(i = 1,...,n) on the plane with coordinates (a;, b;) and weight w; that are
being served by a source point Py at coordinates (ao, by). A barrier is going to be located between
points (x;,y) and (x,, y) that may disrupt some of sink points. An auxiliary variable N; would take the
value 1 for disrupted point P;:

N 1 if point P; is invisible to point Py
l 0 otherwise

Therefore, a conceptual formulation of one-to-many problem can be presented as below:

Maximi iZi 2.1
aximize ; WiZi (2.13)

subject to

L=x,—x; (2.14)

L < aly — byl (2.15)

Z wiN; < 8 Z Wi (2.16)

i=1 i=1

zi = la; — ap| + |b; — bg| + N; * 2 min{min(a;, ag) — x,, x. — max(a;, ap)} (2.17)

The objective is to maximize the total weighted distance between the source and the sink points. The
length of the barrier is determined in (2.14) and limited in constraint (2.15) with respect to its distance
from the source point. Constraint (2.16) is the disruption constraint where the total weight of disrupted
points is limited by a constant rate 5. Equation (2.17) increases the rectilinear distance between source
and a sink if they are invisible to each other.

In Section 2.2, a mixed-integer programming model is developed for this problem.
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2.2 Mathematical Model for the One-to-Many Rectilinear Interdiction with a Line Barrier on
a Plane Subject to a Disruption Constraint

We first present preliminaries that will help to explain and understand the model. Before modelling
the problem, the approach representing invisibility conditions in 2.1 and linearization of absolute terms
using auxiliary variables is explained.

2.2.1 Checking an Inequality Condition

To force a linear inequality f(x) > g(y) to hold, a binary variable, u, and a large positive value, M, can
be used in following constraints:

f(x) —g(y) < Mu
gy — f(x) <M —u

Where u is 1 if f(x) > g(y) holds and O otherwise. Later on, for inequalities in y-invisibility and
x-invisibility conditions we write a pair of constraints and a binary variable as above.

2.2.2 Satisfying a Set of Conditions

In order to determine the invisibility of a pair of points, a certain number of inequalities must hold
simultaneously. Since each inequality corresponds to a binary variable as explained in Section 2.2.1.,
sum of binary variables can give us the number of satisfied conditions. The total of m binary variables
is a value between 0 and m that can be checked with the help of m + 1 new binary variables:

Z uj = Z JHj
i=1 =0
m
>
J=0

For example, u, in the following constraints indicates if two binary variables u; and u, are 1 at the
same time:

U+ up = O,u()+ 1/11 +2/12

Mo+ 1 +pp =1

2.2.3 Linearization of Binary Multiplication

To have a pair of points invisible, both x-visibility and y-visibility must hold at the same time, i.e. their
corresponding binary variables must take the value of 1. A binary multiplication of type u;u,, where
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u; and u, are binary variables, can be linearized using 3 inequalities and an auxiliary binary v:

v>u +uy—1

2.2.4 Linearization of Absolute Terms

The length of the barrier is defined by its vertical distance from the source point. This distance can be
formulated as d},; = [y — bg| which needs to be linearized. Linearization of an absolute term A = |B—C]|
can be done using two binary variables ¢; and d, as following:

0<A+B-C<2UJ,
0<A+C-B<2US
01+0, =1

Where U is an upper bound for B and C.

2.2.5 Parameters

D = Set of n points on the plane

P; = Sink point i with coordinates (a;, b;) and weight w; , i € D.

Py = Source point with coordinates (ay, by)

d; = the rectilinear distance between P; and P,

amax = the maximum coordinate along the x-axis in the convex hull of all points

amin = the minimum coordinate in the x-axis in the convex hull of all points

bmax = the maximum coordinate in the y-axis in the convex hull of all points

bmin = the minimum coordinate in the y-axis in the convex hull of all points

B = Maximum disruption rate as a limit on total weight of disrupted points, 0 < 8 < 1.

a = Rate of increase in the barrier length that is based on its vertical distance from the source point,
Py. As explained in Section 2.1.4, @ = 2 tan 8 where 6° € (0, 90) is the vertex angle between a leg and
the height of the isosceles. Therefore, @ and 6 can be used interchangeably.

M = A large positive value. The value of this parameter is important when an MIP formulation is used.
If the solution method is based on the linear programming relaxation, M has to be big enough but not
too big! The value of M based on the maximum vertical distance between points on the plane is:

My = bmax - bmin

We know that the maximum barrier length is Ly,x = @(Pmax — bmin)- Therefore, an upper bound for
horizontal distance between two points on the plane can be chosen as:

M, =2 X [Linax + (@max — Amin)] = 2M,
Finally, the maximum of these M, and M, can be selected as the value of parameter M:

M = max{2M,, M,}
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In order to use the M value in MIP model, all source and sink points have to be in the first quadrant, i.e.
their vectors must have non-negative values. If not, all points have to be shifted into the first quadrant
beforehand.

2.2.6 Variables

Recall that the problem is to find the location and length of a line barrier such that the total source-sink
distance interdiction is maximized.

z; = Shortest distance between sink P; and source P, along the x-axis based on invisibility conditions
with respect to the barrier
x; = Starting point of the barrier along the x-axis
X, = Ending point of the barrier along the x-axis
y = y-coordinate of the horizontal line barrier
L = Length of the barrier, equal to x, — x;
dp, = the vertical distance between the line barrier and the source point, equal to [y — by|
1 if point P; is invisible to point P

N,' = .
0 otherwise

According to Lemma 2.1, N; would take the value of 1 if both y-invisibility and x-invisibility conditions
hold between P; and Py. In order to have an MIP model with valid N; values, following binary variables
must be introduced.

Binary variables for linearization of dj, = |y — by|:
01,62 €{0,1}
Binary variable for y-invisibility conditions of P; and Py:

1 ifb;>y
u; =

0 otherwise

1 ifby>y
up =

0 otherwise

and 1, pij 17 € {0, 1).
Binary variable for x-invisibility conditions of P; and Py:

—

if a; > x;

)

otherwise

1 ifa; <x,
Vie = .
0 otherwise

1 ifay > xg
Vos .
0 otherwise

{1 if ap < x,
Ve =

0 otherwise
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and 20,4}, 22,23, 24 € {0, 1.

2.2.7 Mathematical Model

In this problem, there is a single source Py on the plane that communicates with all points P;,i € D.
The MIP formulation for this problem is as follows:

Maximize ;‘ wi(zi + 1b; — bo|) (2.18)
subject to

X — Xy =L (2.19)
0<dy+y—by < 2ymax.01 (2.20)
0 <dy+by—y < 2ymax.02 (2.21)
S1+6,=1 (2.22)
L < ad, (2.23)
by —y < Muy (2.24)
y = by < M(1 = up) (2.25)
bi—y < Mu; YieD (2.26)
y—b <M1 -u) YieD (2.27)
o + u; = Opd + 1! + 247 YieD (2.28)
W+l =1 Vie D (2.29)
ag — xg < My, (2.30)
X5 —ap < M(1 — vyy) (2.31)
X, — ag < Mvg, (2.32)
ap — Xe < M(1 = vg,) (2.33)
a;i — Xy < Mvjg VieD (2.34)
Xy —a; < M(1 = vyy) VieD (2.35)
Xe —a; < Mvy, Yie D (2.36)
a;i — x, < M(1 = vj,) VieD (2.37)
Vis F Vie + Vo5 + V0o = 040 + 14} + 227 + 307 + 447 Vie D (2.38)
D+l + 2+ 2+ =1 Vie D (2.39)
N; <A} Vie D (2.40)
N; <y VieD (2.41)
Nz A+l =1 Vie D (2.42)
D wiNi<B Y wi (2.43)
ieD ieD

% < (a; — x5) + (ag — x;) + M(1 = N;) YieD (2.44)
% < (Xe — a;) + (xo — ag) + M(1 — N;) VieD (2.45)
zi < la; — apl + MN; YieD (2.46)
Xs, X,y are unrestricted-in-sign. (2.47)
Ldy,>0 (2.48)
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720 Yie D (2.49)

N; €{0,1} VieD (2.50)
01,02 €{0,1} (2.51)
Uo, vos, Voe € {0, 1} (2.52)
Ui b0 it 12 Vi vien A0, A1, 22,23, 4% €40, 1) VieD (2.53)

In the objective function (2.18), we try to maximize the total weighted distance between all sink points
P; and the source Py. Constraint (2.19) determines the relationship between the barrier length and
its ending points. Constraints (2.20) to (2.22) find the absolute vertical distance between the barrier
and the source point as d, = |y — bg|. This distance is crucial in determining the barrier length in
constraint (2.23). The farther the barrier is from the source point, the longer barrier can be placed.
Constraints (2.24) to (2.29) check the y-invisibility conditions between P; and Py where /1} = 1 if they
are y-invisible. Constraints (2.30) to (2.33) control if x; < @y < x, while constraints (2.34) to (2.37)
investigate if x; < a; < x,. Constraints (2.38) and (2.39) control if all x-invisibility conditions between
P; and P, hold to set /lf = 1. Eventually, P; and Py are invisible to each other if both ,ui1 and /1;1 are
1. To avoid binary multiplication in the form of N; = ,uil/l?, constraints (2.40) to (2.42) are introduced.
Constraint 2.43 is the disruption constraint on total weight of interdicted points. If N; = 1, the shortest
path between P; and Py has to go through either the starting point or the ending point of the barrier
and, therefore, one of constraints (2.44) or (2.45) would be tight relatively. If N; = 0, the points are
visible which makes constraint (2.46) tight. Unrestricted-in-sign variables are introduced in (2.47).
Constraints (2.48) and (2.49) are the non-negativity constraints while constraints (2.50) to (2.53) are
integrality constraints.

For n sink points, there are n+5 continuous variables and 127+ 5 binary variables used across 157+ 16
constraints in this model. Hence, it is an O(n) continuous variables, O(n) binary variables, and O(n)
constraint model.

Valid inequalities for discretizing the y value:
Discretization along the y-axis explained in Theorem 2.1 can be introduced to the model via valid

D pi= 2.54)

> b=y 2.59)

inequalities as follows:

where p;,i € D is a binary variable which gets the value of 1 if the barrier is decided to be on sink
point P;. Constraint 2.54 ensures that only one sink point will be selected to determine the y value.
Constraint 2.55 gives the y-coordinate of the selected sink point to the barrier.

2.3 An Algorithm for the One-to-Many Rectilinear Interdiction with a Line Barrier on a Plane

The mathematical model in section 2.2.7 without the disruption constraint (2.43) applies to this prob-
lem. When there is no disruption constraint in the one-to-many problem (8 = 1), we propose a
polynomial-time algorithm with following outline to find the optimal solution:

1. Partition the plane along the y-axis into horizontal regions between all points
2. In each partition, maximize L by maximizing the distance from source point using Theorem 2.1
to discretize the plane along the y-axis
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3. In each partition, locate the line with known y and L optimally by enumerating on a finite set of
candidate locations along the x-axis
4. Repeat steps 2 and 3 for all partitions to find the optimal solution

This algorithm works mainly based on step 3 where a finite set of candidate locations that are generated
with respect to the location of sink points. Since there is no disruption constraint, the line barrier can
be placed on these candidate locations regardless of the number of points it disrupts.

Note that when a disruption constraint exists in the model (8 < 1), placing the longest possible barrier
in each partition may result in an infeasible solution due to the number of disrupted points. In that
case, the feasible length of the barrier would be unknown. The infeasible solutions may get feasible
by shifting the line to the right or left in combination with shortening the barrier but it comes at the
expense of losing candidate locations. This repairing mechanism would also require a combinatorial
selection of points to omit from right and left of the barrier which is not addressed in this algorithm
but remains as a potential topic for future study.

Before developing the algorithm, we need to introduce appropriate strategies for:

e Optimally locating a fixed-length line between two y-invisible points
e Partitioning the plane into regions with distinct y-invisible point sets
¢ Fixing the length of the barrier in each partition

2.3.1 Optimal Location of a Line Barrier between Two y-invisible Points

Suppose that y-invisibility conditions between two points already hold and the length of the barrier is
fixed as L = x, — x;. The problem is to find the optimal location for x; and x, such that the disruption
between the two points is maximized. Since the barrier is a horizontal line and the distance norm is
rectilinear, the interdiction can only happen along the x-axis and y-distance of the points cannot be
increased.

Theorem 2.2 The maximum interdiction between two y-invisible points, P; and Py, is obtained when
Xy = %[ai + ag — L] and the resulting shortest distance is IB(P;, Py) = L.

Proof. The interdiction between P; and Py happens when they are invisible. From x-invisibility condi-
tions in Lemma 2.1 we know:

Xy < min{a;, ap} A x, > max{a;, ap}

In order to maximize the interdiction between sink and source points, the barrier line has to be stretched
evenly from both sides of the rectangular hull of the points. So the optimal location of the barrier is:

min{a;, ap} — x; = x, — max{a;, ao}

= 2x; + L = min{a;, ap} + max{a;, ap}
1
=>.x>:, = E[ai+ao—L]

1
=>xZ=x’j+L=§[a,»+ao+L]
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Once the barrier is located between x; and x;, we can obtain the shortest distance between the two
points P; and Py. We know that the shortest path between two invisible points passes through one of
the barrier ends. Suppose that d; and d, represent the distances between P; and P, through x; and x,
respectively. The minimum (shortest) distance, d*, is calculated as follows:

dy=la;— x| +lap—x;|=a;+ap—2x; =a;+ap—[a;+ap— L] =L
d,
d*

|x) —ail +|x; —aol =2x, —a; —ap =[a; +ap+ L1 —a; —ap = L

min{dy,d,} = L

Suppose that the line barrier is perturbed to the right by & > 0, i.e. shifted to (x; + &) and (x + &)
coordinates. Then, the shortest distance between P; and Py becomes:

d =a+ay—[aj+ay—L+&l=L-¢
;=[ai+ao+L+e]—ai—a0=L+8
d=minfL-¢g L+&l=L—-e<d"

The same goes if the line is perturbed to the left. ]

The interpretation of Theorem 2.2 is that projection of the midpoint of P; and Py on the x-axis must
be equal to that of the barrier to have the line equally stretched from both sides of P; and Py. Suppose
that the midpoint of the points on the x-axis is m;y = %(ai + ap) and the midpoint of the line barrier on
the x-axis is my, = %(xg + x,;). The maximum interdiction between P; and Py occurs when my = nig,.
This equation guarantees that the barrier is stretched equally from left and right.

Example 2.2 In Figure 2.11, there is a sink point P; at (8,7), a source point Py at (4,3) and a line
barrier with L = 8 is horizontally located in between them. Using 2.2, the optimal location of the
barrier is at x; = 0.5(8 + 4 — 8) = 2 and x, = 10 as the midpoints of P; and Py overlaps with that
of the barrier at 6. The projection of P;, Py, X; and X, on the x-axis along with their corresponding
midpoints at 6.

p;
7 |
E -
5 -
4 -
3 |
Py
2 -
1 Mg = Mg
As Qg a; Xg
D -

Figure 2.11: Optimal location of a barrier between two y-invisible points

The same rule applies when there several sink and source points on the plane.
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Theorem 2.3 Consider that weighted sink points are ascendingly sorted based on their x-coordinate
values. Let a; and ay be two consecutive x-coordinate values with midpoints myy = 0.5(a; + ag) and
myo = 0.5(ax + ao), respectively, and mg, = 0.5(xs + x.) be that of the barrier. Then, my, = mj or
mg, = my always provides a better or as good solution than any my, € (mjy, My).

Proof. According to Theorem 2.2, if my # mj then the amount of interdiction between P; and
Py caused by the barrier cannot be maximized. The same holds for Py if mg, # my. Therefore,
mg € (my, myp), cannot maximize the interdiction for neither of P; and P,. Shifting mg, towards
the midpoint with higher weight would yield better interdiction because that point offers a higher
“profit” for a fixed length barrier. If total disrupted weights at m;, and my are equal, then midpoints
mye € (myy, myo) may correspond to an alternative solution but not a better one. Hence, enumerating
mg, on all sink-source midpoints will always provide the optimal solution. |

If y-invisible points and the barrier length are known, theorems 2.2 and 2.2 guarantee that optimal
solution can be found by enumeration on some candidate midpoints. Therefore, the next step is to
partition the plane such that y-invisibility remains the same within each partition.

2.3.2 Partitioning the Plane into Regions with Distinct y-invisible Point Sets

Locating a barrier at a particular y will divide the plane into two sides resulting in a set of y-invisible
points.

Property 2.2 Ifthere are K distinct y-coordinates for all points on the plane, there are K—1 candidate
ranges for y with K — 1 distinct set of y-invisible points. In a particular range R,y = 1,...,K — 1, the
value of y, € R, does not change the set of y-invisible points.

In Figure 2.12, there are 8 points on the plane with P4 being the source point. There are 7 distinctive
y-coordinates which lead to 6 distinct ranges each of which having a distinct set of y-invisible points
to the source point.
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0
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Figure 2.12: Candidate ranges for y
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Table 2.1 shows the range of each candidate range in Figure 2.12 and their associated set of y-invisible
points. For example, any horizontal line barrier in y-range [1,2) would make point P y-invisible and
it will not affect any other point on the plane. If a line barrier is placed in y-range [3,5), it would fall
between the source point and P, P, and P3 making them y-invisible.

Note that if a barrier falls onto a sink point, the sink point will be considered invisible. See Section
2.1.1.

Table 2.1: Candidate ranges for y and their set of y-invisible points

R, Set of y-invisible points
[1,2) | PI

[2,3) | P1L,P2

[3,5) | P1,P2,P3

(5,6] | P5,P6,P7,P8
(6,71 | P6,P7.P8
(7,9] | P7,P8

AN B WN =S

2.3.3 Fixing the Length of the Barrier in Each Partition

Suppose that there are K distinct y-coordinates on the plane which is partitioned into ranges R,,r =
I,...,K — 1, according to Section 2.3.2. We know that the barrier has to be located as away as
possible from the source point to get a longer length. If there is no disruption constraint in the model,
the longest possible barrier within a range has to be selected in order to maximize the interdiction.
Therefore, based on theorem 2.1, y, has to be equal to the y-coordinate of the point at the border of
range R, and farthest from the source point. Therefore, the maximum barrier length in different ranges
is obtained from following equation:

L =aly,-blr=1,....,K-1 (2.56)

where y, = b; and P; € R,.

Consider the example in Figure 2.12 and suppose that @ = 1. The length of the barrier at each range
can immediately be fixed at the values given in Table 2.2.

Table 2.2: Finding L, in each range R,

r R, yr | Ly
1[L,2)| 1| 4
21[2,3)| 2] 3
311393 ]2
416,616 |1
S16,71 7|2
6 (7,919 | 4
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2.3.4 Algorithm for the One-to-Many Interdiction Problem with a Line Barrier on a Plane

In algorithm 1, the optimal interdiction between a single source and multiple sinks is obtained firstly
by partitioning the plane into candidate ranges along the y-axis using Section 2.3.2 and assigning the
maximum length using Section 2.3.3 and secondly by enumerating m,, on candidate midpoints in each
range using Theorem 2.3:

Algorithm 1 Maximize Z* = 3, wil8(Po, P;)
Require: Py as the source point, P;,i = 1, ..., n, as sink points and 6° € (0,90)
Ensure: Find x%, x;, L*, Z*

1: Zy < X, wil(Po, P;)  {The objective value when no barrier exists.}

2: 78«0

3: fori=1tondo

4: y, <« b; {find distinct y, along the y-axis defined by P;}

5. L, < 2tanfly, —yo| {set L, for each range along the y-axis }

6: for j=1tondo

7: if (bg >y, > bj)or (by < y- < b;) then

8: mg; < 0.5(ap + a;) {use the midpoint between Py and P; if they are y-invisible}
9: Xgj < mg; —0.5L,

10: Xej « mg; +0.5L,

11: for k =1tondo

12: if by > y, > by or by <y, < by then

13: if x;; <ag and ap < x.; and x;; < a; and a; < x.; then
14: Z; « Z; + 2w; min{min(ay, ap) — X, X, — max(a, ap)}
15: end if

16: end if

17: end for

18: if Z; + Zy > Z* then

19: Z" —Zj+Zy, Xy — Xgj, Xy — Xej, ¥ —yr, L" L,
20: end if

21: end if

22:  end for

23: end for

24: retarn Z*, x*, xi,y*, L*

The outer loop finds the distinct range along the y-axis corresponding to the points i and calculates
the y, and L, accordingly. In the second loop, a candidate midpoint m; is chosen from the set of
y-invisible points with respect to y,. Then, the barrier location is set at x,; and x,; using the midpoint
and length information based on 2.2. The third loop calculates the shortest distance for all points with
respect to the located barrier and updates the best found solutions accordingly.

In the outer loop, n sink points are used to locate the barrier along y axis. For each y value, there are, at
most, n candidate places along the x-axis to locate the barrier (second loop). The third loop calculates
the objective function value for each barrier location over n sink points. Therefore, the worst-case
processing time needed for this algorithm is O(n?).
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2.3.5 A Numerical Example for One-to-Many Interdiction Problem Using the Algorithm

Example 2.3 Suppose that all sink point weights in Figure 2.12 are 1 and 6° = 45. The solution for
this problem is as following:

2: Zy=0@B+H+1+3)+2+2)+2+DH+(1+2)+@4+4)+(B+4) =36
Iteration 1:

4:  Use point P, to partition the plane. Sety, = 1.

5: Find maximum possible length: L; = 2tan45°|5 — 1| = 8

Locate the barrier:

8: Py is y-invisible to Py. So use their midpoint: my = 0.5(5 +2) = 3.5
9: x4 =35-05%x8=-0.5

10: x, =35+05%x8=75

Find the disrupted distances:

14: Py is invisible. Therefore: Z; =2%2.5=15

19:  Since36+5>36thenZ" =41,x; =-05,x; =75,y =1,L =8
No more y-invisible point is left in this y-range.So, go to step 4 and change y-range.
Iteration 2:

4:  Use point P, to partition the plane. Set y, = 2.

5: Find maximum possible length: L, = 2tan45°|5 - 2| = 6

Locate the barrier:

8: Py is y-invisible to Py. So use their midpoint: my = 0.5(5 +2) = 3.5
9: x1=35-05%x6=0.5

10: x,; =35405%x6=6.5

Find the disrupted distances:

14: Py isinvisible. Therefore: Z; =0+2%15=3

14:  Pj is invisible. Therefore: Z; =3+2%05=4

19: Since 36 + 4 £ 41, do not change the best solution.

Change the midpoint:

8: Py is y-invisible to Py. So use their midpoint: my = 0.5(5 + 6) = 5.5
9: xp=55-05%x6=25

10: x5 =55+05x6=285

find the disrupted distances:

14: P, is invisible to Py. Therefore: Z, =0 +2%2.5=15

19:  Since 36 + 5 £ 41, do not change the best solution.

After solving the problems in all iterations, the optimal solution is Z* = 41,x; = =0.5,x, = 7.5,y" =
1, L = 8. An alternative solution exists at x; = 2.5,x, = 8.5,y* =2,L = 6.

2.4 Visibility and the Shortest Path Problem in the Presence of Multiple Line Barriers and Its
Complications

When several line barriers exist on a plane, two points become invisible if all alternative rectilinear
paths between them are obstructed by the barriers. An algorithm is presented in Appendix A that
checks if two points are invisible to each other with respect to several given line barriers. If so, the
shortest way between them has to pass through a combination of barrier ends that are visible to each
other.

Figure 2.13 shows how the source point find its way through 2 barriers to reach the invisible sink point
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Py and for this, a selection of barrier endpoints have to be used. In this example, the shortest path to
Py has to go through e; and s;.

10

Py
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7 52 ez
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0

0 1 2 3 4 5 6 7 8 9 10

Figure 2.13: The shortest paths through multiple line barriers

If all the barriers are known, a common practice in the literature to find the shortest distances is to
convert the planar problem into a graph. In this graph, the source and sink points along with barrier
endpoints represent the graph nodes. If two points on the plane are visible to each other, an arc will
be placed between their corresponding nodes on the graph. This graph is known as “visibility graph”.
There have been extensive study in the literature on shortest path in a graph and several methods are
proposed for single-source, single-destination, and all-pairs shortest path problems. Among others,
Dijkstra’s algorithm for single-source problem and Floyd-Warshall for all-pairs problem are widely
used in the literature (Cormen et al., 2009). Floyd-Warshall’s algorithm is explained in Appendix A.

Figure 2.14 shows the visibility graph for above example. Since Py is invisible to P; and sj, there is
no arc between their corresponding nodes. The sink point P; is also invisible to e, for which no arc is
placed between their nodes on the graph. The shortest path between Py and P, is highlighted on the
graph.

Figure 2.14: An example of visibility graph and the shortest path

However, the shortest path algorithms can only work with a static graph where all nodes and edges
(visible pairs) are known. If one of the barriers is variable, as it is in this study, the visibility of any
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pair on the plane will be uncertain and it is not possible to assume any arc to appear on visibility graph
and, therefore, shortest path calculations will not be valid.

The complexity of the problem emerges when the barriers are in ”cascade” arrangement. By “cascade”
arrangement we mean that invisibility is caused by combination of several barriers together and not
by any of them alone. Figure 2.15 shows an example of cascading barriers (solid lines) and possible
locations for a new barrier (dashed lines) to cause invisibility between Py and P;.

Figure 2.15: An example of visibility graph and the shortest path

The invisibility conditions, therefore, must include all the intermediate barriers, i.e. invisibility of
barrier endpoints to each other and to the source and sink points. Already-invisible points will remain
invisible after the location of a new barrier. But, by no means, we can assume that a pair of visible
points will remain visible. Furthermore, the invisibility of source and sink points will not be discovered
until visibility conditions of all barriers are checked. The visibility “certificate” for source and sink
points can only be issued when combination of all existing and new barriers fail to make the two points
invisible.

Due to such complications, locating a barrier in presence of several existing barriers is not studied in
this work but remains as a potential topic for future research.
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CHAPTER 3

COMPUTATIONAL ANALYSIS FOR THE ONE-TO-MANY RECTILINEAR
INTERDICTION PROBLEMS

In this chapter, we perform computational experimentation on a set of test problem instances for the
assessment of performance of the models and solution approaches introduced in Chapter 2 for the one-
to-many problem. In Section 3.1, the selected core test instances and their modifications are explained.
We show that it is possible to eliminate some of the sink points based on the parameter 6 in Section
3.2. The effect of parameter values, point elimination, and cuts of MIP solver on objective function
and CPU time are studied in Section 3.2.1.

The one-to-many problems with disruption constraint are solved using MIP approach in Section 3.3.
Objective function values and CPU time are reported for all test instances. The effect of instance
specific properties and parameter values on the performance of MIP models are also analyzed. When
there is no disruption constraint in the model, the algorithm is used to solve instances and the results
are presented in Section 3.4. MIP model with 8 = 1 is also solved to validate the results for both
approaches and to compare their performances.

3.1 Core Test Instances and Their Variants

In order to investigate the properties of this problem, 30 core test instances are selected mostly from
the planar TSP and VRP instances available in literature. Based on the number and distribution of
points on the plane, these instances can be categorized as:

Sparse: Points are scattered with low density across the plane. 12 instances are in this category.

Clustered: Points are concentrated in different groups (i.e. clusters) on the plane. The distance
between the clusters is significant compared to the distance between points within a cluster. 11
instances are selected in this category.

Vertical: Points are scattered around or along the y-axis. 5 instances are in this category.
Horizontal: Points are scattered around or along the x-axis. 2 instances are in this category.

These categories may affect the performance of the MIP model. For example, having horizontal dis-
tribution of points may lead to elimination of several “undisruptable” points considering a limit on
barrier length at different y-coordinates.

For the one-to-many problems, an existing source is added to the core test instances. The location of
the source point is decided to be either in the middle or at the border of the convex hull of sink points.
The optimal location for the rectilinear Weber problem is chosen as the middle source while the border
source is selected as a point that is vertically lower than all points in the convex hull. These variants
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are referred with "M’ for the middle location and *B’ for border location of the source point. Weights
of the sink points are chosen to be identical (equal to 1) or randomly generated integers between 1 and
10. These variants are also addressed with 1’ and "W’, respectively. Therefore, in the one-to-many
problems, all core test instances are used in 4 different variants:

1M: one-to-many problem with the source in the middle. All weights are equal to 1.
e WM: one-to-many problem with the source in the middle. Weights are randomly generated
integers in [1,10].

1B: one-to-many problem with the source at the border. All weights are equal to 1.
e WB: one-to-many problem with the source at the border. Weights are randomly generated inte-
gers in [1,10].

Considering above variations, there will be 120 instances in total for the one-to-many problems. Table
3.1 shows 30 core test instances with the location of the source in the one-to-many problems.

Instances are grouped into small and medium problems with respect to the number of their sink points.
Instances with less than 100 sink points, i.e. instances 1 to 20, are considered as ”small” while instances
with 100 or more sink points are "medium”.

3.2 Pre-processing and Point Elimination

Recall from Section 2.1.1 that the plane can be partitioned into two upper and lower half-spaces and
the horizontal line barrier can only be located in one of these half-spaces at a time. Therefore, each
partition can be solved separately and the best solution in both partitions would represent the solution
for the instance. It is expected that solving two smaller MIP problems (one for each partition) will
be faster than solving a large MIP problem. In this study, 1M and WM variants of instances can be
partitioned due to the fact that the source point is somewhere in the middle of sink points. In 1B and
WB variants, however, the source point is above all sink points and the lower partition would include
all sink points, leaving the upper partition empty.

In addition to partitioning, it is possible to eliminate some of the sink points before constructing the
MIP models. Suppose that Py is the source located at (ag, by). To satisfy the x-invisibility condition,
the a; has to be between the two endpoints of the barrier, i.e. the barrier can be shifted as much as its
length to the right and left side of the source. As explained in Section 2.1.4, the barrier length L at
different y levels is obtained using the formula L = aly — by|. Knowing the length of the barrier, we
can calculate how much the barrier can be shifted to the right and left of the source and eliminate the
sink points that can never be disrupted by the barrier.

Figure 3.1 shows how the barrier with length L is shifted to the right and left side of the source point.
The angle between the source point and the endpoints of the barrier is y where: tany = 2tan 8 = a.

A point P; is "disruptable” by the barrier if it falls inside the triangle with vertex angle v, i.e. its tangent
from the source point is less than tany:

la; — aol
|b; — by

Having P and 6, it is possible to determine and eliminate “undisruptable” points before attempting to
solve instances.
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Table 3.1: 30 core test instances and their properties

. Middle Location Border Location

No. | Core Instance* n Distribution ™ WM 1B/WB

1 D8-Canbolat 8 sparse (7,4.5) (7,8) 8, 1)

2 E-n22-k4 22 vertical (146, 217) (147, 231) (146, 180)

3 D28 28 sparse (156, 310) (156, 310) (205, -2)

4 B-n31-k5 31 clustered (20, 27) (21, 28) (49.5,5)

5 A-n32-k5 32 sparse (50, 39) (57,42) (49.5, 0)

6 D40 40 vertical (156, 285) (156, 285) (155.5, 13)
7 B-n41-k6 41 clustered (61, 64) (61, 64) (60, 6)

8 A-n45-k6 45 sparse (46, 49) (49, 53) (49.5,4)

9 F-n45-k4 45 horizontal (21, 0.01) (28, 3) (15.5, -100)
10 att48 48 vertical (6469, 2992) (6344, 2874) (6548, 1218)
11 B-n50-k7 50 clustered (52, 35) (52, 35) (47.5,0)
12 D50 50 vertical (203, 264) (198, 242) (214.5, 60)
13 eil51 51 sparse (36, 39) (37, 40) (34, 4)

14 berlin52 52 sparse (700, 595) (720, 610) (882.5,4)
15 A-n60-k9 60 sparse 45, 61) 43,57 (48, 4)

16 B-n68-k9 68 clustered (36, 68) (36, 68) (44, 6)

17 F-n72-k4 72 vertical (-7,5) (-6, 6) (-6.5, -26)
18 rus75 75 clustered (52,43) (54, 45) (58.5,1)
19 eil76 76 sparse (40, 36) (40, 35) (38, 3)

20 A-n80-k10 80 sparse (51, 40) (57,43) (50, -1)

21 rd100 100 sparse (486.8, 584.4) (502.8, 612.6) (490.4,0.2)
22 E-n101-k14 101 sparse (31, 35) (31, 34) (34.5,2)
23 10G2 101 clustered (50, 50) (48, 44) (50, 1)

24 F-n135-k7 135 | horizontal “4.8,5.1) (3.2,5) (-59.25, -36)
25 Ch150 150 sparse (334.3, 360.3) (343.2,370.7) (353.7,-0.580)
26 d198 198 clustered (1668.8, 1402.8) | (1668.8, 1402.8) (2014.2, -1)
27 ar229 229 clustered (30.1, 85.2) (29.4, 83.2) (11.8,-176.1)
28 a280 280 clustered (132, 85) (140, 85) (148, 8)
29 lin318 318 clustered (1488, 1827) (1488, 1701) (1575, -80)
30 417 417 clustered (1114.4,1245) | (1132.1, 1398.5) | (1203.1, 151.5)

*References for instances:
-TSPLib (2012): Instances 10,13,14,19,21,25,26,27,28,29, and 30
-VRPH (2012): Instances 2,4,5,7,8,9,11,15,16,17,20,22,23, and 24
-Ruspini (1970): Instance 18
-Canbolat and Wesolowsky (2010): Instance 1

-Instances 3,6, and 12 are generated in this study.

Table 3.2 gives the percentage of eliminated points (%) and eliminated weights (W%) for 6deg =
15,30, 45, 60 for all variants of instances. As was expected, the percentage of eliminated points de-

creases as 6 increases and vice versa. For example, in 1B variant of B-n31-k5 higher 6 values result in

less eliminated points in our computational test.

In addition to @ values, the percentage of eliminated points is highly dependent on location of the
source point and distribution of the sink points on the plane as well. For example, 97% of points are
eliminated when 6 = 15 in variant 1B of instance B-n31-k5 whereas it is 71% when the source point
is in the middle (variant 1M). In variant 1B of instance d198, however, only 26% of points can be
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e i ' ™

Figure 3.1: P; and P, can never be disrupted if angle 6 is chosen.

Table 3.2: Percentages of eliminated points and weights based on 6 levels in the one-to-many problems

Variant 1B IM WB WM
¢ [15 30 45 60|15 30 45 60 15 [ 30 [ 4 [ 60 15 [ 30 [ 45 [ 60
Instance [ n [ % % % % |% % % % |% Wh % W% % Wh % Wh|% Wh % W%h % W%h % W%
D8-Canbolat | 8 |50 25 25 25|75 50 38 25[50 30 25 24 25 24 25 24 |63 65 38 57 38 57 13 22
En22-k4 | 22 |23 18 5 5|41 18 14 9|23 29 18 21 5 3 5 3 |5 6 14 19 9 13 5 9
D28 28021 7 0 0|64 43 39 21|21 18 7 6 0 0 0 0 |64 64 43 49 39 43 21 19
B-n31ks | 31 |97 90 23 19|71 48 42 23|97 99 90 93 23 26 19 21 |65 63 52 53 45 48 29 29
An32k5 | 32 |66 31 19 19|78 53 28 19|66 65 31 32 19 17 19 17 |75 77 56 56 28 29 19 19
D40 40 |28 18 10 5[50 23 10 10|28 46 18 36 10 23 5 15 |50 33 23 15 10 7 10 7
B-ndlk6 | 41 |66 20 12 12|78 51 39 39|66 52 20 15 12 9 12 9 [78 67 51 41 39 31 39 3]
And5Kk6 | 45 |62 33 22 16|84 49 27 13|62 70 33 31 22 21 16 12 |80 8 47 57 27 34 16 19
Fndsk4 | 45 |18 2 2 2|91 78 64 31|18 18 2 3 2 3 2 3 |93 94 73 72 60 56 33 38
au4s 48 |42 29 27 19|56 27 13 8 |42 43 29 27 27 25 19 17 |54 49 31 33 15 15 8 6
Bn50-k7 | S0 |44 26 18 14|76 42 14 14 |44 48 26 28 18 17 14 12 |76 80 42 52 14 19 14 19
D50 50 |22 2 2 2|52 32 24 14|22 35 2 7 2 7 2 7 |5 40 36 26 2 19 20 15
eils1 51|41 14 12 2|73 43 29 16|41 41 14 14 10 9 2 2 |73 68 45 48 29 34 16 16
berlin52 | 52 |48 25 13 10|83 63 42 25|48 55 25 29 13 15 10 10 |83 85 63 67 48 48 27 23
An60-k9 | 60 |42 17 8 5|72 50 27 15|42 43 17 17 8 9 5 4 |68 67 45 43 22 23 10 12
Bn68-k9 | 68 |47 20 24 15|72 43 29 25|47 45 29 24 24 19 15 14 |72 70 43 46 29 35 25 29
Fn72-k4 | 72 |8 6 3 1|54 39 28 15|8 6 6 3 3 1 1 1 |51 54 40 46 32 35 21 23
rus75 75|52 25 17 9|83 61 33 13|52 52 25 27 17 18 9 12 |83 8 64 63 39 38 I3 10
il76 76139 17 11 7 |71 39 22 14|39 35 17 12 11 8 7 6 |72 70 42 39 24 2 14 16
An80-k10 | 80 |53 26 15 6 [69 46 30 18|53 51 26 22 U5 12 6 5 |70 70 41 43 31 35 19 19
1100|100 |47 19 13 10|76 46 27 19|47 43 19 18 13 12 10 9 |76 75 43 42 29 27 15 14
Enl0lkl4 | 101 |47 16 6 4 |76 42 25 14|47 46 16 13 6 5 4 3 |76 77 43 46 24 27 15 20
10G2 101 |51 26 14 10 |8 41 41 13|51 50 26 23 14 11 10 9 |77 80 42 45 31 35 19 22
FnI35k7 | 135 |93 72 13 3 |87 76 65 46|93 93 72 69 13 13 3 2 |8 8 713 73 63 63 49 49
chiSO | 150 |45 21 13 7 |79 51 28 13|45 43 21 20 13 12 7 7 |77 78 50 52 31 32 16 18
d198 19826 17 1 1|8 60 44 35(26 24 17 15 1 0 1 0 |8 8 60 57 4 41 35 33
@229 | 22903 1 1 1|38 17 8 43 4 1 1 1 1 1 1 |3 3 15 16 7 9 4 4
a280 280 |70 44 24 12|83 67 48 31|70 70 44 43 24 23 12 12 (8 83 68 66 48 48 31 3l
lin318 [ 318 |34 18 12 7 |68 33 24 13|34 37 18 20 12 13 7 7 |67 6 33 33 23 22 16 16
fi417 | 417 |39 37 37 37|41 5 3 2|39 41 37 39 37 39 37 39 |43 4 6 6 3 4 2 3

eliminated with 6 = 15, compared to 85% elimination in its 1M variant.

3.2.1 Parameter Setting

In addition to instances, there are two parameters « and 3 that can affect the performance of the MIP
model and the algorithm. The parameter a determines the length of the barrier based on its proximity to
the source point. Since a = 2tan 6, as explained in Section 2.1.4, instead of @ we can use 6 € (0,90°)
as the parameter of length rate. Parameter S is the maximum disruption rate, 0 < 8 < 1. In order
to study the effect of these parameters on solutions, they are designed at 6° = {15,30, 45,60} and
B =1{0.1,0.25,0.5,0.75}.

Following MIP cuts are also set in MIP solver of CPLEX Optimizer 10.1 (ILOG, 2006) with priority
value 1:
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e Clique Cuts (CQ)

o General Upper Bound Cuts (GUB)

e Cover Cuts (CV)

e Flow Cover Cuts (FC)

o Mixed-Integer Rounding Cuts (MIR)
e Implied Bound Cuts (IB)

e Flow Path Cuts (FP)

¢ Disjunctive Cuts (DJ)

e Zero-half Cuts (ZH)

e Multi-Commodity Flow Cuts (MCF)

The valid inequalities introduced in Section 2.2.7 are not used in experimentations.

Table 3.3 shows the MIP solutions obtained for the test instance A-n45-k6-1B along with the required
CPU time, the total number of iterations used for solving node relaxations (Niter), number of processed
nodes in the active branch-and-cut search (Nodes) and the total number and percentages of MIP cuts
when they are used.

Table 3.3: Parameter analysis on variant 1B of instance A-n45-k6

Parameters Optimal Solutions Without MIP cuts With MIP cuts MIP Cuts MIP Cuts* percentage (%)
6 B Xy X, y* L z CPU | Niter | Nodes | CPU | Niter | Nodes CQ | GUB | CV | FC | GF | MIR | IB
0.1 32 66 68 34 34625 | 0.2 1779 216 0.7 4663 184 605 46 23 21 3 2 1 4
15 0.25 38 60.5 | 46 | 22.5 | 3468.6 | 0.1 1853 233 0.9 | 5408 179 659 57 17 11 6 2 1 6
0.5 38 60.5 | 46 | 22.5 | 3468.6 | 0.1 2020 227 0.8 | 5722 228 603 51 15 10| 9 3 3 9
0.75 38 60.5 | 46 | 22.5 | 3468.6 | 0.1 2020 227 0.9 | 7169 264 701 44 20 19| 7 1 1 8
0.1 2.8 106.7 | 94 | 103.9 | 36842 | 0.4 | 7803 1040 1 6867 156 996 53 19 16 | 5 2 1 4
30 0.25 12.3 862 | 68 | 73.9 | 3766.1 | 0.7 | 13290 | 1920 1.2 | 10582 | 522 623 43 15 17 | 11 3 3 8
0.5 12.3 862 | 68 | 73.9 | 3766.1 | 0.7 | 14403 | 2422 1.2 | 10279 | 469 681 51 16 12| 6 3 3 9
0.75 12.3 862 | 68 | 73.9 | 3766.1 | 0.7 | 14320 | 2368 1.1 9733 625 902 55 12 5] 9 2 1 6
0.1 <402 | 141.8 | 95 | 182 | 39345 | 0.6 | 10955 | 1188 1.4 | 11485 | 310 996 46 25 16 | 6 1 1 5
45 0.25 -21.2 | 130.8 | 80 | 152 | 4316.5 | 1.1 | 20044 | 2815 1.1 9801 349 679 41 22 14 | 11 5 1 6
0.5 -13.8 | 1122 | 67 | 126 4467 1.8 | 34055 | 6515 1.2 | 10444 | 515 820 47 15 15 | 11 2 1 9
0.75 -13.8 | 1122 | 67 | 126 4467 1.8 | 34593 | 6029 1.2 | 11840 | 755 653 51 10 11|12 3 4 9
0.1 -102.9 | 2124 | 95 | 315.2 | 44674 | 0.6 | 11378 | 1250 1 4782 106 713 43 21 19| 6 2 0 9
0.25 -76.9 | 186.4 | 80 | 263.3 | 5429.2 | 1.2 | 24028 | 3014 1.4 | 9824 261 794 40 21 16 | 11 4 1 7
60 0.5 -59.9 | 1584 | 67 | 2182 | 5850.6 | 1.3 | 21111 | 3525 2.5 | 21843 | 745 874 41 23 16 | 9 1 2 8
0.75 -59.9 | 1584 | 67 | 218.2 | 5850.6 1.9 | 43275 | 5580 1.7 15364 580 770 54 19 9 6 1 3 8
Average: 754 48 18 15 8 2 2 7

* CQ: Clique, GUB: General Upper Bound, CV: Cover, FC: Flow Cover, MIR: Mixed-Integer Rounding, IB: Implied Bound

The effect of 8 and 8 values on objective function:

Increase in 8° angles leads to an increase in the length of the barrier which, in turn, increases the
disruption and objective function value, Z*. On the other hand, lower disruption rate 8 allows less
disruption on points and, therefore, decreases the objective value. The results obtained in Table 3.3
approve the above-mentioned effects of 6° and 8 on L* and Z*. For example, for 6 = 15 and 8 = 0.5,
the optimal barrier length is L* = 22.5 yielding Z* = 3468.6. This problem with 6§ = 30 leads to longer
barrier length of L* = 73.9 and more disruption with Z* = 3766.1 whereas the same problem with
6 = 15 and B8 = 0.1 results in reduction in the objective value down to Z* = 3462.5.

The disruption constraint becomes tight with lower S rates and affects the optimal solution whereas
higher 8 rates may result in the identical solutions. For example, the solutions obtained for 6° = 15
and B8 = {0.25,0.5,0.75} are all identical.

The effect of MIP cuts on CPU time:
When MIP cuts are tested on this instance, the CPU time increases generally due to extra calculations
required for implementing cuts, compared to the CPU time when no MIP cut is used. However, number
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of processed nodes in the active branch-and-cut search and total number of iterations required for
solving node relaxations (Niter) decrease if MIP cuts are used. The highest share of MIP cuts belongs
to clique cuts which constitute 48% of all cuts while GUB, cover cuts and flow cover cuts are the next
important cuts being 18%, 15% and 8% respectively. Although flow path, disjunctive, zero-half and
multi-commodity flow cuts are enforced in CPLEX, no cut is generated in these categories.

It is expected that MIP cuts will be more effective on larger instances. Table 3.4 gives the results for
1B variant of instance 10G2 where the MIP cuts are proved to be more effective leading to lower CPU
times. For example, when 68° = 45 and 8 = 0.1 and no MIP cut is used, CPLEX fails to reach the
optimal solution in 1000 seconds whereas it takes only 5.7 seconds to solve when cuts are applied.

Table 3.4: Parameter analysis on variant 1B of instance 10G2

Parameters Optimal Solutions Without MIP cuts With MIP cuts MIP Cuts MIP Cuts* percentage (%)
0 B X B Y| L z" CPU Niter Nodes | CPU | Niter | Nodes CQ |GUB | CV | FC | GF | MIR | IB
30 0.1 -7 105 | 98 | 112 | 8149.1 29 383361 56014 10.5 | 84585 | 4028 1298 359 | 252 | 128 | 132 |43 | 1.7 | 69
0.25 9 91 72| 82 | 8602.6 | 31.7 361475 61569 8.8 | 86677 | 5502 1698 39 18 1371209 | 2.8 | 14 |42
45 0.1 -48 146 | 98 | 194 | 8969 1000 | 10482705 | 1169601 | 5.7 | 54376 | 2582 1770 4131 205 |219] 89 | 07| 03 |64
0.25 -34 134 | 85| 168 | 10061 16.8 | 232145 24128 49 | 41477 | 1724 1692 392 | 222 | 152 | 151 | 4 12 |32
60 0.1 -34 134 | 85| 168 | 10061 16.8 | 232145 24128 4.9 | 41477 | 1724 1692 392 | 222 | 152 | 151 | 4 12 |32
0.25 | -95.5 | 195.5 | 85 | 291 | 12643.7 | 34 409971 56926 6 56983 | 1453 1284 319 14 198 | 21 | 54| 04 |76
Average: 1577 38 20 17 16 3 1 6

* CQ: Clique, GUB: General Upper Bound, CV: Cover, FC: Flow Cover, MIR: Mixed-Integer Rounding, IB: Implied Bound

The effect of pre-processing on CPU time:

We expect that pre-processing and point elimination would improve the CPU time. Table 3.5 shows the
results for A-n45-k6-1B after point elimination and applying MIP cuts. The percentage of eliminated
points in instance A-n45-k6-1B with 6 values at 15, 30, 45 and 60 are 62%, 33%, 22% and 16%
respectively. Lower 6 values result in elimination of more points and reduce the number of variables
and constraints used in the MIP model which, ultimately, reduces the number of iteration (Niter) and
improves the CPU time.

We expect that pre-processing and point elimination would improve the CPU time. Table 3.5 shows
the results for the same problem after point elimination and applying MIP cuts. The percentage of
eliminated points in instance A-n45-k6-1B with 8 values at 15, 30, 45 and 60 are 62%, 33%, 22%
and 16% respectively. Lower 6 values result in elimination of more points and reduce the number
of variables and constraints used in the MIP model which ultimately reduces the number of iteration
(Niter) and improves the CPU time.

3.2.2 Selected Parameter Values

To give instances different lengths, the 6 values are set to 6 = 30,45, 60 and the total weight of disrupted
points is constrained by 8 = 0.1,0.25, 1. For 8 < 1 the MIP approach will be used while problems with
B = 1 do not have disruption constraint and they are solved with the algorithm. The point elimination
procedure will be applied to all instances in order to reduce the instance size before solving them.

3.3 Computational Results for the One-to-Many Problems with 8 < 1 Using MIP Model

CPLEX Optimizer 10.1 (ILOG, 2006) is used for solving MIP models while algorithms are developed
in an application using VB.NET 2010 (Microsoft, 2012). All available MIP cuts in CPLEX are en-
abled with priority 1 and a time limit of 1000 seconds is applied for MIP problems. If a problem is
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Table 3.5: Parameter analysis on instance A-n45-k6-1B after point elimination

Parameters Optimal Solutions ‘With MIP cuts MIP Cuts MIP Cuts* percentage (%)
6° B X X, y* L* z CPU | Niter | Nodes CQ | GUB | CV | FC | GF | MIR | IB
0.1 32 66 68 34 34625 | 0.2 1667 129 99 33 13 12 8 13 2 18
15 0.25 38 60.5 | 46 | 22.5 | 3468.6 | 0.3 2937 156 333 53 17 8 5 2 3 13
0.5 38 60.5 | 46 | 22.5 | 3468.6 | 04 3900 159 440 57 18 7 7 0 1 10
0.75 38 60.5 | 46 | 22.5 | 3468.6 | 04 3900 159 440 57 18 7 7 0 1 10
0.1 2.8 106.7 | 94 | 103.9 | 3684.2 | 0.6 5842 232 670 54 18 16 3 3 0 6
30 0.25 12.3 86.2 | 68 | 73.9 | 3766.1 | 0.9 9094 407 661 47 17 14 | 11 3 2 6
0.5 12.3 86.2 | 68 | 73.9 | 3766.1 | 0.9 8514 459 651 58 11 14 4 2 1 9
0.75 12.3 86.2 | 68 | 73.9 | 3766.1 | 0.9 8760 472 647 51 17 14 6 2 2 9
0.1 -40.2 | 141.8 | 95 | 182 | 39345 | 0.8 5817 82 748 55 19 16 3 1 0 5
45 0.25 -21.2 | 130.8 | 80 | 152 | 43165 | 0.9 7507 254 659 47 17 17 7 6 1 5
0.5 -13.8 | 1122 | 67 | 126 4467 1.3 | 12173 | 546 775 51 18 15 5 2 1 8
0.75 -13.8 | 1122 | 67 | 126 4467 1.1 9692 502 759 50 14 12 | 11 1 3 10
0.1 -102.9 | 2124 | 95 | 315.2 | 44674 | 09 6776 128 804 40 22 18 | 10 2 0 8
60 0.25 -76.9 | 186.4 | 80 | 263.3 | 5429.2 | 1.1 8368 232 852 48 18 14 4 1 6
0.5 -59.9 | 1584 | 67 | 218.2 | 5850.6 | 1.9 | 16652 | 456 924 54 16 14 3 1 4 8
0.75 -59.9 | 1584 | 67 | 218.2 | 5850.6 | 1.3 | 14348 | 598 786 47 17 11 11 1 4 8
Average: 641 50 17 13 7 3 2 9

* CQ: Clique, GUB: General Upper Bound, CV: Cover, FC: Flow Cover, MIR: Mixed-Integer Rounding, IB: Implied Bound

partitioned, a time limit of 1000 seconds is applied for solving each partition. All computations are
performed on windows workstations with 3.00GHz CPU and 3.49 GB of RAM.

The MIP solutions are obtained for different levels of parameters 6 and 8. However, instead of actual
objective values (Z = Y7, wilB(P;, Pj)) , the amount of increase in the original objective function
(Zy = 21, wil(P;, Pj)) is used as an interdiction rate (AZ%):

wz=2-2)
Zy

AZ% = 00

The original objective values (i.e. Zy) and the interdiction rates (i.e. AZ%) for all instances are pre-
sented in this section while further details are available in Appendix C.

The required processing times (CPU) to solve each MIP model are reported in seconds.
A. 1B Variants

Table 3.6 shows the computational results for all instances in the one-to-many model with the source
being at the border and point weights are equal to 1 (variant 1B). The number of points in the instance
and the percentage of eliminated points based on 6 values are given in columns n and E%.

Point elimination: We know that lower 6 angles provide more chance of point elimination than higher
6 values. However, the effectiveness of point elimination is highly dependent on the distribution of sink
points with respect to the location of source point. For example, 72% of the sink points in instance
F-n135-k7 are eliminated when 6 = 30 whereas the elimination rate is only 3% when 6 is doubled.
Almost the same applies for instances B-n31-k5 and a280. In instances like D50, gr229 or F-n72-k4,
on the other hand, 8 = 30 can eliminate only very few points due to the distribution of sink and source
points on the plane. For example, F-n72-k4 has a vertical distribution of points that makes more points
“disruptable” by its border source. Therefore, only 6% of its sink points can be eliminated by 6 = 30
and this percentage drops to 1% with 8 = 60.

Objective function: As the overall results suggest, the highest increase in objective value is obtained
when 6 = 60 and 8 = 0.25. The reason is that higher 8 values lead to longer barriers and make
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Table 3.6: Computational results for the one-to-many problems with 8 < 1 for 1B variants

4 30 45 60
B 0.1 0.25 0.1 0.25 0.1 0.25
E% E% E%
Instances n Zy AZ% CPU | AZ% CPU AZ% CPU | AZ% CPU AZ% CPU | AZ% CPU
D8-Canbolat | 8 65 25 0 0 18.5 0 25 0 0 37 0 25 0 0 75.2 0
E-n22-k4 22 1182 18 13.6 0.2 21.5 0.4 5 25.2 0.5 45 0.4 5 453 0.3 86.9 0.4
D28 28 10403 7 59 0.5 15.7 0.6 0 9.6 0.6 34 0.6 0 21.2 0.5 70.8 0.6

B-n31-k5 31 1694.5 90 29 0 29 0 23 6.5 0.3 6.5 0.5 19 12.6 0.5 18.2 0.5
A-n32-k5 32 2315 31 8.9 0.4 115 0.4 19 18.6 0.4 27 0.5 19 355 0.4 60.1 0.6
D40 40 11645 18 13.1 0.7 27 0.9 10 245 0.9 52 1.1 5 44.3 0.9 94.6 1
B-n41-k6 41 3362 20 8.1 0.7 11.5 1 12 16.9 12 28 1.1 12 32.7 1 59.2 0.9
A-n45-k6 45 3373.5 22 9.2 0.6 11.6 0.9 22 16.6 0.8 28 0.9 16 324 0.9 60.9 1.1

F-n45-k4 45 5879 2 9.4 1.4 15.5 1.7 2 17.7 1 29 1.8 2 32.1 1.1 60.4 1.7
att48 48 174125 29 14.9 0.6 23.6 0.9 27 28.6 0.8 50 0.8 19 52.5 1 95.5 1
B-n50-k7 50 3508 26 9.7 0.8 17.6 0.9 18 19.8 0.8 38 1.3 14 37.3 1.2 72.1 1
D50 50 12397 2 14.2 1.6 239 1.5 2 25.6 1.2 46 1.5 2 453 1.6 84 25
eil51 51 2489 14 9 1.3 14.7 1.5 12 19 1.3 35 1.4 2 36.4 1.6 71.7 2
berlin52 52 46522 25 6.8 1 11.7 1.6 13 15.5 1.2 23 1.4 10 30.5 1.2 50 1.8
A-n60-k9 60 4584 5 9 1.4 152 3.1 5 18.8 1.4 37 2.1 5 35.9 1.9 74.9 23
B-n68-k9 68 4898 29 9.8 1.6 24 2.1 24 183 1.4 47 2 15 33 L5 86.5 1.9
F-n72-k4 72 2600 6 12,5 2.8 21.8 4.1 3 232 43 44 43 1 41.7 4 82.4 3
rus75 75 5083.5 25 49 29 9.1 29 17 11.1 33 21 4.4 9 26 4 50.5 38
eil76 76 3703 17 8.9 2.7 15.4 4.7 11 18.7 24 34 34 7 35.9 22 70.1 39

A-n80-k10 80 5530 26 7.7 4 14.5 45 15 16.8 34 36 2.7 6 352 4.6 75.5 2.9
rd100 100 83112 19 7.9 6 18.9 5 13 17.2 4.7 39 4.7 10 337 4.1 76 7.9

E-nl01-k14 | 101 5029.5 16 8.5 6 139 137 6 19.1 4.7 34 16.7 4 37.5 52 70.4 10.4
10G2 101 7469 26 9.1 105 | 15.2 8.8 14 20.1 57 35 4.9 10 39.1 9.1 69.3 6

F-nl135-k7 | 135 | 13761.6 | 72 L5 1.1 L5 1 13 5 7.6 59 13.1 3 13.1 9.8 21.9 11.5
Chl150 150 | 80157.7 21 73 122 | 115 254 13 162 151 31 16.6 7 327 104 | 65.1 11.8
d198 198 | 411628.6 | 17 8.9 114 | 204 23 1 165 279 37 61.7 1 29.5 636 67 76.7
gr229 229 | 641924 1 104 1000 | 255 738 1 19.6 1000 48 26.1 1 355 1000 | 86.5 1000
a280 280 | 43422 44 6.1 121 7.6 122 24 11.8 644 21 318 12 258 323 | 497 1009
1in318 318 | 855394 18 9.1 1000 19 84.6 | 12 19.5 1000 42 123 7 37.6 1000 | 81.8 2858
417 417 | 586807.7 | 37 9 1000 | 222 1000 | 37 20.2 1000 50 1000 | 37 39.6 1000 | 99.3 1000

larger areas exposed to disruption while higher 8 values increase the disruption capacity resulting in
higher chance of increasing the objective values. For example, in instance att48, 29% of sink points
are eliminated when 6 = 30 that leads to the least interdiction with AZ% = 14.9 when 8 = 0.1. In the
same instance, § = 0.25 increases the disruption capacity and interdiction rate but at the expense of
increased CPU time, which is, perhaps, the result of processing more combinations of disrupted points.
When 6 = 45, less points are eliminated (E%=27) and higher interdiction rates (28.6% and 50%) are
obtained. The same pattern is followed when 6 = 60.

CPU time: Processing time seems to be affected by several factors: In most instances, 8 = 0.25
requires more processing time than S = 0.1 regardless of 8 values. For example in d198, when 0 =
30 or 45, it takes almost twice as much time to solve the problem with 8 = 0.25 compared to the time
obtained for the lower disruption rate. Even with 6 = 60, the MIP model is solved faster when 5 = 0.1.
However, this is not the case for the instances like gr229 and lin318. While CPLEX cannot reach
optimality for 1in318 with 6 = 30 and 8 = 0.1, it takes only 84.6 seconds to hit the optimal solution
when § = 0.25. The same pattern is observed for 8 = {45, 60} in this instance.

The number of processed points and their distribution may also affect CPU time. For example, in
instance a280, 44% of its points are eliminated with 8 = 30 compared to just 1% of gr229 that is why
its CPU time is far below than that of gr229. The instance F-n135-k7 is solved faster than 10G2 with
lower 6 values but its CPU time gets worse when 6 increases. The main reason is that the number of
eliminated points for F-n135-k7 and 10G2 that are, respectively, 72% and 26% when 6=30. These
figures change to 21.9% and 61.3% when 6=60.

The average interdiction rates for all instances along with CPU time for small and medium instances
are given in Table 3.7. As 6 values increase from 30 to 45, the average interdiction rates, AZ%,
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almost doubles for 8 = 0.1 and 8 = 0.25. The same holds when 6 increases from 45 to 60. The
average interdiction rate for #=30 and 8=0.25 is close to that for =45 and $=0.1. Therefore, a longer
barrier with lower disruption rate may yield the same objective as with a shorter barrier with higher
disruption rate. In general, small instances (the first 20 instances) are solved much faster than medium
instances. 8=0.25 takes slightly more time to solve in small instances whereas solving 6=0.1 is more
time-consuming in medium instances.

Table 3.7: Summary of results for 1B variants

0 30 45 60
B 0.1 0.25 0.1 0.25 0.1 0.25
AZ% 8.54 16.10 | 17.21  34.68 33 70
CPU (Small) 1.26 1.685 1.36 1.61 1.52 1.645
CPU (Medium) | 316.82 135.73 | 313.01 158.48 | 313.45 251.1

B. 1M Variants

Table 3.8 shows the results for the same problem but with the source point being in the middle (variant
1M). Partitioning the plane is applied before solving the instances.

Table 3.8: Computational results for the one-to-many problems with 8 < 1 for 1M variants

6 30 45 60
B 0.1 0.25 0.1 0.25 0.1 0.25
Instances n Zy E% AZ% CPU | AZ% CPU E% AZ% CPU | AZ% CPU E% AZ% CPU | AZ% CPU
D8-Canbolat | 8 46 50 0 0 17.6 0.1 38 0 0 283 0 25 0 0 535 0
E-n22-k4 22 722 18 10.5 0.2 10.5 0.3 14 | 208 0.2 244 0.3 9 38.6 0.2 535 0.3
D28 28 5435 43 6.7 0.1 13.6 0.2 39 13.8 0.1 28 0.2 21 26.1 0.3 56.5 0.3
B-n31-k5 31 774 48 6.9 0.1 8 0.2 42 12.3 0.2 20.4 0.2 23 232 0.3 42 0.3
A-n32-k5 32 1779 53 49 0.1 49 0.1 28 11.1 0.2 11.1 0.3 19 234 0.3 23.6 0.4
D40 40 6058 23 13.9 0.4 21.8 0.5 10 | 273 0.5 45.8 0.8 10 | 50.5 0.7 87.4 0.6
B-n41-k6 41 2197 51 4.6 0.3 6.3 0.2 39 9.6 0.3 133 0.4 39 21.6 0.3 289 0.4
A-n45-k6 45 2453 27 39 0.3 39 0.3 27 10.1 0.5 10.4 0.6 13 18.9 0.6 259 0.8
F-n45-k4 45 2157.5 64 42 0 42 0 64 10.3 0.1 10.3 0.1 31 223 0.5 223 0.5
att48 48 141559 27 12.4 0.5 16.1 0.6 13 25.1 0.7 33.1 1 8 47.1 0.8 65 1
B-n50-k7 50 2512 42 4.6 0.4 6 0.4 14 12.8 0.7 17.9 1 14 | 271 0.8 41.6 0.8
D50 50 6211 32 9.3 0.4 10.1 0.6 24 18.1 0.6 21.9 0.9 14 | 335 0.9 43.6 1.1
eil5S1 51 1529 43 45 0.5 45 0.5 29 10.6 0.5 10.6 0.7 16 21.1 0.8 28.5 1.1
berlin52 52 25425 63 39 0.2 39 0.1 42 8.3 04 8.3 0.5 25 17.7 0.7 17.7 0.8
A-n60-k9 60 3018 15 9.9 0.5 10.7 0.6 15 182 0.9 213 1 15 30.1 1 46.6 1.4
B-n68-k9 68 3394 43 8.9 0.7 8.9 0.8 29 12.4 1.1 26.5 1.4 25 252 1.4 63.6 1.4
F-n72-k4 72 1142 39 9.3 0.9 9.3 1.3 28 20.7 12 20.8 1.6 15 40.4 1.6 424 2.1
rus75 75 3465 61 3.7 0.4 3.7 0.4 33 9.7 1 9.7 1.2 13 20 1.6 20 1.8
eil76 76 2353 39 48 1 48 1.2 22 10.5 15 122 1.9 14 227 1.7 29.6 2.1
A-n80-k10 80 3822 46 5.1 1 5.1 1.1 30 9.6 1.8 14.1 1.7 18 225 1.8 36.4 2.1
rd100 100 | 533382 | 46 4.5 1.4 4.5 1.4 27 10.8 2 11.3 2.1 19 22.6 2.6 29.3 3.5
E-n101-k14 | 101 3258 42 3.6 1.8 3.6 2.1 25 9.6 29 9.7 33 14 | 228 2.6 26.6 6.1
10G2 101 5084 41 4.7 1.9 4.7 1.8 41 10.2 3.6 11.2 4.3 13 24.1 52 31.7 54
F-n135-k7 135 | 5431.1 76 34 0.7 34 0.5 65 6.2 15 6.2 1.7 46 11.7 2.9 11.7 2.4
Ch150 150 | 51491.7 | 51 32 2.6 32 2.3 28 72 5.6 8.1 59 13 18.5 5.7 232 7.9
d198 198 | 158761.3 | 60 1.7 2.7 1.7 2.4 44 6.1 4.6 7.1 4.6 35 15.4 53 20.4 54
gr229 229 | 13846.8 17 10 17.3 10 223 8 19.4 18.2 20 76.2 4 359 20.3 40.9 26.1
a280 280 31918 67 1.9 17.4 1.9 9.6 48 54 422 54 28.4 31 125 65.1 152 1017.1
1in318 318 | 557400 33 49 72.9 49 77.8 24 9.6 4032 | 144 2687 13 20.9 51.8 374 107.7
fl417 417 | 5133782 | 5 33 12104 | 105 12639 | 3 9.7 2000 | 24.5  2000.1 2 22.5 2000.1 | 56.6  2000.1

Point elimination: The percentages of eliminated points for 1M variant differ from those in 1B variant
which shows how effectiveness of pre-processing is dependent on source location. For example, when
6 = 30 and 8 = 0.1, the elimination rates for B-n31-k5 and F-n45-k4 are 48% and 78% in 1M variants
compared to 90% and 2% in their 1B variants (see Table 3.6).

Objective function: Interdiction rates, AZ%’s, go higher as 6 and the barrier length increases. At
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each 6 level, higher § rates provide more chance of interdiction by increasing disruption capacity. For
example, for 8 = 0.1 in D40, the interdiction rate increases as 13.9%, 27.3% and 50.5% for 6 = 30,45
and 60 respectively. In addition, when 6 = 30, the interdiction rates rise from 13.9% to 21.8% when 8
increases from 0.1 to 0.25. For 1417 the optimal solution cannot be reached within the time limit of
2000 seconds for angles of 45 and 60 degrees.

In most instances, CPU time increases proportionately to 6. For example in berlin52, with 8 = 0.1, the
required processing time is 0.2, 0.4 and 0.7 for 6 = 30, 45 and 60. But instances gr229 and lin318 is
proved to become more time-consuming with 6=45 and $=0.25 than with =60 and $=0.25. Within a
particular angle, CPU time usually increases as 8 changes from 0.1 to 0.25. For example for E-n101-
k14 when 6=30, CPU time increases from 1.8 to 2.1 for §=0.1 and 0.25 respectively. The same pattern
is observed for other angles. However, instances like ch150 and a280 stand as exceptions for this trend.
For a280 and #=30, CPU time drops from 17.4 to 9.6 when 3 is changed from 0.1 to 0.25.

Table 3.9 shows the average interdiction rates for all instances along with CPU time for small and
medium instances. On average, the interdiction rate increases the angle gets wider and disruption rate
increases. In small instances, CPU time slightly increases with angle and disruption rate. In medium
instances, however, $=0.25 and 6=45 is, on average, more time-consuming.

Table 3.9: Summary of results for 1M variants

0 30 45 60
B 0.1 0.25 0.1 0.25 0.1 0.25
AZ% 5.77 7.41 12.18 16.88 | 24.63 37
CPU (Small) 04 0.475 | 0.625 0.79 0.815  0.965
CPU (Medium) | 13291 138.41 | 248.38 239.53 | 216.16 318.17

C. WB Variants

Table 3.10 shows the results for WB variants of instances where sink points have different weights and
the source is located at the border.

Point elimination: Since the number of eliminated points is the same as in 1B variants, the percentage
of eliminated weights is reported in E%.

Objective function: The highest interdiction rate (AZ%) is again obtained when the widest angle (6 =
60) along with highest disruption rate (8 = 0.25) are chosen. For a particular 8 level, higher 8 levels
yield better objectives while for a specific angle, higher 8 values are more desired. For example, in
eil51 with 8 = 0.1, the interdiction rate increases from 8.6% to 16.5% and 30.2% as 6 grows from 30
to 45 and 60 degrees. Within 6 = 30 for the same instance, interdiction rates of 8.6% and 16.8% are
obtained for 8 = 0.1 and 8 = 0.25, respectively.

CPU time: The weight of sink points seem to affect CPU time in various patterns. In B-n68-k9 CPU
time increases with higher 6 and 8 values. In A-n60-k9, with 8=0.1 CPU time increases with higher 6
values whereas with $=0.25 it decreases as wider 6 angles are chosen. gr229 is solved very fast with
highest and lowest 6 and 8 values. The same instance cannot be solved in 1000 seconds if combination
of =30 and $=0.25 or combination of =45 and §=0.1 are chosen.

CPU time in WB variants are different from those of 1B variants. For example, when 8 = 30 and
B = 0.1, the WB variant of 1in318 is solved in 434.4 seconds whereas its 1B variant cannot be solved
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Table 3.10: Computational results for the one-to-many problems with 8 < 1 for WB variants

0 30 45 60
B E% 0.1 0.25 E% 0.1 0.25 E% 0.1 0.25
Instances n Zy AZ% CPU | AZ% CPU AZ% CPU | AZ% CPU AZ% CPU | AZ% CPU
D8-Canbolat | 8 336 24 0.6 0 15.7 0 24 0.6 0 28.3 0 24 0.6 0 50.1 0.1
E-n22-k4 22 6418 21 9.2 0.3 0 0.4 3 16.6 0.4 45.7 0.4 3 29.6 0.4 85.1 0.4
D28 28 59705 6 55 0.4 13.6 0.6 0 11.7 0.4 33.9 0.7 0 23.7 0.5 69.2 0.6
B-n31-k5 31 8595.5 93 1.2 0 1.2 0 26 2.5 0.5 5 0.6 21 8.6 0.4 18.4 0.6
A-n32-k5 32 15836 32 6.3 0.4 11.2 0.5 17 13.7 0.5 273 0.6 17 26.6 0.5 59 0.6
D40 40 14076.5 36 14.6 0.9 30.8 0.9 23 28 0.9 59.6 1 15 51.3 0.8 | 109.5 1.1
B-n41-k6 41 4324 15 6.1 0.6 18.5 0.6 9 14 0.6 35.7 1 9 27.7 0.6 69.2 0.9
A-n45-k6 45 18122.5 21 6.8 0.7 7.6 1 21 16.4 0.9 22.8 1.1 12 33.1 0.8 523 0.9
F-n45-k4 45 26113.5 3 6.1 1.2 12.9 2.4 3 13.4 1.3 29.3 22 3 26.4 2 59.2 1.8
att48 48 937901 27 10.9 1.1 229 0.9 25 21.1 0.9 47.3 1 17 38.8 1 89.5 0.8
B-n50-k7 50 19725.5 28 8.7 0.7 14.4 1.3 17 17.7 1.2 31.8 12 12 333 1.1 62.6 1.2
D50 50 14352 7 14.8 1 26.8 2.1 7 26.6 1.5 51.8 1.6 7 47.1 1.5 95.2 2.8
eil51 51 12302 14 8.6 1 16.8 1.4 9 16.5 1.6 382 1.6 2 30.2 1.9 75.5 1.8
berlin52 52 | 262069.5 29 59 1.4 12,5 1.6 15 13.6 1 21.4 1.9 10 | 269 15 47 1.6
A-n60-k9 60 26130 4 8.1 1.3 16.7 22 4 16.7 1.4 384 1.8 4 314 1.7 76.1 2
B-n68-k9 68 27920 24 10.6 1.2 22.7 1.5 19 19.8 1.3 43.6 1.5 14 35.7 1.6 79.7 22
F-n72-k4 72 13459 3 11.4 33 222 53 1 21.1 3 43.6 4.7 1 38 3.8 81.4 6
rus75 75 313435 27 6.4 22 9.4 3.1 18 12.9 3 19.2 4 12 26.7 29 482 33
¢il76 76 19808 12 9.3 2 15.6 29 8 19.6 2 36 33 6 37.7 2.5 72.1 33
A-n80-k10 80 30282 22 74 3.4 13.9 49 12 17.1 3 33.7 4 5 35.4 3.9 69.2 53
rd100 100 513349 18 7.7 4.6 19.8 49 12 16.8 42 393 5.5 9 326 4.6 76.2 4.6
E-n101-k14 | 101 26667 13 8.2 6.2 13.5 8 5 16.8 4.1 323 102 3 33 7.1 67.4 6.8
10G2 101 42515 23 8.7 9.2 16.7 14.4 11 19.5 8.8 389 5.5 9 382 5.8 71.3 11
F-n135-k7 | 135 | 77720.3 69 1.3 1.2 1.3 0.9 13 5.6 7 6.2 10.8 2 139 113 | 224 111
Chl150 150 | 4473342 | 20 7 18.5 125 246 12 15.4 16 31.8 159 7 31 11.1 | 66.8 11
d198 198 | 2353040.3 | 15 9 10.4 20.8 113 0 16.8 206 | 383 388 0 303 237 | 688 462
gr229 229 | 356116.7 1 10.3 41.5 25.9 1000 1 19.5 1000 | 482 649 1 354 1000 87 423
a280 280 229495 43 6.6 184.6 8.9 65.3 23 12 58.4 23 75.1 12 | 263 198 | 526 768
lin318 318 | 4670951 20 8.4 434.4 19.6 1289 | 13 19 108.9 | 43.1 245 7 373 672 | 839 578
fi417 417 | 3183500.3 | 39 9.2 1000.1 | 23.5 1000 | 39 21 1000 | 52.8 1000 | 39 414 1000 | 103.5 1000

optimally in 1000 seconds (see ). However, with § = 0.25 the same problems are solved in 128.9 and
84.6 seconds respectively.

Table 3.11 shows the average interdiction rates for all instances along with CPU time for small and
medium instances. On average, the interdiction rate increases the angle gets wider and disruption rate
increases. In small instances, CPU time slightly increases with angle and disruption rate. In medium
instances, $=0.1, on average, has increased the CPU time except when 6=30.

Table 3.11: Summary of results for WB variants

0 30 45 60
B 0.1 0.25 0.1 0.25 0.1 0.25
AZ% 7.83 15.60 | 16.07 34.88 | 30.94 69
CPU (Small) 1.155 1.68 1.27 1.71 1.47 1.865
CPU (Medium) | 171.07 225.83 | 222.8 147.17 | 215.06 126.76

D. WM Variants

Table 3.12 shows the results for WM variants of instances where sink points have different weights
and the source is located in the middle. Partitioning the plane is applied before solving the instances.

Point elimination: Since the number of eliminated points is the same as 1M variants, the percentage of
eliminated weights is reported in E%.

Objective function: As expected, the interdiction rates grow if 6 or 8 increases. For example, in E-n22-
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Table 3.12: Computational results for the one-to-many problems with 5 < 1 for WM variants

[4 30 45 60
B 0.1 0.25 0.1 0.25 0.1 0.25
Instances n Zy E% AZ% CPU | AZ% CPU E% AZ% CPU | AZ% CPU E% AZ% CPU | AZ% CPU
D8-Canbolat | 8 187 57 2.1 0 14.7 0 57 7.5 0 337 0 22 16.9 0 74.9 0
E-n22-k4 22 3854 19 11.6 0.2 15 0.3 13 22.7 0.2 36.7 0.3 9 42 0.2 74.2 0.7
D28 28 27764 49 9.6 0.1 125 0.1 43 193 0.1 26 0.2 19 36.2 0.2 522 0.3

B-n31-k5 31 3739 53 7.7 0.2 12 0.2 48 153 0.2 273 0.2 29 285 0.2 54 0.2
A-n32-k5 32 12280 56 33 0.1 4.5 0 29 6.9 0.4 10 0.3 19 15.7 0.5 249 0.4

D40 40 11731 15 13.7 0.4 235 0.5 7 25.2 0.4 46 0.7 7 45.1 0.4 85 0.6
B-n41-k6 41 2582 41 3 0.3 8.5 0.2 31 9.3 03 17.3 0.3 31 22,6 0.3 31.6 0.3
A-nd5-k6 45 12959 34 2.8 0.3 2.8 0.3 34 6.3 0.5 6.3 0.6 19 16.1 0.7 175 0.9
F-n45-k4 45 9843.5 56 4.4 0 4.4 0 56 10.5 0.1 10.5 0.1 38 21.1 0.4 21.1 0.4
att48 48 776397 33 9 0.4 15 0.6 15 18.4 0.7 31 1 6 34.8 0.8 63.2 1.2
B-n50-k7 50 13877 52 43 0.4 4.7 0.4 19 11.7 0.8 15.6 1 19 24.7 0.6 354 0.9
D50 50 9392 26 10.8 0.3 18.2 0.6 19 18.9 0.6 37.7 0.7 15 329 0.7 71.7 0.9
eil51 51 7288 48 5.4 0.4 6.9 0.4 34 11.3 0.6 14.9 0.6 16 24.7 0.8 33.7 1
berlin52 52 159100 67 2.7 0.2 2.8 0.2 48 5.1 0.4 6.6 0.3 23 11.4 0.7 14.1 0.8
A-n60-k9 60 16756 12 6.8 0.5 8.1 0.5 12 13.8 1 16.5 0.9 12 25.3 1.2 36.2 1.4
B-n68-k9 68 17566 46 8 0.8 8 0.6 35 15.3 1.3 24.2 1.4 29 31.9 1.3 61.4 1.3
F-n72-k4 72 5600 46 6.6 1.2 8.5 1.4 35 14.3 1.1 20.6 2 23 28.8 1.6 41.9 1.7

rus75 75 21814 63 39 0.4 3.9 0.4 38 9.6 0.8 9.6 0.9 10 19.6 1.5 19.7 L5

eil76 76 11886 39 6 1 6 1.1 26 12.3 1.4 15 1.7 16 25.7 1.8 36.3 2.1

A-n80-k10 80 20073 43 3.7 1 3.7 1.1 35 9.1 1.8 11.7 1.8 19 22.7 1.9 322 2

rd100 100 | 3216324 | 42 42 1.4 42 1.4 27 9.5 2.1 10.4 2.7 14 20.5 2.8 275 33
E-nl01-k14 | 101 17024 46 42 1.6 4.3 1.4 27 10.7 2.7 12.3 3.4 20 21 4.1 311 5.1

10G2 101 28011 45 6.1 1.4 6.1 1.6 35 12.3 32 18.1 3 22 28.2 34 46.6 35
F-n135-k7 135 | 29597.7 73 4.6 0.7 4.6 0.5 63 8.5 0.6 8.5 0.9 49 15.4 23 15.4 1.8
Ch150 150 | 284698.2 52 3 25 3 2.6 32 7.6 7 8.6 4.1 18 18.8 5.6 25.3 75
d198 198 | 897530.6 | 57 22 2.5 22 1.8 41 6.7 39 7.1 4.1 33 16 43 21.3 4.8
2r229 229 | 770239 16 10.6 14.4 10.6 234 9 207 345 | 207 26.2 4 383 347 | 405 457
a280 280 169022 66 24 54 2.4 5.7 48 59 24.5 6.5 15 31 125 497 | 164 1622

1lin318 318 | 3085675 33 55 81.8 6 562 | 22 10.5 89 16.7  256.2 16 23.1 512 | 413 43
1417 417 | 2899108.8 6 59 10533 | 135 1942 4 124 2000 | 31.3  2000.2 3 27.1 2000 | 67.7 2000

k4, AZ% almost doubles moving from one 6 level to another. The same pattern is observed for D40 or
eil51. B values rarely affect the interdiction rates in F-n45-k4, rus75 and F-n135-k7.

CPU time: In most instances, CPU time increases as with longer barriers (higher 6 values). One of
the rare exceptions is lin318 for which lower CPU times are obtained at =60 compared to those of
6=45. When these results are compared with those of 1M variants (Table 3.8), we can observe that
CPU time has improved or worsened depending on the instance. For example, in gr229-1M with =60
and $=0.25 the MIP model is solved in 26.1 seconds whereas its WM variant takes 45.7 seconds to be
solved. However, under the same setting, 1M variant of 1in318 is solved in 107.7 seconds compared to
just 43 seconds obtained for WM variant.

Table 3.13 shows the average interdiction rates for all instances along with CPU time for small and
medium instances. On average, the interdiction rate increases, the angle gets wider, and disruption rate
increases. In both small and medium instances, CPU time increases with angle and disruption rate. On
average, CPU times obtained for WM variants are slightly lower than those of 1M variants except for
6=30 and 5=0.1 (see Table 3.9).

Table 3.13: Summary of results for WM variants

30 45 60
0.1 0.25 0.1 0.25 0.1 0.25
AZ% 5.80 8.02 12.25 18.58 | 24.92 40
CPU (Small) 0.41 0.445 | 0.635 0.75 0.79 0.93
CPU (Medium) | 116.5 203.66 | 216.75 231.58 | 215.81 227.69
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3.4 Computational Results for the One-to-Many Problems with 8 = 1 Using Algorithm

Recall that when there is no constraint on the total weight of disrupted points (8 = 1), the optimal
solution can be found using the algorithm explained in Section 3.4. In addition, it is possible to solve
MIP models of instances with =1 and compare the results with those of the algorithm. Not only does
this cross-checking ensure the validity of MIP model and algorithm but also provides a fair ground to
compare their performance in terms of required processing time.

The application for the algorithm is programmed using visual basic .NET (Microsoft, 2012).
A. 1B Variants

Table 3.14 shows the computational results for the algorithm applied on 1B variants of instances. E%
is the percentage of eliminated points based on given 6 parameters. AZ% shows the interdiction rate
due to the barrier as a percentage of increase in the original objective function:
ANZ =7 -7
( 0) <1
0

AZ% = 00

where Z, and Z are the total weighted distance between source and sink points before and after locating
the line barrier.

Table 3.14: Computational results for one-to-many problems with 8 = 1 for 1B variants

0 30 45 60
Instances n Zy E% | AZ% | CPU1 | CPU2 | E% | AZ% | CPU1 | CPU2 | E% | AZ% | CPU1 | CPU2
D8-Canbolat | 8 65 25 23.5 0 0.1 25 58.5 0 0 25 | 121.5 0 0
E-n22-k4 22 1182 18 33.8 0 0.4 5 73.9 0 0.4 5 143.4 0 0.5
D28 28 10403 7 20.3 0.02 0.8 0 57.8 0 0.5 0 123.7 0 0.5
B-n31-k5 31 1694.5 90 2.9 0 0 23 6.5 0.02 0.6 19 28.3 0.02 0.7
A-n32-k5 32 2315 31 11.5 0 0.4 19 315 0 0.6 19 72.8 0.02 0.6
D40 40 11645 18 | 48.1 0.02 0.8 10 | 955 0 0.7 5 177.5 0 0.8
B-n41-k6 41 3362 20 11.6 0.02 1.1 12 38.1 0 1.6 12 93.9 0 1.3
A-n45-k6 45 3373.5 22 11.6 0 0.9 22 32.4 0.02 1.1 16 73.4 0.02 1.5
F-n45-k4 45 5879 2 29.6 0.02 2.4 2 723 0.02 1.6 2 150.7 | 0.02 1.7
att48 48 174125 29 239 0.02 1 27 50.9 0.02 1.1 19 97.7 0.02 1.4
B-n50-k7 50 3508 26 17.6 0.02 1.4 18 39.1 0.02 1.4 14 93.2 0.02 1.8
D50 50 12397 2 30.4 0.02 1.9 2 65.5 0.02 2.1 2 127.3 | 0.02 2
eil51 51 2489 14 16.4 0.02 2.5 12 | 428 0.02 1.6 2 93.4 0.02 2

berlin52 52 46522 25 18.6 0.02 1.5 13 47.6 0.02 1.5 10 | 103.7 | 0.03 1.8
A-n60-k9 60 4584 5 16.6 0.03 2.9 5 49.2 0.03 22 5 107.3 | 0.03 2.3
B-n68-k9 68 4898 29 25.7 0.03 1.8 24 | 62.6 0.05 1.8 15 | 1285 | 0.05 1.9
F-n72-k4 72 2600 6 34.2 0.06 9.3 3 76.2 0.11 6.2 1 148.8 | 0.06 6.3
rus75 75 5083.5 25 10.5 0.05 32 17 31.9 0.05 4.6 9 80.6 0.06 2.6
eil76 76 3703 17 15.4 0.06 5.3 11 41.3 0.06 4.8 7 91.7 0.08 53
A-n80-k10 80 5530 26 14.5 0.05 4.7 15 36.3 0.06 4.3 6 71.5 0.08 4.8
rd100 100 83112 19 19.5 0.12 4 13 50.1 0.14 6.6 10 | 1052 | 0.17 43
E-n101-k14 | 101 5029.5 16 14.1 0.12 14 6 38.8 0.14 11.6 4 83.7 0.16 8.8
10G2 101 7469 26 15.2 0.12 14.9 14 38.2 0.14 14.4 10 89.6 0.14 39.4
F-n135-k7 | 135 | 13761.6 | 72 1.5 0.09 1.3 13 59 0.3 14.8 3 36.8 0.36 15.6
Ch150 150 | 80157.7 | 21 11.6 0.42 35.4 13 373 0.48 11.3 7 87.3 0.5 12.7

d198 198 | 411628.6 | 17 27.7 1.08 109.3 1 63.8 1.23 335 1 1285 | 1.28 1000
gr229 229 | 641924 1 65.9 1.89 | 3149 1 123.7 | 1.89 34.1 1 2239 | 191 99.8
a280 280 | 43422 44 7.6 1.78 1143 | 24 21 2.44 137.6 | 12 50.9 291 1000
1lin318 318 | 855394 18 21.6 3.92 93.6 12 | 533 439 | 5082 7 108.5 | 4.73 1000
1417 417 | 586807.7 | 37 36.7 6.33 193.1 | 37 83.4 6.52 1000 37 | 1644 | 6.62 1000

The Z, values are given in the table. The obtained objective values for all instances via algorithm and
MIP model are observed to be identical which ensures that both of these approaches work correctly.
For the sake of brevity, the corresponding AZ% values are shown only once.
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In order to compare the performance of the algorithm and MIP models two CPU times are given in
tables: CPUL1 is the processing time for the algorithm and CPU?2 is the required time when the same
problem is solved with MIP model.

Objective function: Since there is no disruption constraint for these problems, the barrier length is
only restricted by 6 values. Higher 6 values allow longer barriers and eliminate fewer points in pre-
processing, leading to higher interdiction. For example, in D28, the interdiction rate with 6=30 is
just 20.3% which can be increased up to 123.7% if =60 is chosen. The highest interdiction rate
obtained for the same instance with the same angle is 70.8% at 5=0.25 (see Table 3.6), which means
that disruption constraint has had a significant result on this instance. However, the same disruption

constraint does not show the same effect on A-n80-k10 and a280.

As the results suggest, the algorithm solves the problems several times faster than the MIP model.
Even a large instance like fl417 can be solved in a few seconds by the algorithm whereas MIP model
struggles to find the optimal solution with higher 8 angles. Figure 3.2 shows how CPU time grows
when the MIP model solved with =30 for large instances while the algorithm conveniently handles

all instances.
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Figure 3.2: CPU time obtained for 30 instances with § = 30 and 5 = 1

Table 3.15 shows the summary of results for 1B variants of instances with f=1. On average, the
interdiction rate doubles by every 15 degrees increase in the angle. The algorithm’s CPU time (CPU1)
slightly increases as the angles gets wider. However, MIP models seem to be struggling for medium
instances when 6=60. There is a significant difference between the performance of the algorithm and
MIP models. In small instances (n < 100), the algorithm is more than 75 times faster than MIP models.
In medium instances (n > 100) with =30 the CPUI is more than 50 times faster than MIP models
which can go up to 220 times if =60 is chosen.

Table 3.15: Summary of results for 1B variants when 5 = 1

0 30 45 60
AZ% 21.27 | 50.85 | 107.12
CPUI (Small) | 0.023 | 0.026 | 0.0275
CPU2 (Small) 2.12 1.935 1.99
CPU1 (Medium) | 1.587 | 1.767 1.878
CPU2 (Medium) | 89.48 | 177.21 | 418.06
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B. 1M Variants

Table 3.16 shows the computational results for 1M variants of instances via algorithm and MIP models.
Before solving MIP models, they are decomposed into two subproblems representing the upper and
lower half-spaces on the plane with respect to the location of the source point. To solve each of the
subproblems 1000 seconds time limit is assigned.

Table 3.16: Computational results for the one-to-many problems with § = 1 for 1M variants

0 30 45 60
Instances n Zy E% | AZ% | CPU1 | CPU2 | E% | AZ% | CPU1 | CPU2 | E% | AZ% | CPU1 | CPU2
D8-Canbolat | 8 46 50 17.6 0 0 38 32.6 0 0 25 70.7 0 0
E-n22-k4 22 722 18 10.5 0 0.2 14 29.1 0 0.3 9 64.4 0 0.2
D28 28 5435 43 13.6 0 0.1 39 28 0 0.2 21 56.5 0 0.3
B-n31-k5 31 774 48 8 0 0.2 42 204 0 0.2 23 42 0 0.3
A-n32-k5 32 1779 53 49 0 0.1 28 11.1 0 0.3 19 23.6 0 0.4
D40 40 6058 23 21.8 0 0.5 10 | 458 0.02 0.6 10 87.4 0.02 0.5
B-n41-k6 41 2197 51 6.3 0 0.2 39 13.3 0 0.4 39 34.8 0 0.3
A-n45-k6 45 2453 27 39 0 0.3 27 10.4 0 0.6 13 259 0.02 0.7
F-n45-k4 45 2157.5 64 42 0 0 64 10.3 0.02 0.2 31 223 0 0.4
att48 48 141559 27 16.1 0.02 0.6 13 33.1 0.02 0.8 8 65 0.02 1
B-n50-k7 50 2512 42 6 0 0.3 14 17.9 0.02 0.9 14 | 41.6 0.02 1
D50 50 6211 32 10.1 0 0.6 24 21.9 0.02 0.8 14 | 43.6 0.02 1
eil51 51 1529 43 45 0.02 0.5 29 10.6 0.02 0.8 16 | 285 0.02 0.9
berlin52 52 25425 63 39 0 0.1 42 8.3 0 0.5 25 17.7 0 0.8
A-n60-k9 60 3018 15 10.7 0.03 0.5 15 213 0.03 1 15 | 46.6 0.03 1.2

B-n68-k9 68 3394 43 8.9 0.06 0.9 29 27.2 0.05 1.3 25 69.9 0.05 1.1
F-n72-k4 72 1142 39 9.3 0.05 12 28 20.8 0.05 1.4 15 42.4 0.05 1.8
rus75 75 3465 61 3.7 0.03 0.4 33 9.7 0.03 1 13 20 0.05 1.9
eil76 76 2353 39 4.8 0.03 1.2 22 12.2 0.05 1.7 14 29.6 0.05 24
A-n80-k10 80 3822 46 5.1 0.03 1.1 30 14.1 0.06 1.5 18 36.4 0.06 2.1
rd100 100 | 533382 | 46 45 0.08 1.3 27 11.3 0.11 2.4 19 29.3 0.14 2.6
E-n101-k14 | 101 3258 42 3.6 0.09 1.5 25 9.7 0.12 32 14 26.6 0.12 7.7
10G2 101 5084 41 4.7 0.08 1.6 41 112 0.09 4.4 13 31.7 0.12 5
F-n135-k7 | 135 | 5431.1 76 34 0.11 0.4 65 6.2 0.16 1.5 46 11.7 0.19 22
Ch150 150 | 51491.7 51 32 0.25 23 28 8.1 0.36 5.6 13 232 0.44 8.3

d198 198 | 158761.3 | 60 1.7 0.38 2.7 44 7.1 0.52 4.4 35 20.4 0.66 4.3
gr229 229 | 13846.8 17 10 1.41 232 8 20.5 1.56 24.3 4 439 1.67 31.8
a280 280 31918 67 1.9 0.84 9.6 48 5.4 1.52 45.6 31 15.2 2.19 188.8
1lin318 318 | 557400 33 4.9 3.05 58.6 24 14.4 3.61 259.5 13 38.7 4.08 153
fl417 417 | 5133782 | 5 10.5 9.81 1141.9 3 355 | 10.38 | 2000.1 2 83.3 | 10.61 | 2000

Objective function: As expected, the interdiction rates (AZ%) increase as the angle 6 gets wide. For
example, in berlin52, the interdiction rate increases from 3.9% at =30 to 17.7% at =60 which are, in
comparison, much lower than the rates obtained from 1B variant of this instance. The reason for that,
is distribution of sink points and location of the source points that leads such huge point elimination in
the 1M variant.

CPU time: The algorithm can solve the small instances in almost negligible amount of time. But
when it comes to medium instances, CPU1 slightly takes off. However, algorithm outperforms MIP
approach in all instances. For example, fl417, which cannot be solved by MIP model in less than 1000
seconds, is solved in about 10 seconds using the algorithm.

Table 3.17 shows the summary results for 1M variants when S=1. The average interdiction rate in-
creases almost by two folds every time the angle is widened by 15 degrees. Algorithm is more than 30
times faster than MIP models in small instances (n < 100) and the gap between their CPU times even
gets wider with medium instance (n > 100).
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C. WB Variants

Table 3.17: Summary of results for 1M variants when 8 = 1

0 30 45 60
AZ% 7.41 17.58 | 39.76
CPU1 (Small) | 0.0135 | 0.0195 | 0.0205
CPU2 (Small) 0.45 0.725 | 00915
CPU1 (Medium) 1.61 1.843 | 2.022
CPU2 (Medium) | 124.31 | 235.1 | 240.37

Table 3.18 shows the computational results for WB variants using algorithm and MIP approaches.

Table 3.18: Computational results for one-to-many problems with § = 1 for WB variants

0 30 45 60
Instances n Zy E% | AZ% | CPU1 | CPU2 | E% | AZ% | CPU1 | CPU2 | E% | AZ% | CPU1 | CPU2
D8-Canbolat | 8 336 24 28.7 0 0 24 72 0 0 24 11513 0 0
E-n22-k4 22 6418 21 30.9 0 0.3 3 72.6 0 0.4 3 144.7 0 0.5
D28 28 59705 6 25 0.02 0.6 0 65.8 0 0.6 0 137.7 0 0.5
B-n31-k5 31 8595.5 93 12 0 0 26 6.1 0 0.5 21 28 0 0.6
A-n32-k5 32 15836 32 11.2 0 0.5 17 319 0.02 0.6 17 74.5 0 0.5
D40 40 14076.5 36 39.8 0.02 0.8 23 79 0 0.9 15 | 1469 0 1
B-n41-k6 41 4324 15 23.8 0.02 0.9 9 51.3 0.02 0.9 9 111.1 0 0.8
A-n45-k6 45 18122.5 21 7.6 0 1 21 25.6 0 1.2 12 68.2 0.02 1.2
F-n45-k4 45 26113.5 3 29.3 0.02 1.7 3 73.7 0.02 12 3 154.4 | 0.02 1.1
att48 48 937901 27 259 0.02 0.8 25 54.5 0 0.8 17 | 103.9 | 0.02 1.2
B-n50-k7 50 19725.5 28 14.4 0 13 17 37.8 0.02 1.4 12 94.1 0.02 1.2
D50 50 14352 7 29.5 0.02 2.3 7 62.4 0.02 2.5 7 120.2 | 0.03 1.8
eil51 51 12302 14 18.5 0.02 1.7 9 475 0.03 2 2 100.8 | 0.02 1.7
berlin52 52 | 262069.5 29 16 0.02 1.3 15 40.5 0.02 1.7 10 90.4 0.03 1.8
A-n60-k9 60 26130 4 19.5 0.02 2.1 4 53.1 0.03 22 4 112.1 | 0.03 2
B-n68-k9 68 27920 24 25.4 0.03 2 19 62.8 0.05 1.5 14 | 130.8 | 0.03 1.7
F-n72-k4 72 13459 3 333 0.06 8.5 1 75.9 0.06 5.6 1 150 0.06 3.1
rus75 75 31343.5 27 10.2 0.05 3.7 18 31.6 0.05 3.7 12 78.9 0.05 2.4
eil76 76 19808 12 17.6 0.06 4.9 8 46.1 0.06 6.5 6 104 0.06 4.4
A-n80-k10 80 30282 22 13.9 0.06 4.1 12 34.4 0.06 43 5 717 0.08 4.9
rd100 100 513349 18 22.7 0.12 4.4 12 53.8 0.14 6 9 1103 | 0.19 59
E-n101-k14 | 101 26667 13 13.5 0.14 14 5 38 0.16 8.6 3 82.8 0.16 12.5
10G2 101 42515 23 16.7 0.12 9.8 11 40.4 0.14 12.5 9 91.9 0.16 14.6
F-n135-k7 135 | 77720.3 69 13 0.11 1 13 6.2 0.28 25.6 2 36.5 0.36 16
Ch150 150 | 4473342 | 20 12.5 0.42 15.6 12 37.1 0.47 14.2 7 86.8 0.55 19.1
d19s8 198 | 23530403 | 15 28.5 1.11 176.7 0 65.5 1.23 43.1 0 1315 | 1.23 30.4
gr229 229 | 356116.7 1 66.7 1.89 64.3 1 1249 | 191 49.3 1 2258 | 191 473
a280 280 229495 43 8.9 1.77 45 23 23 247 97.8 12 54 2.89 | 643.1
lin318 318 | 4670951 20 22.5 3.92 68.4 13 53.6 4.55 76 7 108.6 | 4.75 111.1
1417 417 | 3183500.3 | 39 36.4 6.5 1000 39 82 6.52 81.1 39 | 160.8 | 6.62 | 3322

Objective function: Since there is no disruption constraint in this problem, the interdiction rates are

only dependent on barrier length and, therefore, increase as the angle 6 increases.

CPU time: The algorithm performs almost at the same levels with 1B variants and outperforms the

MIP models. However, MIP models are solved faster in compared to 1B variants in larger instances.

For example, d198-1B could not be solved in 1000 seconds whereas it takes only 30.4 seconds to solve

d198-WB. These problems are solved in 1.28 and 1.23 seconds with the algorithm.

Table 3.19 shows the summary of results for WB variants. The interdiction rates almost double with
every 15 degrees added to the angle 6. The algorithm, on average, hits optimality at least 60 times faster
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than the MIP model in small instances (n < 100). The same ratio is observed for medium instances
(n = 100) except in =45 where the algorithm is 23 times faster than MIP model. The reason is that
82% of points are eliminated in f417 when =45 leading to a huge decrease in average CPU2.

Table 3.19: Summary of results for WB variants when 5 = 1

0 30 45 60
AZ% 21.71 | 51.64 | 108.96
CPU1 (Small) 0.022 | 0.023 | 0.0235
CPU2 (Small) 1.925 | 1.925 1.62
CPU1 (Medium) 1.61 1.787 | 1.882
CPU2 (Medium) | 139.92 | 41.42 | 123.22

D. WM Variants

Table 3.20 shows the computational results for WM variants of instances when 8 = 1 where almost
similar results are observed.

Table 3.20: Computational results for one-to-many problems with 8 = 1 for WM variants

0 30 45 60
Instances n Zy E% | AZ% | CPU1 | CPU2 | E% | AZ% | CPU1 | CPU2 | E% | AZ% | CPUl1 | CPU2
D8-Canbolat | 8 187 57 14.7 0 0 57 33.7 0 0 22 74.9 0 0
E-n22-k4 22 3854 19 15 0 0.2 13 36.7 0 0.2 9 74.2 0 0.3
D28 28 27764 49 12.5 0 0.1 43 26 0.02 0.2 19 522 0 0.3
B-n31-k5 31 3739 53 12 0 0.2 48 27.3 0.02 0.1 29 54 0 0.2
A-n32-k5 32 12280 56 45 0 0.1 29 10 0 0.3 19 24.9 0.02 0.4
D40 40 11731 15 33.7 0.02 0.5 7 70.9 0.03 0.5 7 135.3 | 0.02 0.5
B-n41-k6 41 2582 41 8.5 0 0.2 31 17.3 0.02 0.3 31 38.5 0 0.3
A-n45-k6 45 12959 34 2.8 0.02 0.3 34 6.3 0 0.5 19 17.5 0 0.8
F-n45-k4 45 9843.5 56 4.4 0 0 56 10.5 0 0.1 38 21.1 0.02 0.4
att48 48 776397 33 15 0.02 0.5 15 333 0.02 0.8 6 69.9 0.02 0.8
B-n50-k7 50 13877 52 4.7 0.02 0.4 19 15.6 0.02 0.9 19 354 0.02 1
D50 50 9392 26 18.2 0.02 0.5 19 37.7 0.02 0.7 15 7.7 0.02 0.8
eil51 51 7288 48 6.9 0.02 0.4 34 14.9 0.02 0.6 16 33.7 0.02 0.9
berlin52 52 159100 67 2.8 0 0.2 48 6.6 0 0.3 23 14.1 0.02 0.7

A-n60-k9 60 16756 12 8.1 0.03 0.4 12 16.5 0.03 1.2 12 36.2 0.03 1.1
B-n68-k9 68 17566 46 8 0.03 0.6 35 242 0.03 1.4 29 61.4 0.05 1
F-n72-k4 72 5600 46 8.5 0.03 12 35 20.6 0.03 1.3 23 419 0.05 1.4
rus75 75 21814 63 3.9 0.03 0.4 38 9.6 0.05 0.9 10 19.7 0.05 1.7
eil76 76 11886 39 6 0.05 1 26 15 0.05 1.6 16 36.3 0.05 2
A-n80-k10 80 20073 43 3.7 0.05 1.1 35 11.7 0.05 1.4 19 322 0.06 1.9
rd100 100 | 3216324 | 42 42 0.08 1.3 27 10.4 0.11 33 14 27.5 0.12 2.8
E-n101-k14 | 101 17024 46 43 0.09 1.4 27 12.3 0.16 32 20 31.1 0.14 4.8
10G2 101 28011 45 6.1 0.09 1.5 35 18.1 0.11 3.8 22 | 46.6 0.12 3.4
F-n135-k7 135 | 29597.7 73 4.6 0.11 0.5 63 8.5 0.14 1.3 49 154 0.19 2.4
Ch150 150 | 284698.2 | 52 2.8 0.25 2.4 32 8.1 0.39 4 18 23.5 0.44 5.1

d198 198 | 897530.6 | 57 2.2 0.38 35 41 7.1 0.52 3.7 33 21.3 0.67 5
gr229 229 | 77023.9 16 10.6 1.36 24.8 9 20.7 1.56 20.1 4 43.4 1.67 20.7
a280 280 169022 66 2.4 0.83 5.7 48 6.5 1.53 26.7 31 16.4 22 124.1

lin318 318 | 3085675 33 6 3.06 57.6 22 16.7 3.52 365.1 16 | 42.7 4.02 67.8
417 417 | 2899108.8 | 6 14.8 9.78 | 1246.7 | 4 46.9 | 10.34 | 2000.1 3 103.9 | 10.58 | 2000

Objective function: Since there is no disruption constraint in this problem, the interdiction rates are
only dependent on barrier length and, therefore, increase as the angle 6 increases.

CPU time: Since algorithm is not dependent on the weight of sink points, it must presumably require
almost the same amount of time for WM variants as it does for 1M variants. For example, a280-1M is
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solved in 2.19 seconds while a280-WM needed almost the same amount of time (2.2 seconds) to find
the optimal solution.

Table 3.21 shows the summary of results for WM variants. The interdiction rates almost double with
every 15 degrees added to the angle 6. The algorithm, on average, hits optimality at least 25 times
faster than the MIP model in small instances (n < 100). This ratio even increases to at least 80 times
with medium instances.

Table 3.21: Summary of results for WM variants when 8 = 1

0 30 45 60
AZ% 8.40 19.99 | 43.90
CPU1 (Small) 0.017 | 0.0205 | 0.0225
CPU2 (Small) 0415 | 0.665 | 0.825
CPU1 (Medium) | 1.603 1.838 | 2.015
CPU2 (Medium) | 134.54 | 243.13 | 223.61

3.5 Post-optimization Analysis on Maximum Possible Disruption Rate

Suppose that D is the set of all sink points and Q is the set of invisible sink points due to the barrier.
Then, the actual interdiction rate, ,@, is obtained as following:
B = Dieg Wi
e Wi
Based on j3 values for each 6, we discover how effective the parameter 8 has been designed for different
variants of instances. Table 3.22 shows actual interdiction rates, ,3, for 10 instances after optimally
locating the line barrier using S=1.

Table 3.22: Maximum interdiction rate (3) obtained for 10 instances

Variant 1B 1M WB WM
0 30 45 60 30 45 60 30 45 60 30 45 60

E-n22-k4 | 05 | 0.5 | 05 | 0.09 | 0.27 | 0.27 | 0.55 | 055 | 0.55 | 0.2 | 0.23 | 0.23
B-n31-k5 | 0.03 | 0.03 | 0.52 | 0.19 | 0.19 | 0.19 | 0.01 | 0.34 | 0.52 | 0.21 | 0.21 | 0.21
D40 0.65|065]065| 02 | 02 | 02 (043|043 | 043|039 | 0.39 | 0.39
F-n45-k4 | 0.62 | 0.78 | 091 | 0.07 | 0.07 | 0.09 | 0.7 | 0.76 | 0.9 | 0.03 | 0.03 | 0.03
B-n50-k7 | 0.24 | 0.34 | 0.48 | 0.14 | 022 | 022 | 0.2 | 048 | 0.48 | 0.11 | 0.18 | 0.18
berlin52 | 0.48 | 0.58 | 0.62 | 0.04 | 0.08 | 0.1 | 041 | 0.5 | 0.54 | 0.1 0.1 | 0.12
F-n72-k4 | 0.6 | 06 | 0.6 | 0.1 | 0.18 | 0.18 | 0.6 | 0.64 | 0.64 | 0.19 | 0.19 | 0.24
F-n135-k7 | 0.03 | 0.21 | 0.73 | 0.03 | 0.03 | 0.04 | 0.03 | 0.22 | 0.74 | 0.04 | 0.04 | 0.05
d198 0.66 | 0.69 | 0.73 | 0.04 | 0.16 | 0.17 | 0.68 | 0.7 | 0.74 | 0.05 | 0.16 | 0.18
fl417 045|045 ] 045 ]0.19 | 037 | 0.37 | 043 | 043 | 043 | 0.29 | 0.39 | 0.39

For example, in E-n22-k4-1B, choosing a 8 rate higher than 0.5 for disruption constraint does not make
any difference in the final solution because at most 50% of points can be disrupted. Interestingly, if
6=30 is chosen for F-n135-k7-1B, at most 3% of points can be disrupted, thus, setting any 5 higher
than 0.03 would result in the same solution.
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The effectiveness of 8 and disruption constraint is highly dependent on distribution of sink points and
location of source point on the plane. For example, B-n31-k5 is a clustered instance that sink points
are scattered at two sides of the border source. Therefore, most of sink points are eliminated when
6=30 or 45 are chosen. =60, however, provides wide enough angle that can include many more sink
points for disruption. In 1M variant of this instance, 3 goes up to 0.19. In a vertical instance like
F-n72-k4-1B an interdiction rate up to 0.6 is effective whereas in its 1M variant only $=0.04 can make
a difference.
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CHAPTER 4

THE MANY-TO-MANY RECTILINEAR INTERDICTION WITH A LINE BARRIER ON A
PLANE

4.1 Problem Preliminaries and Formulation

We assume a set of points on the plane that are considered as sources and sinks where the flow is from
the source towards the sink in rectilinear distance. In this chapter, we assume all points on the plane
have functions of both source and sink, i.e. every point communicates with every other point on the
plane. This problem, hereinafter called many-to-many problem, might be seen as a complete graph
in which each node on a graph with n nodes is directly “connected” to the n — 1 nodes if it would
be considered under network terminology. Figure 4.1 illustrates an example setting of many-to-many
problem in which all points are connected to each other in rectilinear metric. Note that the illustrated
paths are just one of many alternative rectilinear paths between points.

10 4
P8 P7

] ]

P&

7 4 ® s

14 Pig

o 1 2 3 4 5 6 7 8 9 10

Figure 4.1: Eight source and sink points are communicating with each other in rectilinear distance

The accessibility of points to each other is not desired and, therefore, our objective is to locate a
horizontal line barrier such that it maximizes the all-pair weighted rectilinear distances between points.
Trespassing through the barrier is assumed to be impossible. A real life example of such problem is
locating a wall in a city such that the flow on rectilinear streets are disrupted by the wall. The barrier
has a finite length and the total weight of disrupted pairs can also be restricted. Based on these features,
following problems are introduced and solved in this chapter:
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1. The many-to-many interdiction problem with a line barrier on a plane subject to a disruption
constraint. In this problem, the total weight of disrupted points should not exceed a certain
percentage of the total weights.

2. The many-to-many interdiction problem with a line barrier on a plane. This problem is special
case of the above problem with no disruption constraint.

Note that this problem looks similar to the one-to-many problem although the objective function is
totally different, which increases the complexity of the problem. The objective function in the many-
to-many problem is the total weighted rectilinear distance between all pairs of points whereas in one-
to-many problem the rectilinear distance between sink points and a single source point is a matter of
concern.

To define the length of barrier in the many-to-many problem, an obnoxious point is introduced such
that the closer the barrier gets to this obnoxious point, the shorter length is allowed for the barrier. The
obnoxious point can be seen as a difficult place to reach, a dangerous place to go or a critical place
to preserve. For example, building a barrier in a mountainous area becomes more difficult as altitude
increases towards the summit. A historical or strategic place that is important for us can also function
as the obnoxious point. In the one-to-many problem, the source point can be seen the obnoxious point.

The required preliminaries and assumptions are briefly explained next.

4.1.1 Preliminaries and Assumptions

Distance norm: All distances are computed in rectilinear (or Manhattan) metric.

Barrier Type: The barrier is a horizontal line segment with negligible width that can be located any-
where on the plane such that the total weighted rectilinear distance between source and sink points is
maximized. The problem with a vertical line segment can be converted into a problem with horizon-
tal line segment by simply rotating the points on the plane as much as 90 degrees and the rectilinear
distances between points remain the same.

Disruption: There is symmetry in disruption of points. That is, if the distance from point A to point B
is disrupted by the barrier, the distance from B to A is also disrupted by the same amount. Since both
points are source and sink at the same time, sum of their weights will be used in disruption constraint.

Barrier length: Line barrier has a variable length to be determined by its vertical distance from an
obnoxious point. The closer the barrier is to the obnoxious point, the shorter length it is allowed to
have.

Barrier-point intersection: If a barrier falls on a point, the barrier will be shifted along the y-axis
towards the obnoxious point with a negligible amount €, € > 0.

Distance function: Consider n points on the plane. The rectilinear distance between a sink point P;
and a source point P; is:

I(P;, Pj) = |a; — aj| + |b; — byl 4.1)

Since the distance metric is rectilinear, there are several alternative paths between P; and P; with equal
distances. Figure 4.2 shows two alternative paths between P; and Pg with dash pattern. Note that the
word “’path” used in this context simply means ”"way” on the plane and it does not intend the meaning
used in network terminology in which a ”path” goes through a set of nodes and arcs.
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Figure 4.2: Two alternative paths between P3 and Pg

In the many-to-many problems, the total weighted distance between all source and sink points is rep-
resented by following expression:

2D WNTCNIED I WTIEIIED PR 42)
=1 =1 =1 j=1 =1 j=1

When there is a line barrier on the plane, it may disrupt some I(P;, P;) by blocking all alternative paths
between P; and P;. In that case, the shortest path that does not go through the barrier will give the
shortest distance between P; and P;. The total distance expression in 4.2 can be written as:

Z= Z Z wil(P;, P;) (4.3)

i=1 j=1

where [2(P;, P) refers to the distance corresponding to the shortest path round the barrier. If the barrier
is effectively blocking all alternative paths between P; and P;, the two points are said to be invisible
to each other, and visible otherwise. If two points are invisible to each other, the rectilinear distance
introduced in equation 4.1 is no longer valid and the shortest path that does not intersect with the
barrier has to be calculated. For this, invisible points due to the barrier have to be identified first and
then the shortest distance between them has be calculated.

4.1.2 Identifying Disrupted points in Presence of a Single Line Barrier Using Visibility Concept

Lemma 2.1, introduced for visibility in Chapter 2, identifies if a pair of points are invisible to each
other due to the barrier. Therefore, the conditions to call P; and P; invisible are as following:

bi<y<bj\/bj<y<bi “4.4)

and
Xy <A < Xe ANXg < aj <X 4.5)

Throughout this chapter, conditions 4.4 are called y-invisibility and conditions 4.5 are called x-invisibility.
The x-invisibility conditions can be written as:

xg <min{a;, a;} A max{a;,a;} < x, 4.6)
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4.1.3 Calculating the Shortest Distance for Disrupted Points in the Presence of a Single Line
Barrier

As explained in property 2.1 of Chapter 2, a horizontal line barrier can only increase the distance along
x-axis and it has no effect on the distance along the y-axis whatsoever.

When two points are invisible to each other, the shortest path must go through one of the line barrier
ends. Therefore, the shortest distance for a pair of invisible points P; and P; is:

IB(P;, P) = min{la; — x,| + |a; — x|, |x. — @il + |xe — ajl} + |b; = b 4.7

If P; and P; are invisible to each other, we know that their x-coordinates is greater than x, and less
than x,. Therefore, the absolute terms in expression 4.7 can be written as:

I3(P;, P)) = min{a; + a; — 2x,2x, — a; — a;} + |b; = b)| (4.8)
we know that a barrier can only increase the original distance between points. Therefore, the shortest

distance can be obtained by appending the additional distance caused by the barrier to the original
distance. The additional distance is calculated as:

2 min{min(a;, a;) — x5, X, — max(a;, a; if P; invisible to P;
AIB(P,, P)) = min(a;, ;) (@) ! (4.9)
otherwise
The shortest distance for a pair of invisible points P; and P; can be written as:
1°(P;, Pj) = I(P;, P)) + AI*(P;, P)) (4.10)

Example 4.1 Figure 4.3 shows how a barrier starting at (3.4, 6) and ending at (7.8, 6) disrupts the dis-
tances dy 5, d 6, dssand dsg. The amount of interdictions (additional distances), shown with diagonal
pattern on the figure, is as following:

AB(P,, Ps) = 2min{4 — 3.4,7.8 =6} = 1.2
AIB(P3, Pg) = 2min{6 — 3.4,7.8 =7} = 1.6

}

}
AIB(P4, Ps) = 2min{4 — 3.4,7.8 = 5} = 1.2

}

{
{
{
AB(Py4, Pg) = 2min{5 — 34,78 = 7} = 1.6

The interdiction on other points is zero. Suppose that wy = ws = 2 and the weights of other points are
equal to 1. Then, the total amount of interdiction is:
AZ = Z§:1 2?;1 wAB(PLP)=(1+2)12+(1+1Dx1.6+2+2)12+2+1)x1.6=164

The total weight of all pairs of points is 70 while the total weight of disrupted pairs is:

(Wz + W5) + (W2 + W6) + (W4 + W5) + (W4 + W6) =12
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Figure 4.3: A line barrier disrupts 4 pair-distances

4.1.4 Constraining the Barrier Length

Length and location of the barrier can affect the invisibility conditions for a pair of points. In the
many-to-many problem, we that assume there is an obnoxious point on the plane proximity to which
is not desired. The closer does the barrier get to this obnoxious point, the shorter length it is allowed
to have. For simplicity, only the distance along the y-axis between the barrier and the obnoxious point
is considered.

This setting can be formulated as follows. Suppose that b,;, and y are the y-coordinates of the obnox-
ious point and the barrier, respectively, such that [y — b,,| gives the vertical distance between them.
Then, the length of the barrier, L, is determined by following constraint:

L< a’ly - bobnl

where « is a constant ratio. Above constraint can be seen as an isosceles triangle where the obnoxious
point is at the vertex and the barrier is located on the base side of the isosceles. We can define the length
rate as @ = 2tan 6 where 0 is the vertex angle between a leg and the height of the isosceles. Therefore,
parameter « itself can be represented by an angle parameter 6° as @ = 2 tan 8° where 6° € (0, 90).

As shown in Figure 4.4.(a), the closer barrier to the obnoxious point is shorter than the further barrier
(L1 < Lp). Besides, Figure 2.9.(b) shows that higher angles (or equivalently higher « ratios) allows
longer barriers. When 6 is increased to ¢, the length of L; and L, increase to L3 and L4, respectively.

4.1.5 Constraining the Total Weight of Disrupted Points (or Presence of a Disruption Con-
straint)

Similar to Section 2.1.5, the total weight of disrupted points is restricted by a disruption rate 8. This
rate defines the fraction of total pair-weights allowed to be disrupted.
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Figure 4.4: Higher angles allow longer barriers: Since 6’ > 6, barriers in (b) are longer than (a).

4.1.6 Problem Formulation

Consider n points P;(i = 1, ...,n) on the plane with coordinates (a;, b;) and weight w; that are commu-
nicating with each other. A barrier is going to be located between points (x4, y) and (x,,y) so as to
maximize weighted disrupted distance subject to a disruption constraint.

An auxiliary variable N;; would take the value 1 if the distance between two points P; and P; is
disrupted:

1 if point P; is invisible to point P;

0 otherwise

Therefore, a conceptual formulation of the many-to-many problem can be presented as below:

n

Maximize Z Zn: WiZij (4.11)

roxerl 4= 4
J#
subject to
L=x,— x, 4.12)
L < aly = bopl (4.13)
DI wiNg <Y S w (4.14)
i=1 j=1 i=1 j=1
i i
Zij = la; — Clj| + |b; — bjl + Nij * 2min{min(ai, aj) — Xg, Xe — max(a,-,aj)} (415)

Note that Z;; refers to the shortest distance between points P; and P; in the presence of the barrier. The
objective is to maximize the total weighted disrupted distance between all pairs of points. The length
of the barrier is determined in (4.12) and limited in constraint (4.13) with respect to its y-distance from
the obnoxious point. Constraint (4.14) is the disruption constraint where the total weight of disrupted
pairs is limited by a constant rate 8. Equation (4.15) increases the rectilinear distance between P; and
P should they be invisible to each other.

In Section 4.2, a mixed-integer programming model is developed for this problem.
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4.2 Mathematical Model for the Many-to-Many Rectilinear Interdiction with a Line Barrier
on a Plane Subject to a Disruption Constraint

Linearization operations required for modeling the many-to-many problems are the same as in the
one-to-many problem (see Section 2.2). A complete list of parameters and variables used in the many-
to-many problems are given below.

4.2.1 Parameters

D = Set of n points on the plane

P; = Sink point i with coordinates (a;, b;) and weight w;,i € D.

P; = Source point j with coordinates (a;, b;) and weight w;, j € D.

amax = The maximum coordinate along the x-axis in the convex hull of all points

amin = The minimum coordinate in the x-axis in the convex hull of all points

bmax = The maximum coordinate in the y-axis in the convex hull of all points

bmin = The minimum coordinate in the y-axis in the convex hull of all points

P,», = An obnoxious point on the plane, proximity to which is not desired. In the many-to-many case,
the obnoxious point is defined as:

1

Aobn = j(amax + amin)
1

bopn = j(bmax + bmin)

B = Maximum disruption rate as a limit on the total weight of disrupted pairs, 0 < 8 < 1.

a = Rate of increase in barrier length based on its vertical distance from the source point. Suppose that
[y — bopn| gives the vertical distance between the barrier and the source point. Then, the length of the
barrier, L, is determined by following constraints:

L< a"y - bobn'

As explained in Section 4.1.4, @ = 2tan 6 where 6 is the vertex angle between a leg and the height of
an isosceles which defines L.
M = A large positive value. The appropriate value for M is determined as being in Section 2.2.5.

4.2.2 Variables

z;j = Shortest distance between sink P; and source P; along the x-axis based on invisibility conditions
with respect to the barrier
xs = Starting point of the barrier along the x-axis
x. = Ending point of the barrier along the x-axis
y = y-coordinate of the horizontal line barrier
L = Length of the barrier, equal to x, — x;
dy, = The vertical distance between the line barrier and the obnoxious point, equal to [y — byl
1 if point P; is invisible to point P;

ij= .
0 otherwise
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N;; would take the value of 1 if both y-invisibility and x-invisibility conditions hold for P; and P;. In
order to have an MIP model with valid N;; values, following binary variables must be introduced:

Binary variables for linearization of d, = |y — b|:

61,0, € {0, 1}

Binary variable for y-invisibility conditions of P; and P;:
1 ifb; >y
0 otherwise

and u?j,y}j,yfj € {0,1}.
Binary variable for x-invisibility conditions of P; and P;:

1 ifa; > x
Vis =

u; =

0 otherwise

1 ifa; <x,
Vie = .
0 otherwise

and/lo /11 Afj,ﬁ 14 €{0,1}.

4.2.3 Mathematical Model

In this problem, every point on the plane communicates with all other points, thereby, all of them are
considered as sources and sinks. The objective is to maximize the total weighted disrupted distances
between all points by locating a line barrier. There is symmetry in interdiction which means if the path
from source P; to sink P; is disrupted, then, the path from the source P; to sink P; is also disrupted
with the same amount of disruption as the former. Therefore, disruption between P; and P; can be
calculated once only by choosing i, j € D where j > i that reduces the number of variables by half.
The objective function and disruption constraint will be modified accordingly. Figure 4.5 shows an
example of considered sink-source pairs in the model, shown as ”x”, for 5 points.

//////////

Figure 4.5: An example of reduction on the number of variables with 5 points

In that case, w; + w; has to be considered as the weight associated to the flow between P; and P;. The
total weight of all distances in this problem can be represented as below:

D> i w)=(DI= 1D D w (4.16)

ieD jeD ieD
J>i
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The MIP formulation for the many-to-many problem is as follows:

Mﬁ)&xlr%ze ; jezD (Wi +w)(zij + b — bjl)
i

subject to

Xe— Xy =L

0<d,+y—Dbopn £ 2ymax-01

0<dp+Dbopn =Y < 2Ymax.02

61+6, =1

L < ad,

bi—y < Mu;

y=b; < M1 - u;)

u+uj= O,u?j + lpilj + Z,uizj

gy + g =1

a; — xs < Mvjg

Xy —a; < M(1 —vyy)

Xe — ai < Mvi,

ai—xe <M1 —-v,)

Vis + Vie + Vjs + Vje = 040 + 12}, + 227, + 327, + 42,

A+ A+ 5+ 2+ 25, =1

Nij < A,

N;; S,u,-lj

Nijz A +ul -1

Z Z (w; + Wj)N,‘j < BZ Z(Wi + Wj)

ieD jeD ieD jeD
j>i j>i

Zij < (aj — x5) + (aj — x) + M(1 — N;j)
Zij £ (Xe —a) + (xe — a;j) + M(1 = Ny)
zij < la; — ajl + MNj;

Xs, X,y are unrestricted-in-sign.
L,d,>0

Zij20

N;;j €{0,1}

01,07 € {0, 1}

Uis s Viss Vie

0 1 2 30 1 2 33
llij’/'tij’ﬂij’ Al‘js /lij, /lij’ /ll‘js

4
A ef0,1)

VieD
VieD
Vi,jeD,j>i
Vi,jeD,j>i
YieD
VieD
VieD
YieD
Vi,jeD,j>i
Vi,jeD,j>i
Vi,jeD,j>i
Vi,jeD,j>i
Vi,jeD,j>i

Vi,jeD,j>i
Vi,jeD,j>i
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(4.37)
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In the objective function (4.17), we try to maximize the total weighted distance between all pairs of

points. Constraint (4.18) determines the relationship between the barrier length and its ending points.
Constraints (4.19) to (4.21) gives the vertical distance between the barrier and the obnoxious point as
dobn = |Yb — Yobnl- In constraint (4.22), the barrier length is determined based on its distance from the
obnoxious point. The further the barrier is from the obnoxious point, the longer barrier can be placed.
Constraints (4.23) to (4.26) inspect the y-invisibility conditions between P; and P; where ,uilj =1if
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they are y-invisible. Constraints (4.27) to (4.30) control whether x; < a; < x, and x; < a; < x,
hold to call P; and P; x-invisible. If so, /l?j = 1 using constraints (4.31) and (4.32). Eventually,
P; and P; are invisible to each other if both y}j and /l?j are 1. To avoid binary multiplication in the
form of N;; = ,uilj/l;.‘j, constraints (4.33) to (4.35) are introduced. Constraint (4.36) is the disruption
constraint on the total weight of disrupted pairs of points. If N;; = 1, the shortest path between P;
and P; has to go through either the starting point or the ending point of the barrier. Therefore, one
of constraints (4.37) and (4.38) would be tight. If N;; = O then the point is visible, which makes
constraint (4.39) tight. (4.40) shows the unrestricted-in-sign variables. Constraints (4.41) and (4.42)
are the non-negativity constraints while constraints (4.43) to (4.46) are integrality constraints required
for invisibility conditions.

For n points, there are @ + 5 continuous variables and 51> — 2n + 2 binary variables used across

1,2
2n

variables, and O(n?) constraint model.

%n + 10 constraints in this model. Hence, it is an O(n?) continuous variables, O(n?) binary

4.3 An Algorithm for the Many-to-Many Rectilinear Interdiction with a Line Barrier on a
Plane

The same model in Section 4.2.3 but without the disruption constraint (4.36) applies to this problem.
All problem features introduced for the one-to-many problem in Section 2.3.4 apply for the the many-
to-many problem as well. A brief review of these features are given below.

4.3.1 Optimal Location of a Line Barrier Between Two y-invisible Points

Due to theorem 2.2 the maximum interdiction between two points occur when the midpoint of the line
barrier falls on the midpoint of the two points along the x-axis, i.e. x; + %L = %(ai + a;). Theorem
2.3 shows when there are multiple sink points on the plane, the midpoint of the barrier must fall on
one of the sink-source midpoints. The results are also valid for the many-to-many problem. Candidate
midpoints are defined by pairwise combination of all points on the plane. If the midpoint of the barrier
does not fall on any of these candidate midpoints, that barrier would not incur maximum interdic-
tion for a particular pair of points let alone optimizing on all pairwise distances. In order to use the
candidate midpoints, we need to ensure that points are y-invisible, which is explained below.

4.3.2 Partitioning the Plane into Regions with Distinct y-invisible Point Sets

Before utilizing the candidate midpoints, the y-coordinate of the barrier has to be fixed to secure
y-invisibility conditions for all points. From property 2.2 we know that if there are K distinct y-
coordinates for all points on the plane (including the obnoxious point), there are K — 1 candidate
ranges for y with K — 1 distinct set of y-invisible points. These y-ranges are mutually exclusive and
collectively exhaustive. In a particular range R,,7 = 1,..., K — 1, the value of y, € R, does not change
the set of y-invisible points. In order to locate a line barrier on candidate midpoints inside a y-range,
first we need to know the length of the barrier which is explained next.

Figure 4.6 shows an example in which the obnoxious point is located at (4.5, 5). There are 6 distinct
ranges identified for 7 distinct y-coordinates.
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Figure 4.6: Candidate ranges for y in an 8-point system

4.3.3 Fixing the Length of the Barrier in each Partition

We know that the barrier has to be located as far as possible from the obnoxious point to get a longer
length. If there is no disruption constraint, the longest possible barrier within a range has to be selected
in order to maximize the interdiction. Therefore, based on theorem 2.1, y, has to be equal to the y-
coordinate of the point at the border of range R, and farthest from the source point. Therefore, the
maximum barrier length in different ranges is obtained from following equation:

L, =aly, —bopul,r=1,...,K—-1 4.47)
where y, = b; and P; € R,.
Table 4.1 shows the maximum possible length in each of these ranges with @ = 1.

Table 4.1: Maximum possible L, in each range R,

r R, yr | Ly
1[L,2)| 1| 4
21[2,3)1 2] 3
31135 ]3] 2
416,616 |1
S1671 7|2
6 (7,919 | 4

4.3.4 Algorithm for the Many-to-Many Rectilinear Interdiction with a Line Barrier on a Plane

In algorithm 2, the optimal interdiction between all pairs of points is obtained by partitioning the
plane into candidate ranges along the y-axis, assigning the maximum length, and by enumerating on
candidate midpoints in each range to find the optimal location of the barrier.
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Algorithm 2 Maximize the interdiction in the many-to-many problem

Require: Py as the source point, P;,i = 1, ...,n, as sink points and 6° € (0, 90)
Ensure: x;, x,, L*,Z*
I: Zy « Xijep Wi + wpI(P;, P;)  {The objective value when no barrier exists.}
2:. 28«0
3: fori=1tondo
4:  {Find barrier’s length at a y-range}
5:  y, < b; {find distinct y, along the y-axis defined by P;}
6: L, < 2tanbly, — yopn| {set L, for each range along the y-axis }
7. {Locate the barrier with length L using the midpoint of a pair of points P; and Py}
8. for j=1tondo
9: for k = 1ton (and k > j) do

10: if (b; >y, > by) or (b; <y, < by) then

11: mj; < 0.5(a; + ar) {use the midpoint if P; and Py are y-invisible}
12: Xgjk < mj —0.5L,

13: Xejk  mj; +0.5L,

14: {find the interdiction for all points based on this barrier.}

15: forg=1tondo

16: forh=1ton(and h > g) do

17: {if P, is invisible to P;, then add their interdiction to Zj}

18: if by >y, > by or by <y, < b, then

19: if x;x < a, and a, < x.j and x,jx < a;, and a5, < x,j; then
20: Zjg < Zj + 2(wg +wp) * min{min(ag, a;) — X;, X, — max(ag, aj)}
21: end if

22: end if

23: end for

24: end for

25: if Zy +Zy > Z* then

26: L' —Zp+Zy, Xy — Xgj s Xy < Xejp Y <Y, L — L,

27: end if

28: end if

29: end for {change the midpoint}

30: endfor {change the midpoint}
31: end for {change y-range}
32: return Z*, x;, x,,y*, L*

The algorithm starts by assigning the original objective value when there is no barrier and setting the
optimal interdiction amount to zero. The outer loop (steps 3-31) finds the distinct y-ranges correspond-
ing to the points i and calculates the y, and L, accordingly. In the second and third loops (steps 8-30),
if P; and Py are y-invisible due to y, then a valid candidate midpoint m j is generated and the barrier is
located at x,; and x,; based on theorem 2.2. In the fourth and fifth loops (steps 15-24), the invisibility
conditions between every pair of points on the plane are inspected and the interdiction value corre-
sponding to the current midpoint, i.e. Zj, is updated. The best known solution (Z*) is, then, updated
at step 26 if Zj, + Zg is better than Z*. The midpoint is changed in the same y-range level at steps 29
and 30. Once all midpoints in the range R, are checked, the y-range is changed at step 31 and inner
loops are restarted again.

The outer loop discretizes the solution space along the y-axis into n candidate levels. At each y level,
the barrier can be located in n? different candidate locations obtained from two-way combinations of
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all points (the second and third loops). The fourth and the fifth loops calculate the objective function
value for all pairs of points in n> steps. Therefore, the worst-case processing time needed for this
algorithm is owd).

Example 4.2 Suppose that weights of all points in Figure 4.6 are 1 and 6° = 45. The solution to this
problem is as follows:

1 Zo=3L, Sl i+ wpllai — ajl + |bi = bjl) = 304

Iteration 1:

5:  Use point P to partition the plane. Set y; = 1.

6:  Find maximum possible length: L; = 2tan45°|5 — 1| = 8

Locate the barrier:

11: P, is y-invisible to Py . So use their midpoint: ms; = 0.5Q2 +6) =4
12: x2,=4-05%x8=0

13: X, =4+05%x8=8

Find the disrupted distances:

20: Py isinvisible to P,. Therefore: Zijp =0+2+2%x2 =06

20: Py is invisible to P3. Therefore: Z1 =6+2%2%2 =12

20: P is invisible to Py. Therefore: Z1 =12 +2%1%2 =16

20:  Pj is invisible to Ps. Therefore: Z1 = 16 + 2 %2 %2 =22

20: P, is invisible to Pg. Therefore: Z1p =22 +2 %1 %2 =26

Update the best solution:

26:  Since 304 +26 > 304 then Z* = 330,x; =0,x; =8,y* =1,L =8
Change the midpoint and locate a new barrier:

11:  Psis y-invisible to Py. So use their midpoint: mg3 = 0.5(2+3) =2.5
12: x4, =25-05%x8=-1.5

13: X,2=25+05%x8=6.5

Find the disrupted distances:

20:  Pj is invisible to P,. Therefore: Z13 =0+2%05%2=2

20: P, is invisible to P3. Therefore: Z13 =2+2+3.5%2 =16

20: Py is invisible to Ps. Therefore: Zi3 = 16 +2 % 2.5 %2 =26

20: P isinvisible to Pe. Therefore: Zj3 =26 +2%2.5%2 =36

Update the best solution:

26:  Since 304 + 36 > 340 then Z* = 340, x; = -1.5,x; =6.5,y" =1,L =8
Change the midpoint and locate a new barrier:

After solving the problems in all iterations, the optimal solution is:
Z* =340,x; =-15,x, =65,y =1,L=8.

4.4 Computational Analysis

In this section, we perform computational experiments on different test problem instances to assess
the performance of models and solution approaches introduced in this chapter. In Section 4.4.1, the
selected core test problems instances and their modifications are explained. Computational settings are
introduced in Section 4.4.2 and computational results are explained in sections 4.4.3 and 4.4.4.
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4.4.1 Core Test Instances

In order to study the properties of the many-to-many problems and performance of the solution ap-
proaches, 24 test instances are selected from planar TSP and VRP test instances available in the liter-
ature, as mentioned in Table 4.2. Based on the number and distribution of points on the plane, these
instances can be categorized as:

e Sparse: Points are scattered with low density across the plane. 12 instances are in this category.

e Clustered: Points are concentrated in different clusters on the plane. The distance between the
clusters is significant compared to the distance between points in a cluster. 11 instances are
selected in this category.

o Vertical: Points are scattered around or along the y-axis. 5 instances are in this category.

e Horizontal: Points are scattered around or along the x-axis. 2 instances are in this category.

An obnoxious point is also added to these instances at a specific location. In the many-to-many prob-
lem, all n points are sink and source points, simultaneously. In order to distinguish this feature from
those in the one-to-many problems, the letter "N’ would be used. Weights of points are chosen to be
identical (equal to 1) or randomly generated integers between 1 and 10. These variants are addressed
with ’1° and "W’, respectively. Therefore, for each instances, following variants will be solved:

o 1IN: All weights are equal to 1. Number of source and sink points are 7.
o WN: Weights are random in [1,10]. Number of source and sink points are n.

All 24 instances along with their properties and obnoxious points are enlisted in Table 4.2.

4.4.2 Computational Settings

The proximity parameter values are set to 6 = 30, 45, 60 to give instances shorter or longer lengths and
disruption rates are designed at S = 0.1,0.25,1. For 8 < 1, we use the mathematical model to solve
the problems. Since the problems with 8 = 1 do not have disruption constraint, they are solved with
the algorithm.

CPLEX Optimizer 10.1 (ILOG, 2006) is used for solving MIP models while algorithms are developed
in a VB.NET 2010 application (Microsoft, 2012). A time limit of 1000 seconds is applied for running
models. All computations are performed on windows workstations with 3.00GHz CPU and 3.49 GB
of RAM.

Following MIP cuts are set in CPLEX with priority value 1:

e Clique Cuts (CQ)

e General Upper Bound Cuts (GUB)

e Cover Cuts (CV)

e Flow Cover Cuts (FC)

e Mixed-Integer Rounding Cuts (MIR)
e Implied Bound Cuts (IB)

e Flow Path Cuts (FP)

e Disjunctive Cuts (DJ)

e Zero-half Cuts (ZH)

e Multi-Commodity Flow Cuts (MCF)
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Table 4.2: 24 core instances and their properties

No. | Core Instance* n | Distribution | Obnoxious location
1 D8-Canbolat 8 sparse (8,6.5)
2 E-n22-k4 22 vertical (146, 223)
3 D28 28 sparse (228.5, 247)
4 B-n31-k5 31 clustered (49.5, 41)
5 A-n32-k5 32 sparse (49.5, 49.5)
6 D40 40 vertical (155.5, 224)
7 B-n41-k6 41 clustered (60, 57)
8 A-n45-k6 45 sparse (49.5,52.5)
9 F-n45-k4 45 horizontal (215.5, 177)
10 att48 48 vertical (6548, 5095)
11 B-n50-k7 50 clustered (47.5, 46.5)
12 D50 50 vertical (214.5, 255.5)
13 eil51 51 sparse (34, 37.5)
14 berlin52 52 sparse (882.5, 590)
15 A-n60-k9 60 sparse (48, 51)
16 B-n68-k9 68 clustered (44, 54.5)
17 F-n72-k4 72 vertical (193.5, 200.5)
18 rus75 75 clustered (58.5,49)
19 eil76 76 sparse (38, 40)
20 A-n80-k10 80 sparse (50, 49)
21 rd100 100 sparse (490.4232, 491.5671)
22 E-n101-k14 101 sparse (34.5, 40)
23 10G2 101 clustered (50, 50)
24 F-n135-k7 135 | horizontal (140.75, 212.5)

*Sources of instances:

-TSPLib (2012): Instances 10,13,14,19 and 21

-VRPH (2012): Instances 2,4,5,7,8,9,11,15,16,17,20,22,23, and 24
-Ruspini (1970): Instance 18

-Canbolat and Wesolowsky (2010): Instance 1

-Instances 3,6, and 12 are generated in this study.

4.4.3 The Many-to-Many Problems with 8 < 1 Using MIP Model

The MIP solutions are obtained for different levels of parameters 6 and 8. Instead of actual objective
values (Z = ), ;:i awitw j)lB (P;, P})), the amount of increase in the original objective function
Zy =31, Z;?:M (Wi + w))I(P;, P))) is used as an interdiction rate (AZ%):
ANZ =7 -7
( 0) <1
Zy

AZ% = 00

The original objective values (Zp) and the interdiction rates (AZ%) for all instances are presented in
this section while further details are available in Appendix E.

The required processing times (CPU) to solve each MIP model are reported in seconds.

A. 1IN Variants

Table 4.3 shows the computational results regarding solving MIP model where the weight of points
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are equal to 1.

Table 4.3: Computational results for the many-to-many problems with 8 < 1 for 1N variant of 24
instances

[4 30 45 60
B 0.1 0.25 0.1 0.25 0.1 0.25

Instances n Zy AZ% CPU | AZ% CPU | AZ% CPU | AZ% CPU | AZ% CPU |AZ% CPU

D8-Canbolat | 8 460 3.7 0.6 3.8 0.6 6.1 1.1 10.9 1 7 12 29.2 0.9
E-n22-k4 22 20820 5.1 81.3 7.7 1000 12.1 96 21.8 4374 | 242 71.3 49.1 63.9
D28 28 195830 3.7 63.1 3.7 1000 72 1115 8.7 157.7 11.3 132 23.7 131.5
B-n31-k5 31 37460 6.1 189.6 | 12.6 102.1 8.9 215 26.6 3935 147 2583 55 666.8
A-n32-k5 32 74174 2.7 188.4 2.7 157.5 6.7 212.6 7.7 1000 125 2107 | 234 121.3
D40 40 329592 5.7 682.9 9.6 677.6 134 780.6 | 228 1000 26.8 4238 | 522  705.6
B-n41-k6 41 117368 2.5 395.4 23 1000 6 580.4 6 1000 12.8 1000 17.5 1000
A-n45-k6 45 145168 1.8 1000 1.8 477.1 49 1000 52 1000.1 | 11.4 1000 16.8  1000.1
F-n45-k4 45 135410 43 1000 5.7 1000 10.5 1000 9.5 1000 24.4 1000 39.8 1000
att48 48 9336410 2.8 1000 73 1000.1 4.7 1000 14.5 1000 7.4 1000.1 51 1000
B-n50-k7 50 161696 2.4 1000 2.7 578.2 5.7 1000 7 1000.1 | 7.4 1000 20.4  1000.1
D50 50 434674 32 1000.1 5.7 1000.1 | 7.8 1000 13.6 1000 129 1000.1 8 1000.1
eil51 51 105980 1.8 1000.1 1.6 1000 42 1000 6.7 1000 54 1000.1 6.1 1000.1
berlin52 52 1941090 2.3 1000 23 622.2 4.7 1000.1 55 1000 8.3 1000.1 | 11.8 1000
A-n60-k9 60 240820 22 1000 2.2 1000.1 4.7 1000 8.7 1000.1 1.1 1000 5.6 1000.1
B-n68-k9 68 296504 1.6 1000.1 | 0.7 1000.2 | 0.9 1000 4.7 1000 1.6 1000.2 | 4.6 1000
F-n72-k4 72 114852 0.3 1000.1 0 1000 0 1000.1 0 1000 8.5 1000.1 0 1000.1
rus75 75 356392 1 1000 12 1000.1 0 1000.1 0 1000.1 3.4 1000.1 0 1000.1
eil76 76 242450 1 1000 0 1000 4.3 1000 0 1000.1 | 0.8 1000.1 0 1000
A-n80-k10 80 418736 0.9 1000.1 1.6 1000 0 1000.2 0 1000 6.4 1000.2 0 1000
rd100 100 | 7010846.3 0 1000.2 0 1000 0 1000.2 0 1000 0 1000.1 0 1000.2
E-n101-k14 | 101 439136 0 1000 0 1000.2 0 1000.1 0 1000.2 0 1000.1 0 1000.1
10G2 101 695984 0 1000.1 0 1000.1 0 1000.2 0 1000 0 1000.1 0 1000.3
F-n135-k7 | 135 | 1096068.8 0 1000.2 0 1000.4 0 1000.2 0 1000.3 0 1000.7 0 1000.1

As expected, the highest increase in objective value is obtained when 8 = 60 and 8 = 0.25. The
reason is that higher 6 values lead to longer barriers and make larger areas exposed to disruption while
higher 8 values increase the disruption capacity increasing the chance of having more interdiction.
For example, in instance B-n31-k5, when 8 = 0.1, the interdiction rate grows from 6.1% to 8.9% and
14.7% as 6 increases from 30° to 45° and 60°. Moreover, with angle 6 = 30 for the same instance, the
interdiction rate increases from 6.1% to 12.6% as disruption rate 3 is changed from 0.1 to 0.25.

Many instances could not be solved to optimality within the time limit. Although the modest size
instance E-n22-k4 with n = 22 cannot be solved optimally for 8 = 30 and 8 = 0.25, the bigger instance
berlin52 is solved in 622.2 seconds. A possible explanation for this observation is that the distribution
of points on the plane affects the MIP performance. In the many-to-many problem, when there are more
points above and below the barrier, it becomes more difficult to keep disruption constraint feasible.
Placing a line barrier in a vertical instance (for example E-n22-k4) can disrupt more pairs of points
than in a horizontal instance (for example A-n45-k6) or a sparse one (for example berlin52).

Since many instances are not solved to optimality, the average results are not presented for these
variants.

B. 1N Variants

Table 4.4 shows the computational results regarding solving MIP models of test instances where the
weight of points are randomly generated between 1 and 10.

As expected, the highest interdiction rates happen at the highest 8 and S values. In A-n32-kS5, 22.3%
interdiction rate obtained with 6=60 and 8=0.25 has not been reached by any other setting. A similar
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Table 4.4: Computational results for the many-to-many problems with 8 < 1 for WN variant of 24
instances

0 30 45 60
B 0.1 0.25 0.1 0.25 0.1 0.25
Instances n Zy AZ% CPU | AZ% CPU | AZ% CPU |AZ% CPU | AZ% CPU | AZ% CPU
D8-Canbolat | 8 2145 3.9 0.6 4.7 0.6 53 1.2 12.9 0.8 79 0.9 27.1 1.2
E-n22-k4 22 109150 4.6 79.5 6.8 1000 113 55.8 20.5  479.3 23 127.1 | 469 70.5
D28 28 1061359 4.1 103 3.8 1000 7.9 118.7 9.3 1054 | 126 139.5 | 235 1000
B-n31-k5 31 186689 7.1 205.8 13.7 65.6 11.7 179.6 | 274  150.7 | 237 2203 | 56.6  247.6
A-n32-k5 32 502004 2.6 260.3 2.6 112.2 6.1 274.9 7 213.6 109 2319 | 223 3402
D40 40 552600 55 521.5 11.1 1000 3.1 1000 27.8 1000 20.1 1000 56.7  478.7
B-n41-k6 41 150088 2 1000 2 383.9 49 1000 55 1000 128 938.2 17.1 918.8
A-n45-k6 45 760509 2 3724 2 1000 3.6 1000 4.6 1000 8.8 1000.1 15 1000
F-n45-k4 45 619773.8 42 1000.1 | 4.6 340.2 | 11.5  601.5 12.6 1000 273 7558 | 333 1000
att48 48 | 49936044 44 1000 6.5 1000 72 1000 13.5 1000 39 1000 8.2 1000.1
B-n50-k7 50 890752 23 1000 2.4 661.2 2.1 1000.1 6.2 1000.1 | 10.9  1000.1 9.1 1000.1
D50 50 629506 1.3 1000 45 1000 7.6 1000 14.1  1000.1 | 3.2 1000 28 1000.1
eil51 51 512094 3 1000 1.7 1000 2.9 1000 6.1 1000 12.1 1000 12.1 1000
berlin52 52 11457715 1.5 1000.1 1.5 818.6 44 1000 35 1000 6 1000.1 | 10.5 1000
A-n60-k9 60 1352240 1.9 1000.1 2.6 1000.1 4.6 1000 7.1 1000 6.5 1000 11 1000.2
B-n68-k9 68 1601056 1.4 1000 1.4 1000 2.5 1000.1 | 0.7 1000.1 4 1000 2.8 1000.1
F-n72-k4 72 565058 0.5 1000.1 0 1000 1.5 1000.2 0 1000 7.7 1000 0 1000
rus75 75 2201807 0 1000 1.1 1000.1 0.3 1000.1 0 1000 0.2 1000 0 1001.4
eil76 76 1275488 0.1 1000 0.2 1000.1 0 1000 0 1000 104 1000.1 0 1000
A-n80-k10 80 2256298 0.1 1000 0.4 1000 0.3 1000 0 1000.1 | 0.1 1000.1 0 1000.2
rd100 100 | 42408487.6 0 1000.2 0 1000.6 0 1000.1 0 1000.3 0 1000.1 0 1000.1
E-nl01-k14 | 101 2261022 0 1000.1 0 1000.1 0 1000.3 0 1000.2 0 1000.1 0 1000.2
10G2 101 3817569 0 1000 0 1000.2 0 1000.2 0 1000.2 0 1000.1 0 1000.2
F-n135-k7 | 135 | 6057952.9 0 1000.2 0 1000.3 0 1000.3 0 1000.4 0 1000.4 0 1000.2

result is observed for the other instances that are successfully solved to optimality. However, some
instances are quite sensitive to 8 and 8 values. For example, when 6=30, the solver cannot close the
gap for B-n41-k6 within the time limit for §=0.1 whereas the optimality is reached for 5=0.25. The
opposite happens for A-n45-k6 whose MIP model with $=0.25 is more difficult to solve than the model
with 5=0.1. However, many instances could not be solved in 1000 seconds.

4.4.4 The Many-to-Many Problems with 5 = 1 Using Algorithm

Recall that when there is no constraint on the total weight of disrupted points (8 = 1), the optimal
solution can be found using the algorithm explained in Section 4.3.4. To compare the results obtained
from the solutions of MIP model with those of the algorithm, we solve all the test instances with 8 = 1
using MIP model. Not only does this cross-checking ensure the validity of MIP model and algorithm
but also provides a fair ground to compare their performances in terms of required processing time.

Since many instances are not solved to optimality, the average results are not presented for these
variants.

A. 1IN Variants

Table 4.5 shows the computational results of running the algorithm for 24 test instances where the
weight of points are equal to 1. The solution times of the algorithm and MIP model are reported, in
seconds, as CPU1 and CPU2 columns, respectively.

As expected, wider 8 angles allow locating a longer barrier which, in turn, disrupts more pairs of points
on the plane and increases the interdiction rate. For example, in rd100, when 6 is increased from 30 to
45 and 60, the interdiction rate increases from 1.5% to 7% and 30.1%.
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Table 4.5: Computational results for the many-to-many problems with § = 1 for 1N variants

0 30 45 60
Instances n Zy AZ% | CPU1 | CPU2 | AZ% | CPUl | CPU2 | AZ% | CPU1 | CPU2
D8-Canbolat | 8 460 3.8 0 0.6 10.9 0 0.9 39.6 0 0.9
E-n22-k4 22 20820 7.7 0.06 647.8 | 259 0.06 1000 61.7 0.08 1000
D28 28 195830 3.7 0.19 85.2 8.7 0.2 3472 | 255 0.22 1000
B-n31-k5 31 37460 12.6 0.34 86.9 30.3 0.36 1000 62.8 0.38 1000
A-n32-k5 32 74174 2.7 0.41 49.9 7.7 0.39 194 30 0.41 1000
D40 40 329592 9.6 1.2 1000 28.9 1.3 1000 65.6 1.38 1000
B-n41-k6 41 117368 2.5 1.5 188 6 1.33 1000 17.5 1.38 1000

A-n45-k6 45 145168 1.8 2.12 918.7 5.2 2.12 1000 22.3 2.16 1000
F-n45-k4 45 135410 59 2.05 1000 16 2.11 8294 | 39.8 2.31 1000

att48 48 9336410 10.6 3 1000 38.1 3.17 1000 90.3 3.55 1000
B-n50-k7 50 161696 2.7 3.61 932.6 7.7 3.69 | 1000.1 | 284 3.84 1000
D50 50 434674 6.6 3.58 1000 18.4 3.73 1000 | 41.8 3.88 1000
eil51 51 105980 23 3.97 1000 8.1 4.02 | 1000.1 | 31.1 4.16 1000

berlin52 52 1941090 23 4.16 1000 6.2 4.14 1000 17 4.19 1000
A-n60-k9 60 240820 2.4 11 1000.1 9.6 11.2 1000 30.2 9.8 1000.1
B-n68-k9 68 296504 3.2 18.08 | 1000.1 | 10.9 17.14 | 1000.1 | 43.7 18.09 | 1000.1
F-n72-k4 72 114852 8.2 20.84 | 1000.1 | 26.5 | 22.11 | 1000.1 | 60.7 | 24.09 | 1000.1

rus75 75 356392 2.1 23.52 | 1000.1 | 7.5 24.17 | 1000.1 22 25.42 1000
eil76 76 242450 2.4 28.97 1000 9 29.34 1000 30.7 | 30.73 1000
A-n80-k10 80 418736 2.1 37.48 | 1000.1 | 7.7 37.72 | 1000.1 | 27.4 | 40.83 1000
rd100 100 | 7010846.3 1.5 114.69 | 1000 7 116.52 | 1000 30.1 | 121.67 | 1000
E-n101-k14 | 101 439136 1.7 114.28 | 1000 8 118.34 | 1000 28.8 | 126.38 | 1000
10G2 101 695984 1.8 115.23 | 1000 8.6 120.75 | 1000 30.1 | 126.98 | 1000

F-n135-k7 | 135 | 1096068.8 1.7 | 447.08 | 1000.7 4 523.28 | 1000.2 | 8.3 466.8 | 1000.4

When CPU1 and CPU2 are compared, there is a significant difference between the performance of the
algorithm and the MIP model. All variants of instances are solved optimally in less than 525 seconds
with the algorithm whereas the solver struggles to close the gap for more than half of MIP problems.

The average interdiction rates and CPU times for 1N variants of all instances are given in Table 4.6. On
average, CPU1 does not change much with respect to 6 values throughout all instances. The average
time with MIP models, on the other hand, soars around 1000 seconds of time limit which proves its
inefficiency when compared to the algorithm.

Table 4.6: Summary of results for 1N variants when 8 = 1

0 30 45 60
AZ% 4.25 13.20 36.89
CPU1 | 8.304 8.415 8.845
CPU2 | 745.51 | 868.605 | 950.06

B. WN Variants

Table 4.7 shows the computational results of running the algorithm for 24 test instances where the
weight of points are randomly generated between 1 and 10. Solution times of the algorithm and MIP
model are reported, in seconds, as CPU1 and CPU2, respectively.

The interdiction rates increase as the angle 6 increases and no constraint is imposed on the amount of
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Table 4.7: Computational results for the many-to-many problems with § = 1 for WN variants
0 30 45 60
Instances n Zy AZ% | CPU1 | CPU2 | AZ% | CPU1 | CPU2 | AZ% | CPU1 | CPU2
D8-Canbolat | 8 2145 4.7 0 0.5 12.9 0 0.9 38.9 0 1

E-n22-k4 22 109150 6.8 0.06 24.8 24 0.06 26.4 59.3 0.06 1000
D28 28 1061359 4.1 0.2 31.8 9.3 0.2 1000 28.2 0.23 1000
B-n31-k5 31 186689 13.7 0.34 59.3 33 0.36 1000 68.5 0.39 378.4
A-n32-k5 32 502004 2.6 0.41 69.3 7 0.39 200.2 | 295 0.39 1000
D40 40 552600 13.1 1.23 299.9 | 35.6 1.3 1000 79 1.42 163.4
B-n41-k6 41 150088 2 1.33 1000 5.5 1.33 1000 17.1 1.36 1000
A-n45-k6 45 760509 2 2.14 666.4 5.1 2.12 1000 19.3 2.17 1000
F-n45-k4 45 | 619773.8 4.6 2.03 530.6 13.2 2.09 799.6 | 33.3 2.3 1000
att48 48 | 49936044 10 2.97 1000 37.7 3.16 1000 89.7 3.31 1000
B-n50-k7 50 890752 24 3.61 744.9 6.7 3.64 1000 25.6 3.88 1000.1
D50 50 629506 10 3.55 1000 27.1 3.67 1000 59.5 3.83 1000
eil51 51 512094 3.1 3.92 1000.1 | 10.2 3.98 1000 32 4.17 1000
berlin52 52 | 11457715 1.5 4.17 1000 4.4 4.19 1000 11.8 4.19 1000
A-n60-k9 60 1352240 2.6 9.09 1000.1 | 10.2 9.22 1000.1 | 32.8 9.67 1000
B-n68-k9 68 1601056 3 16.84 | 1000.1 | 10.2 17.17 | 1000.1 | 41.6 18.12 1000
F-n72-k4 72 565058 8.5 20.83 | 1000.1 | 26.7 | 22.06 1000 61.7 | 24.09 | 1000.1
rus75 75 2201807 2.1 23.59 1000 73 24.25 1000 20.7 | 25.61 1000
eil76 76 1275488 23 29.02 1000 9.3 29.62 1000 30.6 | 30.89 1000
A-n80-k10 80 2256298 2 37.48 1000 73 37.62 1000 26.3 39 1000
rd100 100 | 42408488 1.7 114.72 | 1000 7.8 116.66 | 1000 31.9 | 121.19 | 1000
E-n101-k14 | 101 | 2261022 1.5 114.88 | 1000 6.7 118.34 | 1000 25.8 | 126.81 1000
10G2 101 | 3817569 2 115.5 1000 8.6 120.89 | 1000 29.6 | 127.91 | 1000
F-n135-k7 135 | 6057952.9 1.9 | 447.77 | 1008.7 | 4.6 | 45438 | 1005.8 | 9.7 | 468.91 | 1000

disruption. For example, the interdiction rate in att48 increases from 10% to 37.7% and 89.7% as 6
increases from 30 to 45 and 60. The same trend is observed for other instances as well.

When it comes to running time performance, the algorithm by far outperforms the MIP models since

the algorithm is able to solve all instances to optimality in less than 500 seconds whereas CPLEX

cannot close the gap within the time limit for more than half of running implementations.

The average interdiction rates and CPU times for WN variants of all instances are given in Table 4.8.

On average, CPU1 does not change much with respect to 6 values throughout all instances. In addition,

CPU1 in WN variants are very similar to 1N variants. It follows that the algorithm is independent of

the weight points. The average solution time of MIP model, on the other hand, is above 600 seconds

which proves its inefficiency when compared to the algorithm.

Table 4.8: Summary of results for 1N variants when § = 1

0 30 45 60
AZ% 4.51 13.77 37.60
CPU1 | 8.1405 | 8.3215 | 8.754
CPU2 | 671.395 | 851.365 | 877.15
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CHAPTER 5

CONCLUSION AND FUTURE RESEARCH

In this study, we introduce a rectilinear interdiction problem by locating a line barrier between sink and
source points on the plane. The flow from source to sink points is not desired and, therefore, we attempt
to interdict this system by locating a line barrier such that the total shortest rectilinear distance between
sink and source points is maximized. The related literature is dominated by the network interdiction
problems where disruptive acts are defined on nodes and arcs and distances between nodes are assumed
to be known. In this study, however, the distance between points on the plane after interdiction are to
be determined by rectilinear distance metric.

We are interested in studying the effect of partial disruption leading to a limited damage which has
to be realized with respect to a “limited budget”. Therefore, the scale of disruption in this study is
constrained by a limited barrier length and a capacity on the number of disrupted points.

Four problem types are defined with regard to the number of source points and their communication
with sink points. To solve these problems, MIP models and polynomial-time algorithms are developed
and tested on several test problem instances, mostly taken from the literature. It is observed that the
performance of these models is highly dependent on distribution of points on the plane, barrier length,
and disruption constraint. When applicable, the algorithm outperforms the MIP models by a significant
margin in terms of running times, as expected.

To the best of our knowledge, this research is the first study on planar interdiction problems which
seems promising to have future extensions by simply changing the assumptions introduced in this
study. Some possible direction for future work are as follows:

o A strong or ideal formulation: Using Theorem 2.1, one might develop a strong formulation of
the one-to-many problem.

o Improved algorithm: Again, using Theorem 2.1, one might develop a faster algorithm com-
pared to the one in Section 2.3.4.

e DP Algorithm: Since solving MIP models with 8 < 1 are time-consuming, working on a
specialized algorithm that can handle the disruption constraint becomes important. A possible
approach would be based on dynamic programming.

e Objective function: Instead of maximizing the total interdicted distance, the number of dis-
rupted points can be maximized.

¢ Distance norm: Current assumption for the underlying distance metric is rectilinear. A possible
extension is using other well-known metrics such as Euclidean and Tchebychev.

o Barrier shape: Arbitrary line segments, polygons, circle and other types of barriers can be used
for disruption for representing more realistic cases.

e Number of barriers: Instead of a single barrier, multiple barriers can be located one-by-one
or simultaneously, although it would be a complicated problem as discussed in Section 2.4 even
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for one-by-one barrier location.

Congested regions: Trespassing through the barrier is assumed to be impossible. A possible
extension to this feature is using congested regions where trespassing is possible at a certain
cost.

Game theory: This problem can be considered as part of a Stackelberg game in which the leader
locates a barrier and the follower opens a passage through the barrier. Another possible scenario
is to locate a source point on the plane such that the effect of interdiction by the opponent is
minimized.

Source-sink assignment: The sources on the plane can have certain capacities to serve sink
points. In this study, source points are uncapacitated and serve all sink points on the plane.
Uncertainty: Sink points, source points and the barrier location in this study are deterministic.
A probabilistic element can be added in future studies.
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APPENDIX A

THE ONE-TO-MANY PROBLEM IN THE PRESENCE OF SEVERAL LINE BARRIERS

A.1 Identifying Invisible Points When Several Line Barriers Exist.

Suppose that there is a source point Py with two line barriers on the plane as shown on Figure A.1.
There exists shortest rectilinear path from Py to sink points P, and P, that is not blocked by any the
barriers and, therefore, they are ” visible” to each other. P; is invisible to Py because all the possible
rectilinear ways between them is blocked by the first barrier. When it comes to P4, none the barriers
can individually obstruct all possible rectilinear to Py. However, combination of the two barriers can
effectively block all possible paths between Py and P4 making them invisible to each other.

Or %

7

Figure A.1: Invisibility shadows of 2 barriers with cascade arrangement

To study the effect of barriers on visibility of any point on the plane in this example, we divide the
plane into 4 regions of A, B, C, and D. No barrier is vertically between region A and P,. That is,
y-invisibility conditions do not hold for points in region A and they are immediately visible to Py. For
any point in region B, y-invisibility conditions hold but x-invisibility conditions do not hold because
this region is not between s; and e;. Both set of invisibility conditions hold for any point in region
C making them invisible due to the first barrier. This region (marked with diagonal pattern) is called
“invisibility shadow” caused by the first barrier. Any point that falls in this shadow, is invisible to Py.

All points in region D are also invisible to Py because when we look at the arrangement of the barriers,
we observe that some of the possible rectilinear ways are blocked by the first barrier while the rest
of possible ways are obstructed by the second barrier. Therefore, we need to redefine invisibility
conditions when there are more than one barrier on the plane.
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Lemma A.1 Suppose that y-invisibility conditions hold with regard to both barriers while x-invisibility
conditions hold only with respect to points and barriers that are closer to each other. In that case, if
any vertex of a vertically-closer barrier to a point is invisible to the other point, those two points are
invisible to each other with respect to combination of barriers.

In Figure A.1, both barrier are vertically between Py and P4 but x-invisibility conditions do not hold
with respect to individual barriers. When only the first barrier is considered, Py € (s1,e;) but Py ¢
(s1,e1). When only the seconds barrier is considered, P4 € (s2,e3) but Py € (s2,e2). We know that
Py is vertically closer to the first barrier and P4 is vertically closer to the second barrier. According
to Lemma, since s; € (s2,e2) Py and P, are invisible to each other. The same is true if s, € (51, ¢€1)
is considered. In fact, combination of barriers in this example, is extending the “invisibility shadow”
from left side of the source point.

The arrangement of barriers plays an important role in identifying invisibility of points. In Figure A.2,
s1,e1 & (s2,ep) and 57, e ¢ (51, e1). Therefore, Py and P4 are visible to each other.

e
o

i

Figure A.2: The arrangement of barriers make Py and P, visible to each other.

Lemma can be extended to address invisibility issues with more than two barriers. In that case, the
” invisibility shadow” for the source point will be extended from the right and left side with the help of
other barriers. If a points falls in the extended * invisibility shadow” it becomes invisible to the source
point.

Now, we propose an algorithm to find invisibility conditions in the presence of multiple line barriers.
As the number of existing barriers increase, the computation of visibility becomes complicated and
an algorithm is needed to track cascading barriers and extend “invisibility shadows” to the right and
left before calling a point visible or invisible. In this section, an algorithm is introduced to determine
visibility conditions when several line barriers exist. As an example, Figure A.3 shows how invisibility
shadows extend to right and left through several line barriers.
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Algorithm 3 A Visibility Algorithm in the Presence of Multiple Line Barriers

Require: /;: k™ line barrier with vertices at (x5, k) and (x.,,yr) where x5, < x,, indicating the
starting and ending points, k = 1,..., K

Require: Py: The location of a source point at (ag, by)

Require: P;: The location of a sink point at (a;, b;),i = 1,...,n

Require: L: The left end of the “invisibility shadow” along x-axis

Require: R: The right end of the “invisibility shadow” along x-axis

Require: by,b,: y-coordinates defining a range along y-axis

1: Set all points as visible to Py.

{Check the lower half-space (check y; < b; in the loop)}

2: Set by = by.

3: Set L =R = qy.

4: fork=1to K do

5. if (yx < by) then

6: if (sy <L <ep)or (s <R < ¢;) then
7: by =y

8: fori=1tondo

9: if (by < b; < by) and (L < a; < R) then
10: P; is invisible to P.
11: end if

12: end for

13: if s, < L then

14: L=s;

15: end if

16: if ¢, > R then

17: R =¢;

18: end if

19: b] = bz

20: end if

21:  endif

22: end for

{Repeat the above loop for the upper half-space. (this time, check y; > b in the loop)}
23: Return invisible points

10 +

9. . [ ]
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Figure A.3: Invisibility shadows with multiple line barriers
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Once we know which points are invisible to the source point, we can make a graph in which nodes
represent source point, sink points and barrier endpoints and edges connect nodes corresponding to a
pair of visible points.

A.2 Finding the Shortest Distance between Source and Sink Points When Several Line Barriers
Exist Using Floyd-Warshall’s Algorithm

Floyd-Warshall algorithm is a dynamic-programming formulation to solve the all-pairs shortest-paths
problem on a graph G(V, E) where V and E represent the number of vertices and edges in the graph.
This algorithm runs in ®(V?). It considers the intermediate vertices and solves the problem in a re-
cursive fashion. Suppose that d;; is the distance between any two nodes on the graph. The distance is
set to infinity if the nodes are invisible to each other, which is equivalent to removing an arc from the
graph. A pseudo-code for the algorithm is in below:

Algorithm 4 Floyd-Warshal’s Algorithm

Require: m nodes from Source point, sink points and barrier endpoints.

Require: Direct distance between the visible pairs.
1: Set infinity as the distance for invisible pairs (i.e. remove the edge).
2: for k =1tomdo
3: fori=1tomdo

4 for j =1tomdo

5: d,'j = min{d,-j, dik + djk}
6: end for

7 end for

8: end for
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APPENDIX B

AN OVERVIEW ON SOLUTION PROCEDURE AND SOFTWARE PROGRAM

Following flowchart shows the solution procedure for the problems in this study. First, instances have
to be created or opened in the special program developed for this thesis and they have to have a pre-
defined format. Then, the parameters and instance variants are selected. The program is able to solve
the problems with CPLEX 12.1 and the algorithm. However, the CPLEX optimizer has to have a valid
license for above version. Therefore, sometimes it is better to extract LP models of problems using
this program and solve them on a different workstation with a valid CPLEX optimizer. The algorithm
results and the log files generated by CPLEX can be extracted and stored in excel files.

Create/Open instances in VB NET program

1

Set parameter levels and instance variants

|
|

Model problems using ILOG Solveinstances using the algorithm
Concert Technology (in the program)
(in the program)

1

Solve LP model files using IBM
ILOG CPLEX Optimizer

!

Store the solutionsin an excel file for
further analysis

Figure B.1: The flowchart for performing computations on instances

B.1 Instance Format

All instances are stored in a tabbed text (*.txt) file. The instance data starts with sink point locations
including point index (i), x-coordinate (¢;), y-coordinate(d;) and point weight (w;). The last two rows
of instances have only 3 columns and contain the location of source points. These columns are source
index (j), x-coordinate (a;) and y-coordinate(h;) of source points. The first source point is in the
middle and the second one is at the border of the convex hull of demand points. In the one-to-many
problems only one of these source points must be used and in the many-to-many problems they should
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be ignored.

Table B.1: The pre-defined format for instances

index x-coordinate y-coordinate Weight
0 82 76 1
Sink points 1 96 44 1
2 50 5 1
Middle source point 0 50 39
Border source point 1 49.5 0

Instances can be created or modified in an excel file and copied into a text file. Note that no excessive
tab should be used in rows.

For the ease of use, a VB.NET application is developed that can show instances graphically and solve

them using CPLEX Optimizer 12.1 or the algorithm. The graphical interface of this program is ex-
plained next.
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Figure B.2: The main user-interface of the barrier location program.

e Button (1) creates a blank instance. New sink or source points can be added by choosing a
correct mode in (12) and then clicking on the canvas. New instances have to be saved before

solving.
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¢ Button (2) opens the instance file(s) with the proper format. The list of instances, then, appear
in (9).

e Button (3) Saves the current instance in the correct instance format. Barriers on the canvas will
not be saved.

e Button (4) refreshes the drawing canvas, deletes the barriers and empties the output textbox.

o Button (5) shows the details of instance data and enables us to modify values.

o Button (6) opens the settings form which contains the parameter levels and CPLEX MIP cuts.
The settings form will be explained later.

e Button (7) solves the current instance based on the selected parameters. The results will be
shown graphically while values will appear in the output textbox (10).

¢ Button (8) converts the CPLEX MIP log file into an excel file. This feature will be explained
later.

o Listbox (9) contains the list of instances. An Instance will be activated by simply selecting it in
this list.

e Textbox (10) contains the final solution values. It is recommended to copy the result to an excel
file to view details in separate columns.

e Combobox (11) resizes the graphical shapes on the canvas. Select ”Auto” to see long barriers
completely.

e Dropdown (12) enables us to graphically insert new sink/source points or move them on the
plane.

e Dropdown (13) shows the labels on sink points.

B.2 Solving a Single Instance

Open the instance file you want to solve. Input your desired 6 and S values in the related textboxes. For
one-to-many problems, you need to select either the source point in the middle or the one at the border.
If many-to-many problem is selected, all sink points will be considered as source point. The instance
will be solved using CPLEX solver unless you check Use the algorithm”. If you want to reduce the
instance size by pre-processing, check “Eliminate unreachable points”. By clicking on ’Solve” button
the solution will be computed and reported.

B.3 Solving a Batch of Instances

Select ”Batch run for all instance” if you desire to solve more than one instance. The results will be
stored in a folder called "MIP Log” in the instances’ directory. In order to introduce the multiple levels
for parameters, click on settings button (6). In the settings form (shown in Figure B.3), enter your
desired parameter levels using comma. In the solution approach textbox, enter ”0” to use the MIP
approach and 1" if you want to use the algorithm. In source point textbox, enter 1" for the middle
source point, 2" for the border source point and ’3” for the many-to-many variants.

When the source point is in the middle, CPU time can be reduced by partitioning the plane into upper
and lower half-spaces with respect to the location of the source point. The solver will consider the
half-spaces if their related checkbox is checked.

If “Discretize Y ranges” is selected, the MIP model will consider the discretization introduced in
Theorem 2.1.
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F N

ThesisSetting
| Baich | MIP Cuts|
Batch Setting Consider upper halfspace
Angle (8)in degrees: 30,4560 Consider lower halfspace
Interdiction Rats (3):  1,0.25,0.1 [C] Discretize Y ranges

Solution Approach™ 0,1

Source Point = 123

~ Use "0" for MIP approach and 1" forthe algorithm.

= Use "1" for middle source, "1 for border source and 3 for many-to-many variants

Figure B.3: The flowchart for performing computations on instances

CPLEX MIP cuts can also be enforced before solving the problems on the same workstation.

-

ThesisSetting

Al Cuts: 0 -

Cliques: 0 - Implied Bounds: 0 -
Covers: 0 »  Fow Cover: 0 -
GUP: 0 = flow Path: 0 -
MIR: 0 - Disjunctive: 0 -
Zero half: 1] »  Gomory Fractional: 0 -

MIF log interval 100

Figure B.4: The flowchart for performing computations on instances

B.4 Solving LP Files Using IBM ILOG CPLEX Optimizer

In case you do not have the license for CPLEX Optimizer 12.1, you can still solve your problems on
another computer with valid CPLEX optimizer if you have the related LP files. To create only LP files
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without solving them, check ”Save LP file” and the LP files will be created in a folder called ”LP” in
the instances’ directory. To solve LP files on a different workstation, the necessary commands can be
saved in a text file and used by a batch file (*.bat) that calls CPLEX Optimizer. In this study, following
CPLEX settings are saved in a file called ’cplexcommand.txt”:

set mip tolerances mipgap 0
set threads 1

set workmem 1000

set timelimit 1000

set mip strategy file 2

set emphasis mip 0

set output writelevel 3
Set mip cuts cliques 1

Set mip cuts covers 1

Set mip cuts disjunctive 1
Set mip cuts flowcovers 1
Set mip cuts pathcut 1
Set mip cuts gomory 1
Set mip cuts gubcovers 1
Set mip cuts implied 1
Set mip cuts mircut 1

Set mip cuts zerohalfcut 1
Set mip cuts mcfcut 1

set logfile temp.log

read mytest.lp Ip

mipopt

display solution variables -
display solution objective

Once above command file is created, open Notepad.exe and save following script:

for /r ”C\ILOG\myLP” %%f in (*.Ip) do (

copy % %f mytest.lp

C:\ILOG\CPLEXI01\bin\x86_ win32\cplex < cplexcommand.txt
move mytest.log %%f.log

)

Make sure that the address of your LP folder and the directory of CPLEX optimizer are given correctly.
Then change the extension of the notepad file to ”.bat” extension. Copy this windows batch file to the
folder of “cplexcommand.txt” file.

By clicking on the batch file, it will call CPLEX application and run the commands for every LP file.
LP files will be copied to a temporary file (mytest) and then the related log file will be moved to the LP
folder. Once log files of all LP files are collected, we can export the results into an excel file by using
the button number (8) on the application.
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B.5 Exporting CPLEX Log Files into an Excel File

When the export-to-excel button (number 8) is clicked on the program, following instruction will
appear on the screen:

r '
Instructions on how to export log files records into an excel file lﬁl

Step 1) Select the MIP log files generated by CPLEX Optirnizer
Step 2) Select 'info.tet’ path where source locations are stored
Step 3) Select the felder of instance files

The records will be exported into an «s file in the sare folder as MIP log file,

Figure B.5: The flowchart for performing computations on instances

In order to export log files into excel, 3 different files are needed:

1. CPLEX log files

2. ”info.txt” file containing basic information about instances such as original objective values (Z),
shift amount into first quadrant, Z, for each half-space and repeated amount in partitions, and
percentages of eliminated points for each 6 angle.

3. The folder of instance files is also necessary to make computations on invisible points.

For each of above steps, a dialog window will open prompting to select the related files.
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APPENDIX C

COMPUTATIONAL RESULTS FOR ONE-TO-MANY INTERDICTION PROBLEM WITH A
SINGLE BARRIER ON A PLANE SUBJECT TO DISRUPTION CONSTRAINT

In this appendix, computational results for one-to-many interdiction problem when S < 1 are pre-
sented. CPLEX Optimizer 10.1 is used for solving MIP models and all computations are performed
on windows workstations with 3.00GHz CPU and 3.49 GB of RAM.

The optimal location of the line barrier and the related objective value are reported for 1B, 1M, WB
and WM variants of 30 instances and different levels of 6 and 3 levels. x;, x., y, and L represent the
optimal barrier’s endpoints along x-axis, its y-coordinate and length. The objective function values
before and after interdiction are shown as Zy and AZ, respectively. E% shows the percentage of elimi-
nated weights in pre-processing and 3 gives the actual disruption rate realized by the optimal solution.
Since computations are terminated at the time limit of 1000 seconds, a gap percentage (Gap%) is also
reported. CPU time (in seconds), number of iterations used for solving node relaxations (Niter), num-
ber of processed nodes in the active branch-and-cut search (Nodes) give the solver’s performance in
solving these problems. Following MIP cuts are also set in the solver with priority value 1:

e Clique Cuts (CQ) o Implied Bound Cuts (IB)

e General Upper Bound Cuts (GUB) e Flow Path Cuts (FP)

e Cover Cuts (CV) e Disjunctive Cuts (DJ)

e Flow Cover Cuts (FC) e Zero-half Cuts (ZH)

e Mixed-Integer Rounding Cuts (MIR) o Multi-Commodity Flow Cuts (MCF)

Number of MIP cuts (#cuts) and also the percentage of each cut used by the solver are also provided
in the tables of this appendix.

87



"syurod pardnisip jo a3ejueorad remyoe oy st g
MOl Apowrod-NIALIDIN ‘JIey-0197Z:HZ ‘punog parjdwy: gy ‘@anoun(siq:q ‘yred Mo[1:dd ‘Surpunoy 1Sul-paxiAdIIA ToA0D MO[:DH T9A0D:AD ‘punog roddn [ereuen:gno ‘onbi): 0D«

0 0 |8Ccc| O 0 0 4 € Sv | vOI | L'vv L9 [ 161 0 £VC 0 ['ovl | L81 | 80C | C | 6SI | 61 | CC | STO
0 0 |88C| O 0 0 0 6¢ | L'L ['€C | §9¢ [43 S Ice 0 145 0 9'l¢ | L8 | 80C | C |66l | 60- | CC 1'0 ”
0 0 |98 | O 0 149 v'e | ¥'S | LT | 801 | 9lIC LE S 90¢ 0 6'81 0 €9 L81 | Tl ¢ | SIL| S0 | LS | STO o
0 0 |9Lc| 0 0 0 v'e | TLL | 69 | 8¢l e 6C L 991 0 143 0 4! L81 | CI ¢ | SSI| S¢ LS 1'0 A
0 0 |88C| O 0 4 1’9 0 901 | T8I | 6'I¢ 99 0 wl 0 6'81 0 LT | L8] | 69 C 6 [4 LS | STO o
0 0 |€Lc| 0 0 0 € 0 I'6 | TvC | ¥'9¢ 133 0 £ 0 ¥'S 0 6'c | L8I | 69 [4 £l 9 LS 1'0
0 0 |s0C| O 0 L'c 0 T8 | S | Tol | 8¢ty €L L Lyy 10 | S¢€l 0 T891 | 9¢€ | 9ve | 11 | 8¥C | 86~ | ¥C | STO 09
0 0 |61C| 0 0 0 0 ¥'6 0 79 | §09 [43 0 6C1 0 LT 0 [4 9¢e S 4 [1! L YT 10
0 0O | T2y | O 0 9T 9CT | 6L | 9C | &SI | £€9C 8¢ 4! 0ce 0 gel 0 S6 9¢e | 0C | II | SLT | SC | ¥C | STO .
0 0O |¥8L| O 0 0 0 1Y 0 I'1c | €6S 8¢ 0 So1 0 LT 0 C 9¢¢e ¥ 4 I L YT 10 am
0 0 |LTe| O 0 0 L'L | 61 6'1 el | €Ty 143 9 8¢ 0 gel 0 LTS | 9¢e | STIT | 1T | €1 | LT ¥Z | STO 0¢
0 0 |96C| 0 0 L'e 0 L'e 0 ¥'L | 9SS LT 0 Cll 0 LT 0 C 9¢e 14 Sy | 11 L YT 10
0 0 | L6l | O 0 V'l LS | LTI 0 €Il | g6y IL 1c 69¢C 0 94 0 Ove | 9v | €Ll | S6 | LSL | L1- | ST | STO 09
0 0 v | 0 0 0 94 vy | T6C 94 ¢Cl ¥C 0 Sy 0 0 0 0 o 0 I L L S¢ 1o
0 0 |¢¢ee| 0 0 [4 6c | 86 0 6C | I'Sv 5Y Ll [4%4 0 ¢cl 0 €l o €l IT | s€r| <0 8¢ | §CO Sp
0 0 €v | 0 0 0 €l €y | ¥0e | 19C | L'IT €C 0 & 0 0 0 0 o L I % € 8¢ 1o I
0 0 |¢ev| 0 0 ol €e | L9 | €¢ | €€l 0C 0¢ 9 L91 10 S¢ 0 '8 o 14 8 6 S 0S¢ | STO0 -
0 0 0 0 0 0 0 0 0 0 0 0 0 0T 0 0 0 0 oy 0 I L L 0S 1o
0 0 I'Le | 0 0 L1 0 §8 | L1 I'LT | 6'¢E 6S L 8¢¢ 0 194 0 68y | S9 | ¥6C | S6 | CTCC| TL | ST | STO 09
0 0 9T 0 0 0 I'ec | 9C | 9°6C | 96T | S°0C 6¢ 0 oy 0 0 0 0 9 | I'8¢ | CI L I'1e- | S¢ 1’0
0 0 | S| 0 0 0 L | SL | ST | TIl | 8¢cr 08 8¢ 89 0 194 0 1<% S9 LT | S6| S8 | ST §¢ | ST0 ob
0 0 € 0 0 0 I'e € €0¢ | €0 | TYC 23 0 124 0 0 0 0 S9 0c 1T L el- 94 10 qar
0 0 |6¢€E| 0 0 0 §9 | §9 | §9 | LLI 6C 9 4! ILE 0 194 0 4! SY 8 6L | Tl ¥ §¢ | ST0 0¢
0 0 8'C 0 0 0 L91 | 8C | 8LC | 8LC | TTC 9¢ 0 Sy 0 0 0 0 9 | ST | 11 L S¥- | ST 10
AOW |HZ | 91 | [d | dd [¥IN | 49 | D4 | AD | 90D | 0D | sInD# | s3poN | NN | NdD g pden | zv 0z 1 " x X i | d o | ueLep
(9) 3geyuddaad .sn) JIIA UBULIONIIJ uonnjo§ '

Je[OqUED-8(J:20UBISUL 210D ‘T > ¢ Yim wdrqoid Auew-03-auQ) 1) 9[qeL

88



‘syutod paydnisip jo a3ejusdrad emoe oyy st g
O[] Apowrtod-nnA: DI ‘JFey-01oZ:HZ ‘punog parduy: gy ‘@Anoun(Siq:(( ‘yred MO[L:dd ‘Surpunoy 10Squl-poxIA [N T0A0D) MO[]:D I0A0D):AD ‘punog 10ddn [ereuen:gno ‘onbr): 0D«

0 0 [€LL| O 0 V'l ¥e | 99 | €L | L'0T | SYy | 06T (44 134! L0 €C 0 €'098C | ¥S8¢ | 9'I€l | €61 | 89IC | T8 6 | ST0
0 0O [L9T| O 0 0 19 € LS | 9¢l | 6¥S | t¥9C [43 el [ L6 0 89191 | ¥S8E | €651 | S8 | L'0€C | €IL 6 1o 09
0 0 |VICc| O 0 Sl I't | LY | 6T | ¥91 [43 SLT 9¢ 6L91 €0 €C 0 484! PS8¢ 9L €6l | 681 8! €l | §T0 .
0 0 | 8%Vl | O 0 0 8C | 69 | T9 | ¥el | 6CS 16¢ 6¢ 0LET 0 L6 0 9L8 PS8¢ 6 G81 | L6l SO1 €l 1’0 M
0 0 i4! 0 0 [4 13 14 Le | €91 | L9S | 00€ 89 Y691 €0 | 6l 0 €6LS | ¥S8¢ | 6'¢y | €61 | 6'CLL | 1'6CI | 61 | STO
0 0 |61 0 0 €0 | LT | §9 8 4! L'9S | Lge 43 €9¢1 0 L6 0 €8yy | ¥S8€ | 1'€S | S81 | 9'LLT | ¥'¥CI | 61 1o 0¢
0 0 [LOL| O 0 L0 € 96 | 611 | T91 | 6LV | 8¢tV L6 SL9¢ | v'0 | TIT 0 Yore | 8Iv9 | v'6vC | ¢ST | L'C9C | €€l € | ST0 09
0 0 9¢ 0 0 90 | L€ | €9 | 611 | 80C | I'lS | 9% €S IL8C | v'0 79 0 1'L681 | 8I¥9 | 9°08C | 19C | 8'88C | C'8 € 1o
0 0O [ TS| O 0 I Ly | 11 | ¥Cl | ¥el | §9¢ | 66C YL Love | ¥v'0 | TIC 0 ye6c | 8I1¥9 | v¥l | TST | 0OIC 99 € | SC0 .
0 0 €L 0 0 €0 | 80| 9L | I'vl | TCC | 8Ly | €8¢ 144 L66T | v'0 9 0 L901 8I¥9 | 291 19C | §'6CC | S°L9 € 1’0 am
0 0 8'6 0 0 80 9 S 9¢ | L8l 99 86¢ €0¢ L89¢ | ¥'0 | TIT 0 ['01¥9- | 81¥9 | 1°€8 | TSC | 9°6LL | ¥'96 Ic | ST0
0 0 8'L 0 0 4! ce | I8 1'8 IC L'0S | Lye 9¢ ¥esT | €0 <9 0 L'L8S | 8I¥9 | S°€6 | 19C | €661 | L'IOI | 1T 1o 0¢
0 0 |66l 0 0 ¥e | 9L 9 8T | 8CI | 98F | 1SC L9 SOLL €0 | L'Te 0 998¢ CCL | 6°€01 | L¥YC | S°00C | S96 6 | ST0 09
0 0 SI 0 0 'l ST | LT | ¥e | §61 | L9S 19¢ 0c 90¢1 0 I'6 0 8'8LC CCL | ¥'CST | 19C | L'8CC | €9L 6 1o
0 0 | vLI| O 0 I 61| 9C | 9C | ¥v9I | T8S 11e €01 I8¢C | €0 | T8l 0 9L1 L 0L ST | ELl €01 ¥l | STO .
0 0 |Lel| O 0 L0 | ST | 8¢ | €8 | 91 | S¥S | vie [43 08v1 0 1'6 0 0s1 L 88 19C | §961 | S'801 | VI 1'0 WI
0 0 81 0 0 V'l € 9C | ¥v | T91 | ¥¥S | TLC 601 180C | €0 1'6 0 9SL CCL | 80S | 19C | 6'LLT | T'LTT | 81 | STO
0 0 4! 0 0 ¥l I'e | ¥'e | 69 I a9 16C [ 9611 0 1'6 0 9'SL CCL | 80S | 19C | 6'LLT | T'LTT | 81 1o 0¢
0 0 96 0 0 0 | I'c | vII | 1Tl 81 99v | 8¢t¥ 6S gese | v'0 | L'TT 0 S°LTOT | C8IT | I'CeT | L¥C | V9T | SCE S | ST0 09
0 0 L 0 0 €0 | S0 | TTl |6Vl | TSI |66V | 69¢ 66 8ove | €0 I'6 0 TSES | C8IT | 9°08C | 19C | 8'88C | C'8 S 1o
0 0 I'6 0 0 70 | €T | S6 €l €91 | 96¥ | P8 Il 668¢ | v'0 | L'TC 0 LES C8IT | vel | L¥T | SSIT | S8 S | S¢0 .
0 0 [LOL| O 0 S0 | LT| I'6 | L'ST| 861 | STy | o6ty 69 086¢ ] I'6 0 86C e8Il | 291 19C | s'6CC | S'L9 S 1'0 qr
0 0 L8 0 0 Lo | T¢| v6 | L'8 | ¥8 | 605 | <OV SII1 €8¢ | ¥'0 | L'TC 0 8'€SC | CBIT | ¥'LL | L¥C | TL8I | 8601 | 8I | STO o€
0 0 | 8¢l | 0 0 Lo | ST [ L9 | 98 | 61C |89 | 69C SL SL6l 0 I'6 0 I'T9T | T8IT | §'¢6 | 19T | €661 | L'SOT | 8I 1o
AOW |HZ | 91 | [d | dd [ 41N | A9 | D4 | AD | 40D | 0D | SmD# | SpoN | JIN | ndD | § | »den | zv 'z 1 9« x x %! g | o | yuewes
(9 ) 38ejuadaad ,syn) JIIN AUBULIOYIdJ uonnyosg )

P-ggu-g-oouesur 2100 ‘T > ¢ yim weqoid Auew-03-ouQ 7D 9[qeL

89




‘sjutod paydnisip jo a3ejuoorad emoe oy st g
MO[] Apowwiod-NNA:DIN ‘JeY-0197:H7Z ‘punog parjdwy: gy ‘oanounlsiq: (g ‘yred Mo[]:dd ‘Surpunoy 10393u-paxiA [N 10A0D) MO[]:D 10A0D):AD ‘punog 1oddn Terouen:gno onbr):0D«

0 0O | 81 | 010 I L | 9L | sT | 801 |TES| 9I¢ 18 9681 | €0 | I'SI 0 YOSPT | ¥9LLT | 6°0V9 | STI | 6T9% | 6°LLI- | 61 | STO 09
0 0| 1|0 o0 0 | €S| Iv | 9L | T91 |86h | S9T €€ | 0091 | TO 6 0 Y'EP00T | ¥9LLT | 8°68L | T8 | ¥'LES | ¥'TST- | 61 | 10
0 0 |Lve| 0 | 0 | TI € | Ly | vT | 6Tl | TIS| OLT ob | TLOT | TO | SST 0 0TTL | ¥OLLT | OLE | STL | S8IE | SIS | €7 | 6TO | o
0 0 | 69T 0 | 0| 80 [ 19| 9T | I't | €pI | €95 | I€C vT €66 | 10 6 0 0LES | ¥9LLT | 9Sv | T8 | SOLE | SS8 | ¢ | 10 AL
0 0O |¥¥I| 0 | 0 | 6T | 6T | €S | L'E | €T | ¥85 | €t vT 116 | 10 | SSI 0 6'99E | POLLT | 9EIT | ST | €0FT | L9T | 67 | STO | o
0 0 | €91 0| 0| SO |SS| ST | 6S | €L | TS | 20T ¢l b8 | 10 6 0 8T1L9T | ¥9LLT | €€9C | T8 | I'vLT | 601 | 6V | 10
0 0| 88| 0| 0| +I T | 89 | L91| 681 | 'St | 86F YOI | T88S | 90 | ST 0 8TEIY | SOL6S | 6°TIST | LLE | 6'S06 | 6'90F- | O | STO 09
0 0O |T1s|{o|o 0 | €1 | ss|osT| vic |TIlv| €y 6L | ¥OOV | SO | LL 0 ¥'E9IT | SOL6S | €0THI | 80 | 9°S66 | 9vTh-| 0 | 10
0 0O | €v | 0| 0| #0 |LT| 6% | 6% | TLL | 9SS | 869 6V1 | €€0S | L0 | ST 0 THTOT | SOL6S | 8SL | LLE | $'8T9 | S6TI-| O | STO o
0 0 |6L]| 0|0 0 I'l | Sv | T2 | 691 | v'Ly | 8LE €6 | L81E | ¥O | LL 0 0969 | SOL6S | 0T8 | 80F | $°S69 | S¥TI-| O | 10 am
0 0 | S9| 0| 0| L0 [€S|+91 | 1%l | T6I |LLE| TEH 61€ | 1689 | 90 | 0T 0 SHPI8 | S0L6S | TOIF | 19€ | 99¢ | T¢S- | 9 | STO 06
0 0O |1s|o|o 0 |¢1| LT | s1 L1 65 | €SS 19 1€6C | +°0 6 0 LSTE | SOL6S | S99 | Tov | L'SIS| €TS | 9 | 10
0 0 [99T| 0| 0| €0 | LS| Ly |91 | L0I |S09| 6I€ 68 9681 | €0 | ¥'IT 0 TELOS | SEPS | 60V9 | STI | 6T | 6°LLI- | 1T | STO 09
0 0 [901| 0| O 0 | 6T]¢S9|T9 | 601|679 SIY IS | o6l | €0 | T'L 0 9611 | SE¥S | 868L | T8 | 60IS | 6'8LT- | 1T | T°0
0 0| €c|olo 0 [ 6S| V9 | v9 | T8 |10V | LST €9 SLTI | TO | 6'LT 0 €781 SEPS | OLE | STI | $°8I¢€ | SIS~ | 6€ | STO o
0 0 [8L1| 0| O 0 L | 87 | 9L | 801 | 61S | s81 43 89T | 10 | T'L 0 (493 SEPS | 9Sh | T8 | wbE | TII- | 6€ | 10 W
0 0 | 18T 0| O | ¥0 |61 | 8% | T | L'ST | TLS| ¥SCT 6y | 6811 | TO | 6'LT 0 VIPL | SEPS | 9EIT | STL | €0KT | L9T | €7 | STO | o
0 0 |zzr| 0| 0] v0 |6€| 88 | 19| 81 |S0S| 19¢C 6 | 8L | TO | TL 0 S99¢ | Sevs | €€9T | T8 | 9LVT | 9S1- | € | T0
0 0 L 00| I € | 611|691 | v0T | S65| L6S YIT | ¥2L9 | 90 | ST 0 €L9EL | €0VOT | 6'TIET | LLE | 6'S06 | 6'90F~ | O | STO 09
0 0 | 28| 0| 0] 60 |60 6S |6LI| S6T |L9| It ¢l | L9T¥ | SO0 | T'L 0 9'70TT | €0¥0T | €0THT | 80F | 1°9¢8 | T'48S-| 0 | 10
0 0 | 86| 0| 0| L0 [TV | vL |8ST| T | 19| 6l 60v | 60IL | 90 | ST 0 €8YE | €OVOL | 8SL | LLE | $°8T9 | S6CI- | O | STO o
0 0 [S9| o010 0 I | #'¢ | 861 | Tl | I'eS | 919 ¥ZI | 901¥ | 90 | T'L 0 2001 | €OVOT | 0T8 | 8OF | 9¢S | ¥8C- | O | 10 ar
0 0 | 9% | 0| 0 | #¥1 [¥9|9%1 |S€I| ¥91 | Teh | 8¢+ LEE | 6119 | 90 | ST 0 1'T€91 | €OKOT | L0OV | SPE | 99€ | L¥e- | L | STO 06
0 0 |¥L]| 0|0 0 | €1 | v9 |LTI| 0T |TTS| 6CS CLT | €Ty | SO | T'L 0 L19 | €OYOT | S99F | TOV | T6SE | TLOI-| L | 10
AOW |HZ | 91 | [d |dA | ¥IN | 49 | D4 | AD | 919D | 0D | snD# | poN | 1IN | ndD | ¢ | »den VA% 0z 7 a x X O I P e
(%) adeyuadaad ,s;n) JIA ULBULIOLIdJ uonnjos :

{z:9dourisur 10D ‘T > g yim wd[qoid Auew-03-ouQ) €D d[qeL

90




‘sjutod peydnisip jo aSejueorad [enjoe ay) st g

MO[q Apowrtuod-NA:ADIN ‘Hey-01eZ:HZ ‘punog pardwy: gy ‘@anoun(si: [ ‘yred Mo[J:dd ‘Surpunoy 103a3uT-paxIA YA T9A0D) MO[: D ToA0):AD ‘punog 1oddn rereuan:gno onbrd:0D«

0 0 | ¥6Cc| O 0 ST 69 6C 86 10T | ¥'6T 0T € €911 0 1'ie 0 9°L10T | 6€LE €69 8 'S | 1'0I- | 6C | STO 09
0 0 89C | 0 0 I'1 (94 €T 9¢ | vEl | ¥9Y 6LI1 144 01€l 0 66 0 6°€901 6€LE L'TL L 6'6S | 6CI- | 6C 1'0
0 0 8LI | O 0 'C 4 7'y L6 glec | I'ty L¥C 8 IT11 0 1'e 0 ¢l 6€LE o 8 [Sh724 74 8y | STO .
0 0 |68 ] 0 0 e e L6 8¢ L9l w VLI 1€ 9Tl 0 6'6 0 CLS 6€LE w L Svy 54 8t 10 WM
0 0 €TC| 0 0 8’1 6C 9L L TSI | €¢Ey ILT SI 756 0 1'ie 0 LYy 6€LE 1'¢€T 8 9¢ €1l €S | STO 0¢
0 0 I91 | O 0 0 'L 7' 8’8 I'Cl | ¥'CS (94! 6 L6L 0 6'6 0 88¢ 6€LE e L 9¢e | ¥'I1 €S 10
0 0 Il 0 0 8C e [I'0 | L'yl | 8¢l 1'8% 8¢ 86¢ 9979 90 | ¥'CC 0 ['68CT | S°S6S8 | S'¢6 | ¢E | S'IL (4o 1T | STO 09
0 0 1'9 0 0 €1 (44 S clc | scl | 96y LLE €81 (9483 0 SL 0 T9EL | S°S6S8 | 6011 | LE | TO8 | L'Og- | 1T 10
0 0 | 60T | 0 0 80 ST | ¥Oo1 | LTI | €11 | ¥'Sy (489 0LT L36Y 90 | 8YC 0 LTY S°66S8 w 9¢ 9¢ 14! 9C | ST0 .
0 0 ] 0 0 0 ¥'C 6'¢c | S91 Sl Ses 1384 L6 LTTE S0 Tl 0 61¢C §66S8 | Trl 9L | TYOT | 8'LE- | 9T 1'0 am
0 0 €9C | 0 0 0 0 6'S 0 Lyl | 6°CS 143 0 SL 0 1l 0 66 G'6668 8 9L | TYL L'L- €6 | STO o€
0 0 9T | 0 0 0 0 6'S 0 Lyl | 6°CS 143 0 SL 0 [ 0 66 6658 8 9L | TYL L'L~ €6 10
0 0 |29l ] 0 0 L'l 14 I'e 'S <yl | ¥'SS 96¢C 81 7601 €0 | v'el 0 6'vCe VLL 8¢9 8 6'LS 6L €C | STO 09
0 0 |6l | O 0 L0 L'e 68 I'8 991 | 8Cr ILT 1€ 06€1 €0 L6 0 8°6LI1 VvLL €69 L 9'LS | 9T1- | €T 10
0 0 | 98] 0 0 0 7' 7' LYy €Ll | 9TS [4%4 81 ¥L01 0 | vel 0 8¢C1 YLL 8¢ 8 144 9 | STO op
0 0 LeEr | 0 0 0 1'9 9'¢ L8 evl | §'€S 961 e 8S6 0 [ 0 S6 YLL 86 9L | §L9 | S0¢- | ¥ 10 I
0 0 |91l ] 0 0 8l 6C 69 6'L 8¢CI | T'ES LLT 144 LITI 0 | vel 0 9'19 VLL 6'1C 8 6'6¢ 4! 8y | STO o
0 0 SLI 0 0 8C | Lyl | 9% 6'l 6Cl | 6'SY 601 Iy YL 10 43 0 9'¢S VLL 996 | 9L | 89¥% 86~ 8y 1'0
0 0 6 0 0 LT 14 ¥C | 1’6l | TLI | 9°S¥ LLE 1c¢ 68LY S0 | 9TC 0 T60E | SP691 | S€6 | TE L SI1C- | 61 | STO 09
0 0 7’9 0 0 0 (44 8¢ | 881 81 L'8% 108 0oLl LOLY <0 e 0 GEIT | S¥691 | 9¥C | 9L | T9SI | L'68- | 61 10
0 0 L0oT | 0O 0 80 8¢ 'S | 981 0¢ (44 See 91¢C 6891 S0 [ 0 S601 | SY691 ol 9L | TYOL | 8'LE- | €C | STO .
0 0 89 0 0 0 'y I'c | 821 | 911 | 979 6el 91 LT91 €0 [43 0 S601 | S¥691 wl 9L | TYOT | 8'LE- | €T 10 qar
0 0 |69L] 0 0 0 7Sl | L'L 0 0 0 €l 0 8¢ 0 e 0 Sor SY691 8 9L | TYL L'L- 06 | STO 0¢
0 0 |69L] 0 0 0 VSl | L'L 0 0 0 €l 0 8¢ 0 43 0 gov S¥691 8 9L | TYL LL- 06 10
AOW |HZ | 491 | [d | dd [4IN | 4D | D4 | AD | 40D | 0D | smD# | S9poN | 1IN | NdD | § | »den | zv 'z 1 u| x ‘¥ il g | o | yuewes
(9,) 98ejuddaad .sin) JIIN AUBULIONIdJ uonnosg )

G- gu-g:ooueisur 10D ‘1 > g ym wepqoid Auew-03-ouQ ) 9[qeL,

91



‘syutod paydnisip jo a3ejusorad emoe oys st g
MO[] Arpowrod-NNA:IDIN ‘Jey-01ez:HZ ‘punog parduy:gy ‘oanounlsiq:rq ‘yred mold:dA ‘Furpunoy] J03ouy-paxiAIIA 1oA0D) MO[: DA 10A0D:AD ‘punog 1oddn [erouan:gno onbid:0D«

0 0 | 60| O 0 Le | €C| ¥s | ¥'1 | T¢l | 1'S9 | 6SS LTl wet | v'0 (44 0 8'¢S0¢ | 08¢cl | €vIL | 6 | L'OII Le 61 | STO 09
0 0 [LCI| O 0 90 | LT | LS | SS | 8%l | I'8C | 08¥ 9¢l yeoe | S0 L 0 0€61 | 08CCl | LOLT | €6 | €'ICI | €SS | 6l 1o
0 0 |¢€¢Cl| 0 0 I ST | Le | 9L | 8yl 8¢ SOy 801 SLyc | €0 | TII 0 ¥ccl | 08¢Cl ¥6 68 06 e 6C | STO .
0 0 [LZCL| O 0 €0 | 9C¢ | 8% | 89 | L¥I | I'SS | ¥S¢E 601 IL€C | v0 L 0 (4% 08ccl ¥6 68 | €01 6 6c | 10 WA
0 0 |T6C| O 0 60 S 99 | L1 STl | Ty | 0TI 8¢ L8L 0 L0l 0 ¥'ceS | 08¢Cl | 1'8€ | 6 I'cL 6'¢ce 9¢ | ST0 0¢
0 0O |¥8I | O 0 0 9¢ | 9C | 96 | 8CI | I'vS | 96l |53 88 1'0 1'9 0 ¥'LOy | 08CCI | £€6¢€ | 8 I'¢L 6'ce 9¢ 1'0
0 0 €8 0 0 60 9 96 | ¥'Sl Sl 6vy | 8¥¥ IL1 oy | 90 | 6'CC 0 VIve6 | 9€8ST | §Tve | OL | 9SI 98- | LI | STO
0 0 YL | 0 0 0 ge| 6 | 1'0C Lt 19¢ | ¢TIS €Cl geLe | S0 L 0 6'8ICY | 9€8CT | C'CCe | €6 | €061 | 8ICI- | LI 1o 09
0 0 99 | 0 0 90 | 9¢ | I'8 | TCl | 661 | I'8 | TES €6 86vy | 90 | 6CC 0 S6ley | 9€8CT | OVl | OL | 8'V0I | TSE- | LI | STO .
0 0 €S | 0 0 0 Te | 6 | €LT | €81 | 66V | 68S 148! Sevy | S0 L 0 COLIT | 9¢8ST | 981 | €6 | TCCl | 8¢9 | LI 1o am
0 0 8 0 0 V1| 9T | €1l | 9C1 | 96l | TSy | 9y SLI 9L0Y | S0 | ¥'CC 0 P8LLT | 9€8ST | L'6L | 69 | 9VL I's- e | ST0 0¢
0 0 9¢ | 0 0 0 9¢ | 19 | vTl | T'IT | €65 | 8LE 9 LTCC | ¥0 L 0 €L66 | 9¢8ST | ¥'LOT | €6 | 6C8 | ¥¥C- | T | 10
0 0o [VII| O 0 TL | 9¢ | €L | €T | 6¢€l | €09 9V LLI 18¢¢ | v'0 | STl 0 8'6Iv | 6LLI 6yl | €8 | VII Se- 61 | STO
0 0 96 | 0 0 60 | Sv | ¥S | €S | TSI | 68 | TSS 68 659C | €0 76 0 991y | 6LLT | TELT | 68 | I'9CI | TI'L¥y- | 6l 1o 09
0 0O [LTIT| O 0 LT | v0| ¥vS | €T 96 | 889 | 69 Cll 119 | €0 76 0 Lol 6LLI 001 | 68 | S68 | SOI- | 8C | STO .
0 0 |vol| O 0 I I'v | ve | L'y | I'SI | €19 | S8¢ 8¢ 0SLI 0 ¥'6 0 L6l 6LLI 001 | 68 | S68 | S0I- | 8C 1’0 WI
0 0 [91C| O 0 S0 | €C | T¢ S 66 | L'LS | TClC 143 S101 1’0 76 0 698 6LLI 9ve | 6 | 899 e €S | ST0
0 0 | L8C| O 0 90 | TI1 | 9¢ | 99 | vLI |61y | L9] 33 (44 10 76 0 698 6LLT | 9vE | 6 | 899 (%4> €S | 10 0¢
0 0 L8 0 0 Lo | ¥v9 | OF | I'LT | ¥LT | L'6E | 8¢tv 8¥1 gs6e | 90 4 0 €06cl | SI€C | TSCT | 9 | €LYI | 8LL- | 61 | STO 09
0 0 9'8 0 0 0 Yo | €L | §91 | Tve 184 1294 9¢ 008C | ¥0 76 0 ¥'Ce8 | SleT | €80¢ | 68 | v'E6l | 6 VI~ | 6l 1o
0 0 8 0 0 TL | 96| 9¢ | ¥el | T'LL | 66V | LTV 81 vivy | S0 | 6'1¢C 0 ¢ 1e9 | SIET 8¢l | 69 | T80T | 86C | 61 | STO .
0 0 910 0 70 | g€ 14 ¥C §lc | sov | 1cs 1S9 st | v0 ¥'6 0 Sley | Sslec 8L1 | 68 | T'8CI | 86¥ | 6l 1’0 qar
0 0 8'8 0 0 8C | 9C | T9 | I'el | 881 | 8Ly | LY L0T 8¢y | v'0 | 6'IC 0 ¥'¢9C | SleT ['89 | 65 | €68 ¢lc 1€ | §T0 o€
0 0 L9 | 0 0 L0 ¥ TS | Lel | T8I [ VIS | 10V 06 6CvC | ¥0 ¥'6 0 8'60C | SIEC | 8C0I | 68 | 906 | ICI- | 1€ | T0O
AOW |HZ | 41 | [d | dd [ 41N | A9 | D4 | AD | dND | 0D | smD# | spoN | JIIN | ndD | g | %ded yAY 'z 7 u" X X il g o | jueLep
(9) 3dejuddaad ,s1n) JIIA UBULIONIdJ uonnjos '

GY-ZEU-VY:9ourIsuI 10D ‘T > g yim wd[qoid Auew-03-auQ) 6D d[qelL

92




‘sjutod paydnusip jo aSejueoted [enjoe oy st g
MO[q Apowrtuod-NIA:ADIN ‘Jey-o0107Z:HZ ‘punog parduy:gy ‘@anounfsiq:rq ‘yied mo[:dA ‘Surpunoy 10SAuI-paxIA I ‘10A0D) MO[]: D ‘10A0D:AD ‘punog Ioddn [erousn:gno @nbid:0D«

0 0 |LOoT| O 0 [ 8T | S | TIT | 9T | T9S 169 8€I 89¢y | 90 | €1C 0 L966 TELTT Y1€8 | Sv | T96S | TSEC- | L | STO 09
0 0O | T¢T| 0 0 1 T8 | 9T | T0T | 9€I | ¥CS | LTh 69 LEST | ¥0 86 0 LY6CS TELTT §1T6 | 61 | T9€9 | TS8T- | L 10
0 0 |80 | O 0 €1 €€ | 96 | 98 | €¢I | TLS | 6¥9 LST Ic6y | L0 | €1C 0 66£S IELTIT 08t Sy | 0Ty | S6S- L | STO b
0 0 L 0 0 80 | TV | LT | T8 | €11 | L'S9| L6S 001 oree | ¥0 86 0 8S6C TELTT (439 61 | S'Ivy | S06- L 10 A
0 0 |STr| 0 0 1 €| 9L | S | 80T | I'6S | 68F 8114 €16¢ §o | €1C 0 LT9LT TELTT I'LLT | Sv | T'6IE | 6'1F ST | STO0
0 0O |91 | 0 0 [ 4 §¢ | TS L1 v'6S | €8f ST e | ¥0 8°6 0 68091 IELTT TLOE | 61 | I'6CE | 6'1T S1 1’0 o€
0 0 I'L 0 0 90 | 6T | S9I | LOI | €ST | 69Y | 098 Sl OLYL I'l | 9%C 0 TOIPST | S9LOVT | S80TT | €€€ | S069 | 81t~ S | ST0 09
0 0 79 0 0 60 | SO | 6CI | 89T | ¥'6l | €Th | SL8 8 oS | 80 86 0 L'TTTL | S9LOVT | 1°T6CT | 98¢ | €L9L | 89CS- | SI 10
0 0 o1 0 0 T | €y | LOoT | 61T | 86T IS4 0ocL €CC 610L I 9YC 0 6'88€8 | S9LOVI 019 €E€C | TISY | 8'¢€8I- | €T | STO b
0 0 9 0 0 €0 1 1T | €LT | S81 | €S¥ | CT06 061 9I8L | 60 86 0 9t6¢ S9LOV1 9L 98¢ | T60S | 8'9¢T- | €T 10 an
0 0 €6 0 0 't 96 | 9CI | TSI | 9ST | SOv | 8¢S L¥T 68¢9 | 60 | 9T 0 T'1eey | S9LOPI | S69¢€ | €e€ | 1TE S8y~ | 9¢ | STO
0 0 99 0 0 0 T | Tl | 691 | ¥'LT | L'ey | TC8 6¥C 6CL6 | 60 86 0 TYS0T | S9LOVI | L'OEY | 98€ | 91SE | T'6L- | 9€ 10 o€
0 0 |LOoT| O 0 80 1'C S 9L | TSI | $8S | 8I9 el ey | 90 0T 0 £T6CS 8509 8tvyL | OL | ¥'SSS | ¥'681- | 01 | STO 09
0 0 8 0 0 0 v'S | 8¢ | 611 | SST | TSS| 069 101 9ILE | L0 01 0 S 190¢ 8509 Y1€8 | Sv | T96S | TSEC- | 01 10
0 0 |911| 0 0 S0 | 6T | 9% | 8L | 6ST | 8LS 189 6LT €667 | 80 0T 0 YLLT 8509 ocy oL 86¢ (4% 01 | STO Sh
0 0 L'L 0 0 €0 | 9Y | v'¢ 8 €61 | 909 | LSS 68 LT | S0 01 0 9691 8509 08t S4 Sty g¢- 01 1’0 WI
0 0 ! 0 0 S0 | TI ¥ 81 01 0L | 89S 91T ceLe | S0 0T 0 1°02¢1 8509 €8¥C | OL | T'60€ | 609 €C | ST0 o€
0 0 |S¢rT| 0 0 9C | 69| 6T | ¥9 | 191 | L'IS | 8¢ LTI Y0LT | ¥°0 01 0 S8 8509 T'LLT | Sv | 9°€CE | v'9v €C 10
0 0 8L 0 0 0 | TT | T6I | TCI | T'LT | ¥TY | P8 8€T PEIL 1 4 0 9°CTOTT | SY9IT | €I8IT | $#SE€ | ¥'€CL | 6'LSY- | S | STO 09
0 0 9 0 0 I'0 | ST | LS | I'LL| 981 | ¥'0S | 6001 98 ILSS | 60 01 0 ¥191S SPOIT | 6'99€T | LOY | L'€08 | T19S- | € 1’0
0 0 9 0 0 €0 | 8T | 6%l | 91T | LLT | T | 688 16T €€€6 T'T 94 0 1209 SYOTT 89 ¥S¢€ | TLLY | 8%0C- | O | STO .
0 0 1L 0 0 90 4 T'L | T8T | 91T | €ev | SS8 €LT LLEL | 60 o1 0 +S8C SYOTT 88L LOY | TSIS | 8CLe- | 01 10 a1
0 0 9L 0 0 €0 | 8C | 9%l | 8SI | TLI | 81y | €L9 16¢C S0e8 | 60 94 0 S¢'8¢I¢ SR 8'¢6L | ¥SE | I'eee | 9°09- | 81 | STO o€
0 0 L9 0 0 10 1 L9 | ¥ST | L€l | €95 | V9L €S1 cIes | Lo 01 0 81¢CST SYITT SSy LOV | L'8YE | T901- | 8I 10
AOI |HZ | 91 | [d |dd | 91N | 4D | DA | AD | 40D | 0D | smnd# | S9poN | 1IN | NdD g % den zZV 4 1 « X ¥ wd dJ o | juewes
(9 ) a8eyudoaad ,syn) JIIN URULIONIJ uonnjos *

Op:eouelsur 210D ‘T > g yym wejqoid Auew-03-auQ :9°) 9[qeL,

93



‘syurod paydnusip jo oFejuoorad [enjoe oy st g

Mol Aipowrtuod-nnA:ADIN ‘Hey-01oZ:HZ ‘punog pardwy: gy ‘@anoun(siqr: [ ‘yred Mo[i:d ‘Surpunoy 103o3uT-paxIA YA T0A0D) MO[L: D ToA0):AD ‘punog Joddn ereuan:gno onbid: 0D«

0 0 |ce6l | O 0 L1 Sgr|or | ¢l I'6 | TLS | 6tC 10C 9¥8¢C €0 | I'tve 0 918 86T | 6'€01 | vE | S901 ST 1€ | ST0 09
0 0 | TI'er| O 0 80 Y 6L | 9v | L9l | I'eS | 96¢ ell c6le €0 €6 0 1°¢€8S | ¢8SC | 8791 | LI | 6'ICl | 60¥- | 1€ | 10
0 0 |9¢I| O 0 vy | LY | 16| €1 L'8 | T9S | 0Oce eel 80¢€C €0 | ¢8I 0 9y | C8ST 9¢ 9¢ 98 soe 1€ | ST0 cb
0 0 |CTIT| O 0 0 I's | 9¢ | I'S | €¢I | 865 | 9LE wl 9L8C €0 €6 0 6¢C 86T Y6 L1 S'L8 S9- e | 10 WA
0 0 |S0C| O 0 €0 | LT | Iy | I'T | TOl | 09 | €6C 123 60¢1 0 | L91 0 0cC 86T | €CE 9¢ LvL €Ty v | ST0 o
0 0 | LTl | 0 0 €0 | €1 | 8% S vl | ¥'19 | 8LE 99 1281 €0 9¢ 0 €8L | 85T | I8¢ 53 1'SL 6'9¢ Iy 1'0
0 0 Ls 10 0 Lo | 81 | I'L|ve6l | 80C | ¥vv | OCL 981 Cl0s 60 | I've 0 §'066C | vCey | €€9C | T8 | 9961 | 9'99- 6 | ST0 09
0 0 9 10 0 'l 't | 8¢ | 8I Y91 | 9'IS | 9S¢ 8 Lyve 90 €6 0 6611 | ¥Cev | 9°08C | L8 | €€8] | €L6” 6 10
0 0 9¢ | 0 0 ST | 6C |86 |10C| SIT | L8 | SSL (4! L8TL I I've 0 Yrel | veey | TSI [4] 14} - 6 | STO op
0 0 14 0 0 0 81 | §¢ | 66l €C 8IS | 6v9 6L 101y 90 €6 0 909 yeey | 291 L8 ¥Cl 8¢- 6 10 am
0 0 <y | 0 0 ST | Ty | CL | 9LL | 191 | S¥vv | OVL 98! 860 90 | I'te 0 008 yeey | 'S8 08 | ¥'601 ¥C S1 | ST0
0 0 8¢ | 0 0 0 | 9C | v | €6l | §9C | 9¢ev | 8¥S 19 9¢l¢ 90 £6 0 L'e9T | viey | S¢6 L8 8'68 8'¢- ! 10 o€
0 0 | Tyl | O 0 8T | €¢ |69 I 98 | TV9 | v6E VLT Sove Y0 | ¥'ve 0 6'€€9 | L6IT | ¥'LOT | €€ <ve | Tel- | 6€ | STO 09
0 0 | TI'er | O 0 O | 6¢C | E€L| LY 4! 89G | 99¢ 8II (4944 €0 86 0 I'SLy | LelT | €991 | 91 | I'cel | Iy~ | 6€ | 10
0 0 | €91 | 0 0 60 | 9C | Il | 80 I'L | €19 | ¥S¢ cly V8LE Y0 | I'LI 0 €6¢ Lelc 9¢ 9¢ G98 U3 6¢ | STO cp
0 0 | L€l | 0 0 0 | 8¢ | ¢9 14 TSl | 99¢ | 10V 9¢S1 6L8C €0 86 0 01¢c Lelc 9 [43 68 4 6c | 10 WI
0 0 81 0 0 ve | Le | TS| 8¢ 88 | T8 | 16T 1L I8¢l 0 | 9l 0 8¢ Lelc | €t 9¢ LvL €Ty 1S | ST0 0¢
0 0 |TST| O 0 €0 | €T | 9L | Ly | L'IT | I'86 | Tt 88 1181 €0 8'6 0 8101 | L6ICT LE [43 LL 0oy Is 1 10
0 0 9 | 0 0 €C | LY | I'S | 681 | S8 | I'vh | LS89 961 YLOL 60 | ¥'ve 0 1661 | T9¢e | 9YC LL | 'S8T | §°09- | CI | STO 09
0 0 e | 0 0 0 TL | L9 |56l | TCT | v 0¥8 €LI 018L [ 86 0 6°00IT | ¢9¢e | TSIE | L6 | 9661 | 9°CII-| CI 1'0
0 0 4 0 60 | 99 | LS| €S| 991 | S6v | PE9 88¢ | €€8I1 | I'l | ¥'¥C 0 ¢S6 | °9¢ce | Tl LL | Seel ¢'8- ¢l | ST0 .
0 0 9 0 0 O | €1 | 8C | ¥8I | L1ICT | 99Y | 8¢E6 86T 1ol | ¢1 86 0 89¢ o9¢ee | T8l L6 eel 67~ 4! 10 qar
0 0 78 | 0 0 8T | €V | L9 |96l | 9¢l | 98y | 609 L9y | 99811 [ g6l 0 1'S8¢ | 79ce | 1'¢8 8L | I'v01 | 60C 0C | ST0 0¢
0 0 I's | 0 0 0 €C | 9 | 8LI | T'TC | L9y | TOL 08¢ 8689 L0 8'6 0 CLT 133 78 L'8L | OII 9C 0c | 10
AOW |HZ | 41 | [d | dA [dIN | 49 [ Dd | AD [ 40D | 0D [ smD# | poN | 1IN | ndD | ¢ | %ded A% 'z 7 " X ‘X wil d o | yuenrep
(9) 3geyuddaad .sn) JIN dUBULIOLI] uonnjos '

Y- [Hu-g:eouelsul 2100 ‘1 > g yam wojqoid Auew-03-auQ :2°D 2[qeL,

94



‘syutod paydnisip jo oSejucored remoe oyy st g
morJ Apowrod-nnA: DN ‘Jley-0107:HZ ‘punog pardwy:gy ‘oanoun(siq:rd ‘yred MO[:d ‘Surpunoy 10Sur-poxIA:YIIA 10A0D) MOLI: D T0A0D:AD ‘punog Joddn rereusn:gno onbid:0D«

0 0 | 911 | 0 0 I €T | €Tl | €01 | ¥'¥I 8 SeL 88¢ °S8L 60 | €0C 0 ¥9CC 6S6CI | L'vCl | LT | 6401 | 6'61- | 61 | STO 09
0 0 |60I| O 0 ST | €9 | 6¢ | 801 | 6L | 98y | 099 65¢ €089 L0 L'6 0 9'160C | 6S6CI Wl | ¥6 | §°STl | S9I- | 6l 10
0 0 | ser| 0 0 €1 | 9Yv | 89 8 8¢l | TTCC | 8E9 LLT 1608 90 8 0 118 656C1 4] 6 | $°S6 gel e | STO op
0 0 €l 0 0 61 | CT9 | ¥L | LOI | ¥81 | ST | TES €CC LEY ¢o 8 0 118 6S6C1 4] 6 | $°S6 sel 143 1'0 A
0 0 |SLT| O 0 I'l | 6T | €9 | LS | 811 | LYS | 6vE €S €681 €0 I's 0 99¢ 6S6C1 S8y | S6 | L8L £0¢ e | STO 0c
0 0 [90C| O 0 0 8v | 8 | 8% | T'LL | 69% | T6C 19 €591 €0 s 0 99¢ 656C1 S8y | S6 | L8L £0¢ ve | 10
0 0 L 0 0 4 8V | ¥OI | €€ | 681 | Lty | SOL 861 LYL9 60 | €0C 0 €LY6 | STTIBI | €€9C | 08 | ¥'C81 | 6°08- | CI | STO 09
0 0 S9 0 0 90 | 6T | 9C | S9I ¢ | 6SY | 0S8 PS1 6€1L 80 L6 0 TT009 | STCIBT | 8'IIE | ¥6 | 9°0IC | T'101- | TI 10
0 0 89 0 0 80 | I'S | L8 | SVl | ¥eT | 80V | €€9 ey | 90¥01 | I'T | €0¢C 0 cely | scel8l | ¢SI | 08 | 89CI | ¢S | 1T | STO op
0 0 9 0 0 €0 | ¢TT | TL | T8I 61 99v | 69L 0S1 IssL 60 L6 0 SIL6C | SCCI8I | 081 | ¥6 | 8vvl | TSe- | 1T | 10
0 0 €L | 0 0 ¥0 | 8C | T8 | &Sl | 8CC | 6Cv | 1LY 8L9 586 I I'81 0 COLEl | SCCI8L | 1'€S | 0S | 8'SL Lee 1T | ST0 0¢ am
0 0 '8 0 0 60 | 9SS | 9L | 611 | Lyl | LOS ]| 9¢S 6¢£€ 1899 L0 8 0 9€CI | S'TTIBT | 6'€01 | ¥6 | L'901 8'C Ic | T0
0 0 |611| 0 0 I't | vCc| v's | TCL | ¥'IT | 9SS | SvL € 0c6L 80 | €¢l 0 £6e9 9944 6'GS1 | ¥6 | 69C1 | 68C | €I | STO0 09
0 0 vL | 0 0 S0 | Ty | 9v | 801 | 6'¢l | L8 | OLL 0T 1009 90 68 0 9y 9944 €651 | S6 | L'CEL | L9T- | €l 1'0
0 0 |9vL| O 0 T | 8y | I'e | §8 | 661 | 905 | 6¢£S L6l L10S 90 | I'lT 0 144 1944 06 ¥6 86 8 LT | STO0 cp
0 0 |9¢I| O 0 ' 8 ¢ | €6 | 8%l | €IS | TSP 61¢ 656¢ S0 68 0 8¢ 9944 06 ¥6 96 9 Le | 10 WI
0 0 | T0Cc| O 0 0 ST | 6 | 66 | 9¢I [43 €ce €9 9l6l €0 68 0 8°C6 9944 43 Y6 6L LT Lc | ST0 o
0 0O | ¥VST| O 0 VI | LYy [ 19 | ¥9 14! s 86¢ 0L 961¢ €0 6'8 0 8'C6 13344 [ ¥6 6L LT LT 1'0
0 0 6 0 0 80 | Sv | 98 4! Y81 | 6LV | TS8 [4%4 89¢8 I't | ¢ce 0 L'GS0T | SeLee | €€9C | 08 | ¥'C81 | 608~ | 91 | STO 09
0 0 9L | 0 0 0 ¢C | v0ol | T8I | SIC | 86E | +08 8¢l 9LLY 60 68 0 6'¢601 | s€Lee | TSIE | S6 | ¥'80C | 6901 | 91 1'0
0 0 S 0 0 60 | 9| 89 | I'LL | I'LT | €LY | 659 ¥5¢C LOSL 60 | TTC 0 €76 SELEE ¢Sl | 08 | 8°0€T | TlC- | CT | STO op
0 0 (4 0 0 10 | ST | I't | T91 | 681 | I'SS| 8¥L 8 L18S 80 68 0 196 SELEE 81 | S6 | 8SPI | T9¢- | TC | 10 qar
0 0 9 0 0 €T | 6C | 600 | I'vI | I'LL | 99V | 199 LOY 606 60 0C 0 9°T6E | SELEE | 6'CEL | 89 | T98 €Tl @ | ST0 o
0 0 LS 0 0 I'0 | 8C | I'e | L'ST | T8I | €¥S | 0L9 [4%4 421 90 68 0 L'0Ig | S'eLee | 6'€01 | ¥6 | L'901 8°¢C [44 1'0
AOW |HZ | 91 | [d | dd | ¥IA | 49 | D4 | AD | 90D | 0D | smD¢ | SBPON | WIIN | NdD g | »den zZv 'z 7 " ’x X wd g o | e
(%) 38eyuaoaad .sn) JIIN ULULIOLIDJ uonnjog '

OY-GHU-y:ooueISUL 910D ‘T > ¢ im wajqoid Auew-03-ouQ) :8°D 9[qeL

95



‘sjutod paydnisip Jo oFejuadiad renjoe oy st g
MOl Kypowrwod-nA: DN ‘Jley-0loz:H7Z ‘punog pardwy:gy ‘anoun(siq:fq ‘yed Mo[d:dd ‘Surpunoy JIu-paXIAIIN 10A0D) MO[]: DA 10A0D:AD ‘punog 1oddn) [erouen:gno ‘onbiD:0D«

0 0 |6CC| O 0 I'1 8T | LT | ¥'8 | 91 | 99% | 08¢ YL SELT 0 143 0 €180C | S€¥86 | €€S€ | 101 | L'TET | L'OTI- | 8¢ | STO
0 0 |Tc| 0 0 0 T | S¢€ | ST | 61T | 9LE 11¢ or 690C 0 ¥'e 0 €180C | Se¥86 | €€S€ | 101 | L'TET | L'OTI- | 8E 10 »”
0 0 81 0 0 ¥l TeE| Sy | TT | T'LL | 9¢S | TaC 91 018 10 ¥'e 0 9¢01 SEr86 ¥0T | 10T | 8SI 9t~ 9S | STO op
0 0 |9ST| O 0 €1 Y| e | ¥9 91 T°¢S | LeT 6 0L8 170 e 0 9€01 SEV86 0T | 10T | 8SI 9t~ 9¢ 10
0 0 | T8 | O 0 ST v | 68 | 6S 88 | ¥'Ce 89 o1 s 0 143 0 veey Ser86 | 8'LIT | 10T | 6711 6T 9S | ST0 0¢ na
0 0 | €0V | O 0 Pl YT | ¥8 | 9S | 991 | ¥'9C L 4 68 0 43 0 L4354 Ser86 | 8'LIT | 10T | 6711 6T 9S 1'0
0 0 L 0 0 0 '€ | 91T | T91 | TIT | SOV | L68 S8¢ 8¥8€1 | 81 | 8'¢T 0 8'6SYST | S'ETI9C | 9'LLE | 60T | 8'L6T | 86LI- | € | STO 09
0 0 LS 0 0 I'0 | L0 | TOT | LvI | S€C Sy 9CI11 iy | L6YSIT T L6 0 89689 | S€119C | 8'10¥ | 91T | L'YOT | TL6T- | € 10
0 0 €S 0 0 0 | 9% | 101 | ¥ST | 991 | L'Lv | TL6 <88 L9Y61 | TT | 8°¢€C 0 0v9L SEr9C | 81T | 60T | 8II 001~ € | STO op
0 0 69 0 0 0 Tl | 88 | ¥0T | 8LT | 6'F€ 1§49 88y | ThvCl | €1 L6 0 00S¢€ SE€I19C | ¢€C | 91T | S'61T1 | STIT- | ¢ 1'0 am
0 0 4% 0 0 0 | 8% | 861 | 991 L1 I'LE | L98 SP91 | 80€ST | v'C | 8¥C 0 09¢€¢€ S€I19C | 8'LIT | TOT ¥S 8'€9- € | STO 0¢
0 0 79 0 0 €0 | €C | Tl | 8SI | §0C | L'y | 888 0€ €SL6 4! 8¢ 0 6091 | SE119C | ¥'L9T1 | S¥T L8 §'08- € 10
0 0 | 9¢SI| O 0 0 | SO | TT | €F | 8V | ¥T9 109 S0l 18t¢€ (3] 6'8 0 I8y S'LSIT | 8'SST | S¥T | TY8 | L'IL- 1€ | STO 09
0 0 91 0 0 I S¢ | T¢§ I'S | 691 | 0S| T¢v 9 ¥S6C S0 68 0 18 SLSIT | 8'CSSI | SYT | 6'€8 | 6L 1€ 10
0 0 |v0Cc| O 0 80 | ¥'¢ | 6€ | ¥'€ | 801 | TLS 1€T LT 06 10 L9 0 'cee S'LSTIT YOl | TST | T8S | LSt | ¥9 | STO op
0 0 |8¢C| O 0 0 I 9 ST 01 L'9S 10T 91 996 1’0 L9 0 'cee S'LSIT YOl | CSC | T8S | LSt | ¥9 1’0 WI
0 0 |L9% | O 0 0 €e | L9 | LT L9 S¢ 09 9 0LE 0 L9 0 906 S'LSIT 09 ¢ST | €9¢ | 8¢T | ¥9 | STO 0¢
0 0 €¢ 0 0 I'C |79 | 1Y I'e | ¥T1 | T6¢E L6 S 1434 0 L9 0 906 S'LSIT 09 ¢ST | £€9¢ | 8¢€T | ¥9 10
0 0 <9 0 0 0 T | ve1r | ST €1T | 9°S¢ 186 Iy | OLS9T | LT | ¥'¥C 0 ¥ 6vSe 6L8S ¥16€ | €1T | 661 | T6I- ¢ | ST0 09
0 0 9 0 0 0 | L0 | O 1'0c | €1C | TIY | 8¢6 LYT €EYL T 68 0 76881 6L8S €7T0S | SYC | 9¥ST | 9°LvT- | T 10
0 0 9 0 0 I'0 | 6T | €91 | I'ST | 8ST | L'ey | LSS LT9 €69ST | 8T | ¥'¥C 0 S6TLI 6L8S 9TC | €1C | 8911 | T60I- | T | STO op
0 0 79 0 0 0 | €1 L I'LT | 6ST | €Th | €L6 681 0SSL I 6'8 0 001 6L8S 06T | SYT | T8PI | 8'I¥I- | T 1’0 a1
0 0 9Y 0 0 0 | T'v | 1C1 | €C1 | S0C | T9F | 6201 9L €L00C | LT | ¥'¥C 0 §016 6L8S 6°SCI | 60T 9 619~ ¢ | ST0 oc
0 0 6'S 0 0 S0 C 6 | 8TT | 9TC | T'LE 1L8 LLT L8€0T | V1 6'8 0 L'6YS 6L8S ¥'L9T | S¥T L8 $'08- C 10
ADIN |HZ | 91 | [d |dd | dIN | A9 | D4 | AD | 4dnD | 0D | smD# | S9poN | NN | NdD g % den zZV V4 1 " x x wd g o | ueues
(9) a8eyuddaad ,syn) JIIN URULIOYIJ uonnjos :

$-SHu-J:90uerisul 2100 ‘1 > ¢ ym wajqoad Auew-031-auQ 67D d[qel,

96



-sjurod paydnistp Jo oSejuosrad renjoe oy st g
MO[] KIpowIod-NINA: DA ‘JBY-0107Z:HZ ‘punog parduy: gy ‘@Anoun(siq:f( ‘yed MmolJ:d ‘Surpunoy 108u[-paxIA [N 10A0D) MO[]:D 19A0D:AD ‘punog 1oddn erouan:gno @nbrD: 0D«

0 0 | TL| O | 0| 8T |TE| S9 |SOI| 8Pl | S | 1001 | €L1 | ¥99L | TI1 | 6TT 0 TO9K06Y | LOEILL | 8'6FIOL | $OSS | /L6611 | OLYSI | 9 | STO | o
0 0 | 88 | 0| 0| €0 |Iv| S8 |8SI| €6l |€ey| SEL 6LT | SLO9 | 80 | T9 0 TLEOLT | L6E9LL | LI88T | 90€8 | SYO9T | TLLT- | 9 | 10

0 0 | S6 | 0| 0| 9T |TT|SS |STI| TEL |SHS| 798 S0T | 60L9 I | 9¢l 0 9800vT | L6EILL | T8EY | S9OL | 1601 62T | S1 1 §T0 | o

0 0 |98 | 0| 0| I'T | ¥ | SL|8SI| 19 |89 | 0L obc | 8¥19 | L0 | T9 0 PTIEPT | L6EILL | #9801 | 90€8 | S'€L9TI | S'6081 | SI | 10 _
0 0 |STI| 0| 0| L1 |€e|Se | 18| 911 |T09 | 1£€9 IST | S9¢S | 90 | 9¢€1 0 TEOILL | LOEILL | €6E8% | S90L | L'6EI6 | €00€F | €6 | €TO| o

0 0 |611] 0|0 I | €S| S9 |6cTl| 601 |915]| TIS SLL | 66S€ | ¥0 | T9 0 €L6969 | L6E9LL | €TLTY | 90€8 | L'LLEOT | €S01¥ | €€ | 10

0 0 | SS| 0| 0| 90 |¥S| v8 |¢ceT| 61 |8LE| 069 9 69y | 80 | 67T 0 8'8EH6E] | 106LE6 | ¥'988ST | ¥08S | L'L96¥1 | L'8I6- | LI | STO

0 0 | S9| 0| 0| 10 |¥€|SS |vLI| 961 |¥Ly | €L8 9L 19¢S I 9 0 $PIEROC | 106L86 | 9'ESshT | 9068 | estol | esese | o1 | 1o |

0 0 ]€9|01|0 I | Ly | Ol | SST| ¥LL | TSK| TOL 091 | 9TeL I |67 0 16CEry | 106L€6 | TLI6 | 7OSS | SOIONL | S'8EFT | ST | 6TO | o

0 0 S | o] 0| vo |€e| SL|¥9l| I'IT | T | 106 6vl | 6869 | 60 | T9 0 PLT86T | T06LE6 | OLIPT | 90€8 | S'9T8EI | S6¥e- | ST | 10 am
0 o |1L|o0]oO 0 | Te| 9L | 9L1| TOT | €vF | 889 6vl | TS9S | 60 | 67T 0 6PLSYIT | 106LE6 | S'S6TS | POSS | TTLYG | 8'9LEY | LT | STO | o

0 0 | 9% | 0| 0| TO | ST| SS |SLI| 9Tt | Lv | 6C8 gor | 1S6ST | 1T | T9 0 €0I¥T01 | 106LE6 | S+818 | 90€8 | 8'SevIl | TISTE | LT | 10

0 O |LI1| 0| 0| 6T | € | SL|STI| 86 |LTS| ¥OL 00T | TS69 I ¥4 0 618026 | 6SSIPT | S°S0S6 | 9€LS | LLELIL | €TETT | 8 | 6TO |

0 0 6 | 0] 0 I | €¢€| 6 |TLI| L9l | Ley | SSL 681 | S8 | 80 | €38 0 6TT999 | 6SSTHI | T8OP8I | 90€8 | 1°€06ST | 1°S0ST- | 8 | 10

0 0 | S8 | 0| 0| 81 |#1 | Ol | €I | LEl | €S| 0S6 LET | 0£S8 I | 9pl 0 S069% | 6SSIFL | OFI8 | S90L | S'SE801 | S'60LT | €1 | 6TO |

0 0 | ¥9 | 0| 0| ¥0 | Iv | TL | ¥ET| €PT | I'vS | OSL 01c | ¥01S | L0 | €38 0 T0SSE | 6SSTHT | 8T90T | 90€8 | 819TT | 0661 | €I | 10 I
0 O | 1T | 0] 0| €1 | €| T19] 96| ¢SS |¥eS| 889 9ST | SOS¥ | 90 | 91 0 L¥08TT | 6SSI¥L | 1'€0Ly | S90L | +€16 1ery | LT | STO | oo

0 0 | 18] 0] 0| S0 |€s|se|T10I| vI |S8 | #€9 evl | 618 | S0 | €38 0 EPESLT | 6SSIPI | 1'9€19 | 90€8 | L9L6 1€9¢ | LT | 10

0 O | TL| 0| 0| L1 |TL| €6 |L6I| 8T |TILE| 065 44! 178t I ST 0 L'66T991 | STIFLL | §'0S9ST | 9ELS | G'6F8YL | 6008 | 61 | STO| o

0 0 |L9|0]o0 0 | ST | 8 | 661 | L0T | vvp | 898 871 | 998S I €8 0 TTIEL6 | STIVLY | 9°ESSHT | 90€8 | €STO6I | €8€SS- | 61 | 10

0 O | ITL| 0] 0| 60 |I'S|[80[|L9I| 61 |¥0v | 89 €1 | IS | 80 | st 0 TT698 | STIPLL | 9€06 | 9ELS | S'COELL | S'LSET | LT | STO | o

0 O | ¥S | 0| 0| 10 |9V ]| LS |96l | TC |9Tr | 6SL 1Tl | €vTs | 80 | €38 0 TS86Y | STIVLY | 9LIPL | 90€8 | SIevyl | §SST | LT | 10 ar
0 O | €L | 0| 0| L0 | T'T|TIT|891| S8 | Sty | SIL €T | €vLL | 60 | ST 0 TEE0IF | STIVLL | 691TS | 9ELS |  €£96 oIy | 6T | STO | o

0 0 |8s|o0]oO 0 | ST | 95 | 671 | 691 | €4S | T69 €6 YLy | 90 | €8 0 1'9885C | STIVLI | S'¥8I8 | 90€8 | 8'SEpIT | TISTE | 6C | 10

AOI |HZ | 91 | [d [ dA | MIN | A9 | D4 | AD | 40D | 0D | smD# | SPON | #IN | ndD | ¢ | »den VAY V4 7 9 x X wal g | o | yuewes

(9) 98ejuddaad ,sn) JIIN ERLICIIR(IRER | uonnjo§ :

8A1e:90URISUL Q10D ‘1 > ¢ Ym wojqoid Auew-03-ouQ 0D A[qeL

97



“syutod paydnisip jo oFeuadrad [enjoe oy st g

MOl Apourod-NNALIDIA JeY-0197Z:HZ ‘punog pardwy:gy ‘@anounfSiq:rq ‘yred mo[:dd ‘Surpunoy I1Su-paxIA I FA0D) MO[: D T9A0D:AD ‘punog 1odd [erouen:gno enbid: 0D«

0 0 |801| 0] 0 I 4 8 | 8L | SI | €€s| 8LL 6cr | 9L18 | 60 | S'LI 0 8016t | LL8ET | I'SET | ¥L | SHOT | S0¢- | 61 | STO 0
0 0o |1€er| oo T | SS| 19 |TOI| €l | 96k | OFS SIT | TS | 90 | 16 0 cezve | ser | Lot | v8 | 6ozt | 68p- | o1 | 10 | %
0 o |rer| oo | 1T 12| 9 [611] ¢k |SIS| I8L IST | #859 I | sLr 0 0L1T LLSET 8L | vL| 9L T 61 | STO o
0 0 | L6 0| 0] €0 |€9|LI1[€IT|6€ |69 | €6L STT | LI19 | 80 | T'6 0 0€91 LLSET 86 | ¥8 | S8 €r- | 6l | 10 _
0 0 |8ST| 0| 0| TI [9C| T8 | €T | STl |+LS| 6Tr 6 0S0¢ | ¥0 | 601 0 8TS9 | LLSET | ¥'SS | €8 | L€9 €8 TS | STo 06
0 0 |S¥I| 0] 0 I 61| 9 | 69 | #1 | LSS| veb YZl | 665€ | ¥0 | 16 0 SH6S | LLSET | 99S | ¥8 | €49 L'L |10
0 0 9 0| 0| 80 | 8| TL | €€ | 8%l | 66| 798 68T | 88€I1 | TI | TTC 0 90PETI | S'STL6T | 9°SET | 89 | ¥S1 | S8~ | TI | STO 09
0 0O | IF | 0] 0] S0 |€T| 86 |¥81| L61 |TSH| 616 veT | T686 | I'T | 16 0 1°'L9S9 | S'STL6T | 16T | #8 | T6LI | L'TI1-| TI | 10
0 0o |Ts| o] o0 I 8C | OLL | €¥1 | L'LT | ¥'8€ | TL9 €S | ST | TI | T 0 S'L979 | S'STL6T | 9€1 | 89 | TYOI | 81¢- | LI | STO o
0 0| €S| 0] 0] 90| T |¢S9|[961| 61 |69 | €86 6£C | vTHOT | TI | T'6 0 STOYE | S'STLOT | 891 | #8 | 8LIT | TOS- | LI | 10 am
0 0 9 0| 0| 61 | IS| T6 |9Vl | ¥ST | 8Ly | TEL 16 | LIIOT | €1 | 0OC 0 9SH8T | S°STLET | L6L | 69| 9FL | TS | 8T | $TO 06
0 0 | 6€| 0| 0| L0 |6€| 111 |6¥% | 8L | LLY| T6Y OST | L¥8S | LO | 16 0 YLILT | SSTL6T | L6 | ¥8 | TT8 | L+I- | 8T | 10
0 0 |6vI| 0 | 0| 10 |S¥ | LL | L8 | TP |L6b| L6S €8T | ILV9 | 80 | TT 0 6°SY01 CIST | TSTL | TL| TIOL | LT | ¥1 | §TO | o
0 0 | 68| 0] 0] 80 [L€| 8S |LTI| S61 |98 | veL €61 S686 | 80 | o1 0 L089 TIST | L'69T | ¥8 | 60TT | 68F~ | ¥1 | 10
0 0 [€0l| 0| O | 8T | %1 |11 |801 | S€I | TIS| 908 08¢ | SPLS I w 0 oSy TIST YL | TL| YL 0 vLoLSTO |
0 o1 |0 ] 0] €0 |LS]| ol 11 | $€1 | I8y | LS ¥4 Isby | L0 | 01 0 (443 (4154 86 | ¥8 | S8 ¢r- | v1 | 10 W
0 0 |98 | 0| 0| 91 |[TE| S | TS | €Tl |TPS | T8¢ 01 | T80€ | vO | I 0 0ST1 TIST | ¥'SS | €8 | L€9 €8 o | sTo | o
0 0 | 82| 0 | 0| v0 [8CT| 19 | L'S | ¥ST | 695 | SLv LET | ¥¥SE | ¥0 | OI 0 611 TIST | 99S | ¥8 | €¥9 | LL | T | 10O
0 0 99| 0| 0| ST [TS|LSI|691| 8Ll |€9¢| 699 0T | vecL I ¥T 0 €'87ST | 80S¢ 65T | 69 | €¥SI | 88~ | vI | STO 09
0 0 | Sy | 0] 0] €0 |L1|T6 |86l | €9l |¢8r| 86 91T | 0SOL | TI | 01 0 ¥60€1 80S€ 16 | #8 | T6LL | LTI | v1 | 10
0 0 | ¥S| 0] 0] 90 |#S|8I1|6¢I | 8ST |TLY | LTL €Th | PLYIT | €1 | #¢ 0 9I¢1 80S€ 8CT | 69 | 8°€01 | THe- | 81 | STO o
0 0 | 6S| 0] 0] 80 |LT| IS |[80T|TIT|9¢h | 9¥L STl | 8STS | 80 | oI 0 S169 80S€ 891 | ¥8 | 8LIT | TOS- | 81 | 10 a1
0 0 | 8L| 0| 0| vT |9L| €6 |SSI| 6% |STh| €0S LOS | 68Y8 | 60 | ¥C 0 1919 80SE€ | L6L | 69| 9FL | I'S | 9T [ STO 06
0 0 | ¥S| 0| 0| v0 |6€|LTl|LSI| L0T | 'y | 989 09 | SS8L | 80 | OI 0 S6E¢ 805€ L6 | ¥8 | TT8 | LvI- | 9T | 10
AOW |HZ | 91 | [d | dd | ¥IN | 49 | D4 | AD | 40D | 0D | smD# | 9PoN | 1IN | ndD | ¢ | »den zv 0z 7 | X O I P e
(9) 98eyuadaad s JIIN URULIOJIdJ uonnjos :

LY-0Su-g:oueisur 2100 ‘1 > ¢ yim worqoid Auew-01-auQ 11D 9[qeL

98



‘syutod paydnisip jo aSejusdrad emoe oy st g
MOl Kipowriod-nA:ADIA ‘JeY-0107:H7Z ‘punog pardwy:gy ‘oansunlsiq:(q ‘yed Mo[d:d] ‘Surpunoy JoSou-paxIA I 10A0D MO[L:D 10A0D):AD ‘Punog 1oddn [erouan:gNo ‘enb1d: 0D«

0 0 €6 | 0 0 80 | TIL | 9L | L6 | 8Cl | 9LS | 9L Lyl 9L89 60 | ST 0 6'0€L9 | ToL6 | vevy | vIl | TCCh | CTlT | ST | STO 0
0 0 L 0 0 YO | T | 8V | L€l | L91 | €%S | 69L IS1 [43%% Lo | v'L 0 L'T60E | CT6E6 | SE€CY9 | 9 | €TIS | €111~ | SI 10
0 0 |Icr| o 0 90 | €C | ¥y | I'8 | TVl | ¥'8S | I€L 9¢l ILLY Lo | Sc 0 SYSe 66 9¢s¢ YIT | €°8CE | STL 6l | ST0 b
0 0 9L | 0 0 0 Sy | T8 | Tl | 8CI | €IS | 18S (44! £68¢ 90 | ¥'L 0 SLLY 66 09¢ 79 | §08¢ | S0C 61 10
0 0 |Lol| O 0 90 | 61| €9 | 89 | 6CSI | VLS 1L9 101 6Eve 90 | SC 0 9°C0LT | C6t6 | 8'LVI | VIL | ¥'vLT | 99C1 | 9C | STO M
0 0O |Torj o 0 0 S| Ty [ 601 | T'LL | TTS | vOV 98 L1¥C €0 | VL 0 CTYIOL | T6t6 | 8'LOCT | T9 | ¥V0OE | 996 9¢ 1'0 0¢
0 0 6L | 0 0 Lo | LS L 991 | T8I 144 916 8¥El | 09¥9C | 8T | ST 0 6'099¢1 | cSevl 998 0I¢ | 89¥9 | €61C- | L | STO 09
0 0 8¢ | 0 0 Y0 | 61 | T6 | 9Ll | 8¢€C | €1¥ | 6601 Ol 0169 ST |88 0 8°19L9 | Csevl | SO9IT | S6€ | 16L | S°69¢- | L 10
0 0 89 | 0 0 €0 | Ty | OL | 891 | 8LL | 'ty | S901 9LC | LTeOl | 91 4 0 S8EvL | TSeEvl 00s 0l¢ | 8¢9y | T9¢- L | ST0 b
0 0 910 0 I'0 ¢ | I'IL | T8I | I'EC | ¥'6€ | S80I 161 €068 ST |88 0 618¢ sevl 0L9 S6¢ | 8°CvS | TYCI- | L 1'0
0 0 €L | 0 0 I Le | o€l | €€l | L6l | Sy | S96 96¢ | 908LI I'c | ST 0 9¥8¢ cSevl | L'88C | OI€ | I'8SE | 1769 L | STO o€ am
0 0 LL | 0 0 I'0 | 61 | 6L | 91T | S0C | TOV | €L SII 09¢s ! 8'8 0 6'611C | TSePl | 898¢ | S6E | T¥O¥ | €'LI L 1’0
0 0 68 0 0 ST | ¥1I | §9 | 8TI 4! 6vS | 0L6 8¢ 8998 'l 81 0 90LT 1129 | €¢€sE | 91 | L'6LE | €9C ¥l | §T0 09
0 0 '8 0 0 S0 | €€ | 6S | I'ST | 9¢I | €S| L98 S9¢ 6L8S 60 | OI 0 L'LLOT | 1129 | €0Sy | v6E | TEey | TLI- | v1 10
0 0 |s¢el| 0 0 I'1 I'T 1900 | 99 | SvI | L'CS | SPL 9LC LS6S 60 | 8I 0 °9¢l 1129 ¥0¢ o1 | <s0¢ 101 ¥C | STO b
0 0 6L | 0 0 0 | T8 | ¢¢ | Ol 91 [4Y 149 Il €61y 90 | Ol 0 9Tl 1129 09¢ 6¢ | 8¢€ 8L T 1’0 NI
0 0 |6cl| 0 0 I 61 | L'L 14 9¢l | 885 | V65 691 0Ly 90 | ¢TI 0 7979 1129 wl L8E | 6LT LET e | ST0
0 0O | TI'11 1 o0 0 €0 | Ty | 66 | S9 | 611 9¢ 965 611 (413 70 | 01 0 99LS 1129 1'0ST | ¥6€ | 1'€8C | 6'CEl | T¢ 1’0 0¢
0 0 YL | 0 0 80 | ¥'e | €00 | €€l | 6¥%C | OF €66 9I¢ | 0go6l | ST | ¥C 0 I'6I¥0l | L6€Cl | 8'1€6 | 0€€ | L'OL9 | TSSC- | T | STO 09
0 0 99 | 0 0 I'o |61 | €6 |<SI| L6l | I'Ly | vecl 141 Isror | 91 (1 0 TO0I9S | LoeTl | SESIT | ¥6€ | SO6L | €9¢- 4 10
0 0 YL | 0 0 YO0 | I'v | §CL | T¢Il | TIT | Ty | €€6 YLE [recl | S'1 ¥ 0 £69¢ L6ETT 8¢S 0ce | 86LY | T8S- T | ST0 b
0 0 €L | 0 0 0 ST | T6 | LSI| I'TC (94 €56 28! 096S [ ot 0 CCLIC | Letll 999 ¥6¢ | 89¥S | T6I1- | ¢ 1'0 qar
0 0 I'9 | 0 0 O | TS | ITCL | 6€l | T8I | THY | PE8 yes | 8evel | ST ¥ 0 ¥'¥96C | L6€CI | 9°01¢ | 0LE | 1'99¢ | ¥'SS T | S0 o€
0 0 S9 1 0 0 0 €1 | T6 | S91 | €9C | T'0OV | 6¥01 L81 889¢I | 91 01 0 1°6OLT | L6€TI | S¥8¢ | ¥6E | 90V §'ic C 10
AOI | HZ | 41 | 0 | dd | 41N | 49 | O | AD | 909D | 0D | sInD# | S3poN | N | NdD | ¢ | »den zZv 'z 1 " x X wil| d o | jueLep
(%) 98eyuddaad ,sn) JIIN UBULIOLIDdJ uoynjos :

0S:9dourisur 210D ‘1 > g yim wsjqoad Aueur-o3-ouQ 71D 9[qeL

99



‘syutod paydnusip jo aSejusdrad [emoe ayy st g

MO[] Aypowrtod-NNAADIN ‘JIeY-0197Z:HZ ‘punog pardwy: gl ‘oanounlsiq:rq ‘yred mo[:dq ‘Surpunoy J3QUI-PaXIA|IIN 10A0D) MO[: D 10A0D:AD ‘punog 1oddn [erouan:gno ‘onbi):0D«

0 0 | 68| 0| 0| 80 | ST| I'L | 68 | ¥'Cl | S6S | LvOI | SOT | 69LL I 'Ll 0 8'ESYC | 88TL | I'€8 | O | I'SL | 'S | O | 620 | o
0 0 | 88| 010 I | 9% | 8S | 88 | ¥'€l | L'LS | OfL el 1965 | 80 | €6 0 T86LT | 88TL | 6'€0T [ O1 | 06 | ¥I- | 91 | 10
0 0 |12 0| 0| 91 |€v | I'F | 9S | #II | 609 | T89 1 | €00S | 90 | ¥'€l 0 9801 | 88TL | 8% |91 | 19 vLo| ve | STo )
0 0 | T8| 0] O 0 |6¢| vy |€I1| ¥0oT | 8IS | 819 681 | 16CS | 90 | 69 0 v8 | 88CL | 09 | Ol | 89 8 ve | 10 -
0 0 | TST| 0| 0| ST |€c| 6| vy | T |SHS| Ie¥ T 79T | ¥0 | 901 0 S00S | 88TL | LLT | OL | OIS | I'WT | 87 | STO | o
0 0 | 6C1| 0| 0| 80 | +€| 9¢ | S8 | ¥'81 | €TS| 9§ 6C1 | L6LE | ¥0 | 69 0 6C6E | 88TL | 9vE | OI | €SS | LOT | 8% | T0
0 0179|010 I T | TTL| 98| TT | 18| 6601 | T8T | OLESI | 81 | #¢ 0 TTRT6 | TOETL | O'E8L | LS | S6TL | §EC | T | 6TO | o
0 0 9 | 0| 0| TO |SO| IT |€LI| T6L |8SH| S8IT | 8IC | 8ISIT | 61 | €L 0 9TILE | TOETT | L'ITT | 89 | ¥'I¥T | #08- | T | 10
0 0 ]€9| 010 T | 8T | SL | ¥ST| L8 | €8 | 0001 | €TF | 98SEl | 9T | #C 0 YOLY | TOETT | 901 | LS | 16 SI- 1 6 [ST0 ] o
0 0199|010 0 | ¥T | LS | 8 | 6TC | ¥SP | SOIT | €€ | 860CI | 9T | €L 0 920T | TOETl | 8CI |89 | S¥6 | S¢ee-| 6 | 10 am
0 0 | 95| 0| 0] 90 | I'L|¥LI|8II| 6ST |8I¥ | 089 TEL | SLEST | ¥T | 9€T 0 §'S90C | TOETL | TU9 | LS | 989 | ¥L | ¥ | STO |
0 0 | 95| 0| 0] 10 |€C| TL| 0T | LOCT|TI¥r| OI8 1L | 8%06 I €L 0 TTSOL | TOETT | 6°€L |89 | SL9 | §9- | #1 | 10
0 0 [SOT| 0| O | €1 | 6T|€0I|9CI| TSI | I'Ly| 148 v8€ | 1L66 | T'T | 9°LI 0 9gy | 6TSE | L6L | T9 | €L | €€ | Ol | T |
0 0 | TO| 0| 0] 10 |#E€| I'S|LIT| 9El | 665 | €86 LOg | LII8 | 80 | 86 0 TCe | 6CST | 998 | ¥9 | 8T8 | 8¢ | 91 | 10
0 0 | €11 0| 0| ¥T | 6€| I'L | L | LI | IS | T2L 6vC | v¥C9 | L0 | L€l 0 91 | 6CST | 9% | 91| 6S €1 | 6T | STO0 | o
0 0 |COL| O | O | 80 | 89| SL |68 | €91 |96y | 62 vIE | L9LS | SO | 86 0 291 6¢ST | 9% |91 | 6S €l | 6T | 10 Wi
0 0 |6C| 0| 0| LT |9¢c|Te | 8F | Tl |LI19] TS 081 18L€ | S0 | 8L 0 T89 | 6TST | 99C |91 | 80S | THC | € | STO
0 0 | L€ 0| 0] 60 | ¥S| T9 | TS | 96T | I'eS | 0TS IST | 616€ | SO0 | 8L 0 z89 | ezt | 99t o1 | sos | zve | ev | 1o | %
0 0 | ¥L | 0| 0| 60 | €T | € | I'LL| I'lc | T8E | 1€01 | 6LE | LIOLI | T | S€T 0 9°€8L1 | 68¥C | 1081 | LS | 1'8TI | I'CS-| T | STO
0 0 | TS| 0| 0] 90 |S0|601|96l| vT |T6E| 6VIT | 86T | €lcel | 91 | 86 0 6106 | 68vT | vroe | vo | covl | Leo- | ¢ | 1o | %
0 0 | SL| 0| 0] SO |€F|TvI|991| €C | v€ | 168 IS | covel | 1 | S'€C 0 0L8 | 68YT | YOI | LS | €U8 | €O | TL | 6TO | o
0 0 8 | 0| 0| €0 |Sso|sor| oc | LI |LEr| ¥I6 €81 | 8TK8 | €1 | 86 0 €Ly | 68¥C | SIT | +9 | SL6 | S0T- | TI | 10 ar
0 0| L9] 0] O T | 6S | ¥O1 | €61 | S91 | T6E | LbL €vL | €00ST | ST | S€C 0 €69 | 68T | €96 | TS| 9T | P8 | ¥l | STO |
0 0 | LS| 0] 0] 90 |61 |CII|+8I| L0T |¥Iv| 86 6 | S68CI | €1 | 86 0 9°€TT | 68¥C | 189 | ¥9 | 9CTL | v'¥ | ¥1 | 10
AOW |HZ | 41 | (d | dA [ ¥IA |49 | D4 | AD | 40D | 00 | smD# | 9PON | N | NdD | ¢ | »den | zv 'z 1 | ox X il g | o | yuewey
Ac$v vw-wu-uu.-mh =8I0 JTIA dUBULIO) R uonnjos *

[G[19:90uBISUL 10D ‘T > ¢ Yiim wio[qold Auew-03-auQ) €D 9[qel,

100



‘syurod paydnisip jo a3ejudored [emoe oy st o

MO[ Apouriod-NNA:IDIN ‘JIey-0197:HZ ‘punog parjdu: gy ‘0andun(siq:rq ‘yred mof:dJ ‘Surpunoy] 10Sul-paxIA TN ‘1040 MO[]:D ‘10A0D):AD ‘punog 1oddn rereuan:gno onbid:0Dx

0 0 |S€r| 0 0 €1 ST | 19 | T8 | TLI | TIS| LS89 ¥9C SL19 80 | 811 0 SesyTe 001681 7'IE€8 | OLE | TELOT | 8'I¥C | €T | STO 09
0 0 L'L 0 0 90 | TS| T8 | 8¢l | I'91 | ¢'8F 179 T 9€8¢ L0 6 0 L€9081 001651 L'8Y8 | S9¢ | 6’1801 | 1'€€C | €C 1'0
0 0 |¢€ST| O 0 0 | SO | 6T | €F | LTI | TY9 | 8Iv L6 08¢C €0 | 101 0 06101 001681 (154 0LE 0€6 oSt 8y | STO .
0 0 €l 0 0 60 | S€| 19 | 6S | 8CI | 8LS | Vi¥ (48! VELT 70 L'L 0 S¥08 0016S1 06t S9¢ | §T06 | STIV | 8% 1’0 WM
0 0 |6LT| O 0 0 I'T | TS | 8L | €91 | L'IS | 69C oy 61¢T 0 | 101 0 8'¢0ry 001681 T'LLT | OLE | 98C8 | V¥'ISS | L9 | STO 0c
0 0 | 691 | 0 0 ¥0 | L'O] 9% | 8C | 901 | I'¥9 | ¥8C 99 c0¢l 0 ¥'e 0 [5154 0016651 S§96t | 081 €8¢6 | L'I¥y | L9 10
0 0 S'¢ 0 0 Tl ['9 | 9CI | TLI | TCl | €¥¥ | +08 LyE 8LOVI | 91 | 9¢€T 0 €991€CI | §690T9C | L'1¥ET | 089 | 1'T061 | 9'6¢- | O | STO 09
0 0 6°S 0 0 0 | 91T | SL | 991 | 8TC | ¥S¥ | vLOL LTE cocel | ST 8'8 0 9LYOL §69079C | T'ELIE | 0CT6 | 8'LIET | £€SS8 | 01 10
0 0 ¥'S 0 0 S0 | TE | T'El | L'LT | 60T | €6€ | 988 106 | OLL8T | 6'T | 6'€C 0 T66SS §'69079C | Ttel S99 oret 81 ST | ST0 b
0 0 <9 0 0 L0 | ¥T | 9¢ 0T 661 Ly 6SL SLT LSEL 1 8’8 0 L09SE §69079C | €81 026 | TLY9T | 8¥81- | SI 10 am
0 0 L'L 0 0 LT | 8% | LOT | €€ | ST | €6V | SPL 00vT | LLI9T | 91 | 6'FC 0 ¥'9L8T¢ | $°690C9C | L'669 | 019 | L'¥TTI (Y4Y 6C | STO 0¢
0 0 LY 0 0 0 TS| ¥ | 191 | TIT | €9V | L8L 818 L1 | Tl 8'8 0 €GLYST | $°69079C | L'LSOT | 0T6 | 1°09CI | ¥'C0T | 6C 1’0
0 0 | L0l | O 0 Y0 | TI | €€ | L'L cl 6v9 | ¥88 (48 S919 80 96 0 0st Y444 P¥9Cl | 096 | TTLCI 8L S§C | STO0 09
0 0 L6 0 0 €0 ¥ LS 1! 691 | ¥'IS | 00L 8€T 0009 L0 96 0 (4194 Y444 ¥¥9Cl | 096 | TTLCI 8L Y4 10
0 0 |9¢l| O 0 T0 | 8T | ¥¥ | 6S | L'ST | VLS| €LS 911 89L¢E S0 L'L 0 0clc Y4554 0€L 096 | S'LL6 | S'LvT | TF | STO b
0 0 |61 | 0 0 60 | 9T | €8 | 8S | 6SI | 9¥S | 6LS S0l 60LE 0 L'L 0 0CI¢ Y444 0¢L 096 | S'LL6 | SLYCT | T 10 NI
0 0 L1 0 0 L0 | ST | ST | 8S | 991 | 6FS | LLT 3% 99¢1 1’0 8'¢ 0 §'566 Y444 8'L19 | OEIT | 6876 | I'I€c | €9 | STO 0c
0 0 |¥8I| O 0 0 Ve | ve 9 S91 | SCS | L9T 19 0St1 0 8'¢ 0 §'S66 5444 8'L19 | OCIT | 6'8¥6 | 1'I€C | €9 10
0 0 144 0 0 ¥0 | 9¢ | S6 o1 €LT | 67S | S601 19 11691 | 81 Y4 0 §69C¢ET [445°14 8°68CC | S99 | T'9L8T | 9°C€I¥ | O | STO 09
0 0 L 0 0 1’0 C €9 | L'SL | L'YC | Ty | 86L €l 2€8 [ 96 0 606171 (4454 LTIEE | 096 | T'L8ET | 9¥C6- | 01 1’0
0 0 9°¢ 0 0 0 ¥ | T0C | 6€T | 8SI | ¥'Ch | 686 0Ty | 9ggtl | ¥'1 S 0 $'88901 (44514 el €99 | TTeET | TOL €1 | ST0 .
0 0 144 0 0 0 ¥l | 6% | 881 | S0C 0s 11 €8¢C 1¢88 [ 96 0 SToIL [445°14 cie6l 096 | TL89T | 8¥CT- | €I 10 ar
0 0 L9 0 0 YO | V1 | TL | LET | 9T 8¢S €6 6L | TLEYL | 91 S 0 Syers TT89Y 9'8CL | S€9 | 9'¢STI Y49 S§C | STO0 o€
0 0 9 0 0 0 9% | L'L | T8 | L'IC | 61V | VIL Ly¢ S9SL 1 96 0 SIe (443514 6°€OIT | 096 | TE€8CI | €6LI1 Y4 10
AOIN |HZ | 91 [ fd | dA | M1 | 4D | D4 | AD | 90D | 0D | sImD4# | S9poN | N | NdD g %den zZV 0z 1 U X ¥ g g o | yuees
(9) a8ejuddaad ,syn) JTIN UBULIOLId uonnjos y

ZSuI[Iaq:a0urIsul 910D ‘1 > g yim wiojqord Auew-0}-ouQ 1D 9[qeL

101



'sjutod paydnisip jo a3ejuoorad [enjoe oy s1 g

mo[J Aypourtuod-niA: DA ‘Jey-0107:HZ ‘punog parnduy: gy ‘eanoun(siq:rd ‘yred Mo[d:d ‘Surpunoy 10Squl-paxIA N T0A0D) MO[]:D] TeA0D):AD ‘punog 1oddn rereusn:gno ‘enbid: 0D«

0 0 | 81T | 0 0 91 9'¢ | 8L | 811 | 96SI | 6Ly | TI0I L1€ 8v6l1 | ¥'1 | 9LI 0 86909 | 9SL9T | 98¢T | LT | €€IT | €SC | CTI | STO 09
0 0 69 0 0 €0 | TT | o1 | S91 91 T8y | 8LIIT 88¢ 0L8TT | T1 o1 0 6'LETY | 9SL9T | €6ST | TT | L'STT | L'e€e- | Tl 10
0 0 I'vl | 0 0 90 | 9C | TI't | L'OT | 891 IS 96L S 74 1€98 60 | S¢l 0 09LT 96L91 08 LT 8 ¥ Tl | ST0 ob
0 0 6°S 0 0 80 S 79 81 LT | L9V | PS8 16T €LY6 1 01 0 80¢€T 96L91 78 ST e8 I 4! 10 WAL
0 0 €T | 0 0 I L | 9v | €€ | ¥OI | S99 | 909 801 0LE ¢0 | I'Cl 0 L'€9ET | 9SLO9T | TO¥ | L1 | T'L9 6°0C Tl | ST0 o€
0 0 I'1r| o 0 L0 | T9| SS9 | 69 | ¥'ST | €€5 | €8S 8C1 669¢ S0 01 0 6'CEIT | 9SL91 | S8Y | ST | T89 861 ! 1'0
0 0 €9 0 0 60 | 6C | TII | ¥81 | 9CC | 9°LE | 8SOT 10€ [4554! 4 v'¥C 0 T'C8861 | 0€19C | 9°08T | S8 | 8161 | 8'88- v | STO0 09
0 0 T8 0 0 L0 | 90| 96 | TOC | 90T | 10V | LYOT €8 LOSL L1 S8 0 8VvIC8 | 0€19C | TSIE | S6 | 1'C0C | T'EIl- | ¥ 10
0 0 8¢ 0 0 €1 e 6 8Vl 1T Sy | TLOT 60¢ €LTel | 8T | vT 0 6€00T | 0€19C | T9T | S8 | STEI | S6T v | STO .
0 0 8¢ 0 0 1’0 I'C | €8 | 6LT | 9YC | TIV | €501 10C £0¥6 'l S8 0 1954 0€19C | T8I | S6 | S'SEI | S9p- 14 1'0 am
0 0 19 0 0 L0 I'S | 991 | 671 | L8 | 6'LE €86 S8L 6€981 | TT | ¥'¥C 0 1°96ey | 0ET9T | S'€6 | S8 | €86 LY ¥ | STO o€
0 0 LS 0 0 0 | 8¢C | ¥I | SLT | 991 | TTKH | LE6 91¢ 896T1 €1 '8 0 €0CIT | 0€19C | 1'SOT | S6 L6 8- 14 10
0 0 7’6 0 0 €T | €T | SL | V1T | 8€Cl | TES | LITI ¥0S | 00LET | V1 0C 0 Sor1 8T10€ | ¥'CST | LT | TECI | T6T- ST | STO 09
0 0 L 0 0 90 | L€ | T6 | 9YI | T8I | 89F | 066 8LT LIS6 1 o1 0 TLO6 8T10€ | TELT | 1T | 9°CET | 90V~ S1 10
0 0 |[TIT| O 0 € S 89 | L'IT | 6€1 | V'8 188 843 L6LS I L91 0 19 810¢€ 88 LT 16 € ST | STO op
0 0 79 0 0 61 LS | €6 S1 TSI | 99% | 976 SI¢ LET6 60 01 0 8¥¢S 810¢ 00T 11 S6 S ST 10 WI
0 0 6 0 0 L1 ST | S¢ | 8C | 691 | TI9| 979 6L1 9114 90 | €€l 0 [Sya43 8I10€ | 80S | L1 | V'IL 9°0¢ ST | STO 0§
0 0 |T0r| O 0 6C | Le| vy | 8F | €¢I | L'09 | 0TS o€l 68C¢ 0 01 0 '86C 810 | L'LS | 1T | 6VL I'LT Sl 10
0 0 99 0 0 Sl 6C | TL | 6ST | €IT | 9%y | 9111 (489 798¢€1 €T 4 0 149743 ¥8SY | L'ELT | €8 | €881 | €68 S S0 09
0 0 19 0 0 I'0 | ¥0 | 8L | S8 | 661 | I'Ly | tocl SO S6L8 61 01 0 8°C¥91 78Sy | €80¢€ | €6 | L'€6l | L'VII- S 10
0 0 6t 0 0 I 8v | 19 | 991 | 6SI | L'OS | S66 ¥¥9 | ¥6CLI 1T 94 0 6691 85t 8CT | €8 | S0¢T | S'LT S S0 .
0 0 9°¢ 0 0 S0 | 6T | SOI | S91 | S0CT | ¥¥¥ | LL6 374 IP10T | ¥'1 o1 0 98 S 8LT | €6 | S'6C1 | S8t S 1'0 a1
0 0 ¥ 0 0 ! YE | EPD | ¥ST | 181 | €¢€h | €501 0LST | T819C | T'¢ 94 0 €L69 ¥8SY | TI6 | €8 | T'L6 6°S S §T0 o€
0 0 9°¢ 0 0 Y0 | €€ | T9 | 861 | 6€T | L'OV | S96 09 GSEET | V1 01 0 9CIY ¥8SY | 8°C0T | €6 | 616 | 601 S 10
AOI |HZ | 91 | [d | dd | I | 49 | D4 | AD | 40D | 0D | smD# | SIpoN | N | NdD g %den zZV V4 1 au x ¥ wi g o | jueLep
(9) ?8eyuddaad ,syn) JIIA AUBULIOYIDJ uonnjo§ :

63-09U-V:0uerIsul 210D ‘[ > ¢ s waqoid Auew-01-ouQ) G d[qeL

102



‘sjutod paydnisip jo oFejuoorad femoe oy st
MO Apowrod-nAIDIN ‘Jey-0197:HZ ‘punog pardwy:gy ‘oandunisiq:rq ‘yred mo[d:dd ‘Supunoy 103u-paxIA YA 10A0D) MO[: D 10A0D:AD ‘punog 1oddn [erousn:gno ‘onbid:0Dx

0 0 [sor| o | O | L1 |€1|L6|¥II]|¥SI| 05 | SL6 Yor | 9ZSI1 | €1 | T€T 0 S'€6LOL | 99SLL | 1081 | 91 | I'9TL | 1'¥6- | 6T | §TO | o

0 0 | €80 | 0| 90 | S |TIT|9LI | 6€T | S€p | OUIT | TP | ISLET | €T | OI 0 €609S | 99SLT | T'LST | ¥1 | S¥PIT | STL- | 6T | TO

0 0 | L9 | 0| 0| I'S |€T|¥0I|€T| 191 | TLY| vTTl | 9LS | LTvST | +v'T | T€T 0 opTy | 99SL1 | vOT | 91 | 88 9I- | s¢€ | sTO

0 0 | TL|I O | 0| 60 |6T|vTl| vyl | €SI |89 | L9 899 | 0gesT | €1 | o1 0 089T | 99SLI | 80T |+I | SL ¢ | s | 1o |V _
0 0 [821| 0| 0| 61 |9C|6S | 11 | vI1 |¥psS| 8L 11 | €v69 | 90 | €L 0 S00PL | 99SLL | #°SS | 0T | L'€9 | €8 | 9F | 6TO | o

0 0 | ¥8 | 0| 0| €1 |8€| LS |691] L9l |TLY| ¥6L €ty | TIL8 | 80 | €L 0 S00vI | 99SL1 | ¥'sS | oz | L€9 | €8 | 9¥ | 10

0 0 | L9 | 0| 0| SO |TCT| 66 |6SI| LLI | T'LY| v6Tl | 061 |SS9TI | TT | T€T 0 6ETCT | 0T6LT | I'LLT | 98 | O°SLL | 9101 | #1 | STO | o

0 0 | ¥L| 0| 0| 10 |¥vT|T9 |L€| 10T | 10| €901 | +0I | 929L | 91 | oI 0 1'8566 | 0T6LT | 18T | 88 | 181 | €01- | #I | 10

0 0 | LS| 0| 0| 10 | 9€|911| 191 | +0C | STV | S90T | +ST | 8198 | ST |T¢€T 0 991TI | 0T6LT | 091 | 98 | LIT ¢~ | 61 | STO o

0 0 | LS| 0| 0| S0 |6T| €L |S8| 89T |€8 | SSOI | €21 | 6096 | €1 | L6 0 TTSS | 0T6LT | 89T | 06 | S'8TI | S6€- | 61 | T0 am
0 0 | 8s| o | o0 | ¥1 |T9|voT|sor| sLl | 12€| OLL IsT | 62101 | ST | T¢€T 0 €08€9 | 0T6LT | ¥T6 | 98 | TE8 | T6 | ¥T | STO| o

0 0 | LS| o | 0| ¥0 |8T| v8 |L6l| vIT |SIv| ST6 LST | 1896 | TI | L6 0 86967 | 0T6LT | L6 | 06 | €6 i e | 10

0 0 6’8 0 0 9C 'l 6'L 4! 8Tl v'vS | OITI L8€ 8TT01 7'l Y4 0 €'8CI¢C Y6£¢ 1I'08T | 91 | T'LTI ['¢s- Y4 ST0 0

0 0 | S9| 0| 0| ¥0 | ST| 98 | 91 | SLI | S8y | 8LET | 8IS | 9¢eST | v'1 | 878 0 vS8 | veee | T'L8T | ¥1 | 921 19- | sT | 10

0 0 | €8 |0 |0 | 6c | T |86 ST |LII|TI6r]| TL6 1¥9 | 891S1 | +'1 | ST 0 106 POEE | ¥6 | 1T | SIOL | €L | 6T | STO |

0 0 | S9| 0| 0| L0 | T |6L|¥TI| SPI |6SS| 6601 | 68 | 6/8€1 | T'T | 88 0 0Ty vece | SOT | ¥1 | 1L LE~ | 6T | 10 Wi
0 0 |21 | o |0 61 |SsT|Lo| L Sy | 9%9 | SSL 1€y | S908 | 80 | 88 0 9T0E | POEE | ¥SS | 0T | LT | €L | € | STO | o

0 0 I | 0| 0| LT |€v| 1'8 | 1€ | I'El | SLy| TS9 16 | Ov69 | L0 | 88 0 970 | ¥6€€ | ¥'SS |0z | LT9 | €L | € | 10

0 0 | z9| o0 |0 | 11 |9€¢| LL |TO1| 6€ |€IP| LTI | vE1 | SEL6 | 61 | ST 0 VSETy | 8687 | TOLT | ¥8 | 1°TLL | 186" | S1 | 6TO | o

0 0 | ¥S | 0| 0| €0 |6C| €8 |88 | 90T |Ler| o¥Tl 0S oceL | ST | 88 0 €8191 | 868 | I'VST | 88 | S°981 | S'L6- | SI | 10

0 0 9 0| 0] 90 | 9% | 88 |SLI | ¥8T | I'th | +86 99 | S61¥1 | T T 0 v6TT | 868 | 9ST | ¥8 | SII I 9T ST0 |

0 0 | €s|o|o| 1 |s1|s8 | 1T |TsT|eELE]| LoOT 191 | 8628 | ¥'1 | 88 0 368 868y | v91 | 88 | ITI € | ¥T | 10 ar
0 0 | Sy | 0| 0| 91 |SY|9¥I|6TI| L1 | TOF | 8L6 oby | 60€T1 | 1T | ST 0 I'ELIT | 8687 | 106 | ¥8 | T8 8- 6T | ST0

0 0 | 19| 0| 0| 90 |91 | €8 |TIc| S€T | 88| LIOI | €81 1586 | 9T | 878 0 1z8r | sesv | L6 |88 | 816 | sz | 6z | 10 | °F
AOW |HZ | 91 | (A | dd [ ¥IN | A9 | D4 | AD [ 4ND | OO | smD# | S9poN | N | NdD | ¢ | »den VA% 0z 1 “a | x X wi | g | o | wewes

A@uv @wﬂaﬂuu.;n +SIN) 1IN UEBULIO)RJ uonnjos *

63-89U-g:a0ue)sul 910D ‘1 > ¢ yim wojqoid Auew-03-ouQ 91D A[qeL,

103



‘syurod paydnisip jo aSejueoted renjoe oy st g

Mo[ Kpowriod-NnA DA ‘JeY-0107:HZ ‘punog pardur: gy ‘eanounfsiq: [ ‘yied Mo[:dd ‘Surpunoy 1oSojuf-paxIjA: YA T0A0D) MO[I:D 10A0):AD ‘punog 1oddn ereuen:gno ‘enbrn): 0D«

0 0 | 16| 0| 0| vT |TI| ¥L |9CL | L'ST |¥1S | €cel | L8E | 6C81 | LT | THC 0 6VEC | 0095 | I8¢ | S61 | O'I1 | 99T | €T | 6TO | o
0 O | ¥S | 0| 0| 60 |LT| T8 |S6I| 68 | €y | veel | L6T | SIEIT | 9T | €6 0 #0191 | 009S | 6'8S | 681 | 6'ST | 6C¢- | € | 10

0 0 [90L| 0 | O | &€ | 91| ¥8 | 811 | 6T | 80S | 8901 | 09v1 | ¢86SCT | T | 88l 0 9611 | 009S | tT |8lc| 8 oI | se | sTo | o

0 0 8 | 0| 0| TI | TS| TL|ESI| ¥LL | 6SP| 6£8 SLy | 81801 | T'T | T9 0 008 009S | 9¢ | €81 |S0C|SSt-| s€ | 10 _
0 0 [901| 0 | O | T'E |[¥1| 6L | ¥6 | I'SL | ¥¥S | ¥96 Sv6 | 8€9¥1 | ¥'1 | 88l 0 YOLY | 009 | 6€1 | 8IT| 6T | 601- | 97 | STO | o

0 0 | €910 | 0] T0 [ST| S6 | 1 | 191 |SIS| 0L6 PPS | LIVEL | TI | T9 0 €TLE | 009S | 99T | €81 | 86 | 891-| 9¥ | 10

0 0 | €L 0| 0| TO |€1| LI |¥EI| S€C | T'LE| 8T61 | €95 | Tovey | 9 ST 0 FSS601 | 6SYEL | I'SEL | €1T [ €€9 | 8L~ | 1| 6T0 | o

0 O | ¥8 | O | O | T0 | 10| €L | L'ST | 89C | ST | €8FT | 9STT | T99S€ | 8€ | €6 0 CTIIS | 6SPET | 8°T9T | TCT | L'SL | T8 | T | 10

0 0 | SS| 0| 0| Tl | €1 |8IC|LSI| Sy | O | SELT | SI9 | 6816C | L¥ | ST 0 SEL8S | 6SYEL | 8L | €IT| 8VE |\ T | 1 | STO |

0 0 L | 0| 0| €0 |T0|€CIT |88 | Svc |18 | vebl | 189 | L96ET | € €6 0 SO¥8T | 6SPET | 6 | 1T | T¥y |86y~ | 1 | 10 am
0 0 | L8| 0 | 0| 9T | ST|L9T| TSI | ST |90€| 8€€T | LLLT | 990y | €S | 6°€C 0 SE86T | 6SPEL | TOY | PIT | 881 | €LT | € | STO| o

0 0 | ¥9 | 0 | 0 | 10 | 90| I'CL | ¥0T | 9LT | 8TE | OFSI | L86 | SOvIE | €€ | €6 0 Y'6CST | 6SPEL | €¥S | 1TC | ¥¥T | 66T | € | 10

0 0 [ 88| 0 | 0| 9C |61 | I'v |¥¥l| I'LL | 60S | 00ST | L¥8 | ITE0T | 1T | 18I 0 vp8y | TPl | Sy | 8IT| 8L | LT | S1 | STO |

0 0 | TL |0 | 0| 60 |+T|LOT|TLL| LI Sy | TIEL | Y0¥ | €9¥PT | 9T | L6 0 ST9v | TPIT | T9L | €81 | I'SE | I'Ty-| ST | 10

0 0 | OT | O | O | ST |ST| 98 |#¥l| 991 |99 | 8SIT | 8.6 | 80161 | 9T | I'SI 0 LET il | 9T | 8IT | €8 | SLI-| 8T | TO| o

0 0 8 | 0| 0| €1 |Sv| 86 | LI | I91 |¢cp| L6 90F | 8STTl | TI | L6 0 9¢€T Il | v | €81 | 61 | ST- | 8T | 10 I
0 0 | OL | 0| 0| 60 |ST| S |8CI| €l [SSS| 666 | 6901 | 06SST | €T | L6 0 8601 | TIl | ¥'ST | €81 | L6 | LSI-| 6 | §TO0 | o

0 0 |[v0oL]| 0| O I | 8T | L9 | ISL| 161 | Sv | €9L Iy | Teeol | 60 | L6 0 8601 | TPIl | ¥ST | €81 | L'6 | L'SI-| 6£ | 10

0 O | ¥9 | 0| 0| 80 |81 |#¥l | LI | S61 |TOF | S8LI | 6LS | 66LTC | € ST 0 FIPIT | 009T | OIEL | TIT | 919 | 1OL~ | 1 | §TO | o

0 0 9 | 0| 0| TO |T0]|801| SI | SOCT |9Ly | 8E9T | 6LE | 8209T | ¥ L6 0 TS80T | 009T | 8791 | 1T | L8L | T¥8- | T | 10

0 0 | 6S | 0| 0| 60 | TCT|S91|TSI| I'Ic | T8 | 6€91 | 8L9 | I¥ILT | €% | ST 0 OvIL | 0097 | OL | TIT|8EEC | T | € |6T0 |

0 0 [ 190 | 0| 10 |T0]| ¥6 |88 | THC | €1F | 991 | 0001 | ¥ISEr | €+ | L'6 0 §€09 | 009 | ¥6 |ITT | Ty |86k | € | 10 ar
0 0 | €S| 0| 0| 80 | +T| 861 |SSI| T0OC | 9¢ | 68ST | T9ST | TLeey | Iy | 18I 0 996 009T | 805 | 8IT | TIT | L6T | 9 | STO| o

0 0 | #9 | 0 | 0 | 10 | €0 | 601 | STT| 9T |LvE | ¥h¥l | #¥8 | ceecc | 8C | L6 0 ¥'STe | 009T | €¥S | 1TT | v¥T | 66C-| 9 | 10

AOI |HZ | a1 | A | dA [ ¥IN | A9 | D4 | AD | dnD | 0D [ smD# | spoN | 1IN | ndD | § | %»den A% 'z 1 uo| X %7 g | o | juewes

Ae&v ww&uﬂuu.—w& =51 1IN AUBULIOYIdJ uonnjos °

-7 LU-J:0ur)sul 210D ‘1 > ¢ yum wajqord Auew-01-auQ /1D J[qeL

104



‘syutod paydnisip jo oSejucored remoe oyy st g

morJ Apowrod-nnA: DN ‘Jley-0107:HZ ‘punog pardwy:gy ‘oanoun(siq:rd ‘yred MO[:d ‘Surpunoy 10Sur-poxIA:YIIA 10A0D) MOLI: D T0A0D:AD ‘punog Joddn rereusn:gno onbid:0D«

0 0O |10or| 0 0 I TL| L9 | SYI| vEl | 6CS | ITvl 69¢ | v96v1 | ST | €6l 0 96y YI8IC | S00T | 91 | L'611 | €61 | OI | STO 09
0 0 9L 0 0 Y0 | T¢€ | T9 | 661 | L€l 6y 19¢1 S9¢ IL901 | S'1 €8 0 8'ELTY PI8IT | I'SEl | 9 | §'6CI | S°6- | 01 10
0 0 | ¥or| o 0 I't | 81| €8 6%l | T6 |€VS | V86 gee €869 60 €8 0 01T YI8I¢C 8L 9 101 €C 8¢ | ST0
0 0 | LOoI| O 0 60 I'v | T¢ | ¢8 191 | L'PS | SS8 g4} 1€9¢ 80 €8 0 01T Y18I1¢C 8L 9 101 €C 8¢ 1'0 sy A
0 0 | S8 | 0 0 8T | 9¢ | ¥¥ | €8 | 991 | LSy | 19¢ 19 9CIT 0 €8 0 €168 y181¢C 94 9 | S¥8 | S6€ | €9 | STO 0c
0 0 | ¥er| 0 0 I'l | 9C | 19 | €9 | TOL | €vS | LSY 8¢ €0LT 0 €8 0 €168 ¥I8I1¢C 54 9 | S¥8 | S6E | €9 | 10
0 0 I'v | 0 0 0 | 69 | TIl | TIL | 61C | 9%y | LVII 8LL | ST8EC | €€ | 9¢C 0 ['601S1 | S'EPEIE | 6°00C | 65 | L'OVI | T09- | CI | STO 09
0 0 9°¢ 0 0 10 | 8C | €8 | I'SI 81 1°0S | 8961 §cs | OvLYT | 6C 76 0 TYLES | S'EPEIE | 8°6ST | 9L | T961 | L'€9- | Tl 10
0 0 SY | 0 0 Lo | LY 8 L0T | 81 | 6CS | O0II COLT | LSYIE 14 8'CC 0 009 gevele | 8IT | 09 | T66 | 881-| 81 | STO op
0 0 S 0 0 Y0 | €C| I'L | 6L | 6%C | ¥Tv | 6171 6¢8 ILLIT € 'L 0 39014 gevele | vLI | 88 | TEST | 8°0C- | 8I 10 am
0 0 9'¢ 0 0 60 | 61 | I'lT | I'Cl | $°81 | 86¥ | ¥OIL LIST | ¥CIlve | T'€ | €¥C 0 L'LS6T | Sevele | L'LS | 1S YL €91 | LT | STO 0¢
0 0 3 0 0 'l 19 8 Lyl | ¥'6T | L'LE | €T8 66L | 98181 | TT €S 0 €L661 | S'evele | ¥'LOT | ¥6 | 61T | 9%1 | LT | 10
0 0 |8II| 0 0 TL | TL| 98 | €91 | ¢ClL | ¥8y | L8CI €0L Iyl | 81 €6 0 L'€69 Sove cler | 8 | I'1er | 1'o- | €I | ST0 09
0 0 9 0 0 €0 | T¢ | 8¢ Sl €91 | 1I'SS | 8ovI 99¢ ILest | 91 €6 0 L'€69 Sove cIer | 8 | et | 1o- | €l 1'0
0 0 9L 0 0 Sl I [ L1 oL | SvS | 6¢£Cl 6S¢ IL6L 1l €6 0 See Sove 0L 8 | §S6 | SST | €€ | STO cp
0 0 | €0r| 0 0 I ¥S | €00 | L9 | T'el | T¢er | CI8 ¥6C 0reL ! €6 0 Gee Sove 0L 8 | §66 | §SC | €€ | 10 WI
0 0 | ¥vL| O 0 90 € €C | 8¢ | €01 | S99 | vor 41! ¥68¢ 70 €6 0 6°LCI Sove Yoy | 8 | L'O8 | €0V | 19 | STO
0 0 Ll 0 0 L'l | 8¢ S ¥ el | v9S | vy €L 90LT 70 £6 0 6°LCI Sove YOy | 8 | L'O8 | €0V | 19 1'0 o€
0 0 14 0 0 80 | 6 | T9I | €¢I | 60C Iy | 6LEl 008 | 60LST | 8¢ ¥C 0 §996T | S'€80S | 600C | 65 | TEVI | L'LS- | 6 | STO 09
0 0 S 0 0 I'0 | ¥'1 | ¥OL | ¥'L1 | 8¥C | 6'0F | 9891 €98 | 6LT6C 14 €6 0 6'1cel G'€80S | €96C | SL | V'ILI | 68| 6 1'0
0 0 ¥ | 0 0 I'1 e | 9vl | 91 96l | I'ly | S9¢l yeIT | 8¥99¢ | v'¥ | L'TC 0 S Iy0l1 §'€80S 8IT | 09 | 8101 | T9I- | LI | STO op
0 0 145 0 0 0 | 8¢ 9 6'¢l | TIT | 90S | ¥OET 1801 | v6cve | €¢ €6 0 §'€9¢ §'€80S 8L | SL | TLIT | 80¢ | LI 10 qar
0 0 €9 0 0 (23 T | LOT | ¥OI | €91 | I'S¥ | 6CII 6VCC | €LSLT | 6'C ¥C 0 7'e9y G'€80S | 99S | 0S| S€L L1 §¢ | ST0 o
0 0 99 0 0 0 | S¥ | 8¥I | 891 | T9C | 60c | OIOL 9791 | 1280€ | 6'C ¥ 0 L'6vc S'€80S | ¥'LOI | ¥6 | 6'ICI | 9VI | ST 1'0
AOW |HZ | 91 | [d | dd | ¥IA | 49 | D4 | AD | 90D | 0D | smD¢ | SBPON | WIIN | NdD g | »den zZv 'z 7 " ’x X wd g o | e
(%) 38eyuaoaad .sn) JIIN ULULIOLIDJ uonnjog '

G/snraoue)sur 210D ‘1 > ¢ yiam worqoid Auew-03-ouQ 81D 9[qeL

105



‘syutod paydnusip jo aSejusdrad [emoe ayy st g

MO[] Aypowrtod-NNAADIN ‘JIeY-0197Z:HZ ‘punog pardwy: gl ‘oanounlsiq:rq ‘yred mo[:dq ‘Surpunoy J3QUI-PaXIA|IIN 10A0D) MO[: D 10A0D:AD ‘punog 1oddn [erouan:gno ‘onbi):0D«

0 0 | 66| 0| 0| €1 | €1 | 86 |60l | TEl | 965 | 66ST | 19 |9L281 | 1T | TIT 0 €OIEy | 98811 | TOL | LS| I'8L | 61 | Ol | T0 | o
0 0 | €9 0| 0] S0 | ¥ | I'L|6VI| ¥LI |66y | €LET | 079 | TO6LI | 8T | 86 0 7'8S0€ | 98811 | 00T | ¥9 | T06 | TOI- | 91 | 10
0 0O | ¥8 | 0| 0| SO | 60| TL |€TL| I'PL | 99S | €€pl | 6LL | LSOSL | LT | I'SI 0 SLLL | 988IL | 87 | 65 | €119 | €L | 9T | 6TO | o
0 0 | €L 0| 0] LT |9v]|LOT| €I 9L | SOV | 6€01 | T69 | 806SI | ¥'1 | 86 0 8SHT | 98811 | 8 | ¥9 | 69 T | 92| 10 -
0 0 |TOL| 0| O] 90 | €| 99 |TIL| 8FI | €¥S | SLOT | 6FE | ¥CIIL | T'T | €6 0 €IL | 98811 | 68T | 09 | 616 | I'€C | 6€ | STO| o
0 0 | L6 | 0| 0] TC |¥e| € | 6T | vPl | €¥r | SL8 vLE | 00V6 I €6 0 €IL | 98811 | 68T | 09 | 6'IS | €T | 6€ | 10
0 0 | TS| 0| 0] 60 | ¥€|STl |69l | 8Ll | TEY | TPl | 868 | 9L6ST | €€ | ¥'TC 0 SLTyL | 80861 | 9'€8L | 96 | 8'0LL | TS~ | 9 | 6TO |
0 0 | LS| 0| 0] TO | 8T |900|16l| SST | LE | ¥S8T | S8CT | 8SI9L | ST | 86 0 ¥'09%L | 80861 | €T1T | 9 | L¥PI | L99-| 9 | 10
0 0 | 9% | 0| O | 80 | 9¢ | I'E1 | 991 | v'€C | 8¢ | TEPL | T8E | €0061 | €€ | ¥'CC 0 9FIL | 80861 | 901 | 9§ | T6 | ¥I- | 8 | 6TO|
0 0 | 95| 0| 0] 10| T | L8 |L8| ST | OF | 69VT | 861 |60TEI | T 86 0 888¢ | 80861 | ¢TI | ¥9 | 001 | ¢C- | 8 | 10 _
0 0 | T9| 0| 0| L0 | SY|6ST| 91 | 9SI | I¥ | T66 | SPSI | €¥6IE | 6T | 9¥C 0 ¥60€ | 80861 | €S | 0S| 79 6 e STo | o
0 0 | 19| 0| 0] S0 | 9C|901|€91| 661 | ## | 600I | 99¥ | 69¥91 | € 8'8 0 €¢e81 | 80861 | 91L | S9 | 8vL | T¢€ | TI | 10
0 0 | 98| 0| 0] 91T | 6T |SHI| 10| 8€l | S6¥ | 09¢I | 616 | 8861C | 1T | I'LI 0 869 | €S€C | L'6L | 65 | 6L | TO | ¥l | STO| o
0 0 | TO| 0| 0] €0 |S€| L8 |€9T| 6L | Ly | T9€T | 665 | S6I61 | LT | T6 0 THES | €S€T | 00T | S9 | L'€6 | L9 | ¥1 | 10
0 0 |90 0| O I | 80| 69 [+TI| L9T | 9IS | ¥8El | 086 | 99661 | 61 | TEl 0 88C | €S€T | 8% | 09| 9 o1 | ¢ | §To | o
0 0 9 | 0| 0| I'l | ¥S| 68 | I'vI | ¥LI | TLY | 80TI | #€8 | 0SS8T | ST | 6L 0 9¥C | €S€T | 8 | S9 | ¥L 91 | T¢ | 10 Wi
0 0 |T0L| O | 0| 90 |6C| I'0 | 10I| S9T | LES | 966 9y | TCSIT | TI | T6 0 48 €€C | LLT | 09 | €S | I'9T | 6€ | STO | o
0 0 6 | 0] 0| LT | S 6 | Le1| vT1 | T8y | 8L8 €96 | vTell | 1 6 0 TIT | €S€C | L'LT | 09| 6€S | 19T | 6€ | 10
0 0 | 9% | 0| 0| 80 | I'€|CEl| T8 | ¥IT |98 | ¥9SI | 8T¥ | 6C€9T | 6€ | ST 0 €¥6ST | €0LE | €991 | IS | 9611 | 99%- | L | STO
0 O | ¥L | 0| 0] €0 | I'T|9CL|LLL| L9T | TEE | ¥¥ST | OLT | 6TvCl | TT | T6 0 rszer | coce | swiz | 9 | eovt | 6vo- | L | 10 | ¥
0 0O | €¥ | 0| 0] SO | Sy |TITL |9Vl | v0T | 9€r | SEPL | TH6 | S6VSE | ¥€ | ¥'TC 0 PLTL | €0LE | 901 | 9§ | T6 | wl- | 1L | STO |
0 0 | SS| 0| 0] €0 | €T | L8 |68 | L6I |9Sy | S9pl | ¥IE | €6I¥L | ¥T | T6 0 €69 | €0LE | ¥TI | S9 | SHOT | S61- | 1T | 10 ar
0 0 S |0 | 0| L0 |¥¥|OvI|TTl| 691 | T9Y | TSTI | 7861 | 8666 | L¥ | ST 0 1695 | €0LE | €¥S | 0S| 199 | 611 | LI | 6TO | o
0 0 S | 0| 0| 60 |61 |611|L81| Cte |S6¢| 80T | 918 | 99T¥T | LT | T6 0 9'8C€ | €0LE | ¥OL | ¥9 | ¥08 | O | LI | 10
AOW |HZ | 41 | (d | dA [ ¥IA |49 | D4 | AD | 40D | 00 | smD# | 9PON | N | NdD | ¢ | »den | zv 'z 1 | ox X il g | o | yuewey
Ac$v vw-wu-uu.-mh =8I0 JTIA dUBULIO) R uonnjos *

g/ [1e:0uelsul 2100 ‘1 > ¢ ym wojqoid Auew-01-auQ 61D J[qeL

106



‘sjutod paydnisip jo oFejuoorad femoe oy st
MO Apowrod-nAIDIN ‘Jey-0197:HZ ‘punog pardwy:gy ‘oandunisiq:rq ‘yred mo[d:dd ‘Supunoy 103u-paxIA YA 10A0D) MO[: D 10A0D:AD ‘punog 1oddn [erousn:gno ‘onbid:0Dx

0 0 | 16 |0 | 0| L1 [ 1T |9CI|8€r| LSI | 9 | €8€1 | €28 | 99061 | ¢ | LLI 0 F69r9 | €L00T | T8CL | 08 | I'EIL | I'SI= | 61 | §T0 | o
0 0 | 8S | 0| 0| To |[TF| 668|691 991 |SLY| 90pI 119 | 80L91 | 61 | 88 0 6'LYSY | €L00T | L'69T | T6 | 6°€ET | 6SE- | 61 | 10

0 0 | T6| 0| 0| ST |[8C| €6 |91 ]| L¥l |60S]| SSTI | ¥901 | 86T¢C | 8T | t'SI 0 TSEC | €L00T | KL | 08| €88 | SHI | SE | STO |

0 0 | S9| 0| 0| Lo | s |Tel| ST | 6SI|9v| Sizl | SvIl | 68622 | 81 | T8 0 8181 | €L00T | 86 | 26| SII L1 s€ | 10 _
0 0 [801| 0 | O | €1 |8€|T9|LTI| 9ST |96v ]| 816 6Ly | T9STT | 1T | 978 0 S6EL | €L00T | LTy | 08 | 6SL | €€ | € | TO| o

0 0 |6%1| 0| 0| 67 |€v | v8 |ver| €81 | 8LE| PIL 8LS | ¥9601 I 98 0 S6EL | €L00T | LTy | 08| 6SL | T€E | € | 10

0 0 | 6€ | 0 | O | 8T | LT |9CTI | LLI| 681 | ¥I¥ | 991 | TOL | 969LE | €S | 8€T 0 169602 | T8T0€ | S°THT | 69 | TTL | TOL~ | & | 6TO |

0 0 | 6S| 0| 0| S0 |€0|L0I]|S0z]| 6ST |T9s| 861 | 91€ | esvlic | 6€ | 0l 0 T9ILOT | TSTOE | 6°'L6T | S8 | S61 | s€01-| S | 10

0 0 | LS| 0| 0| ¥0 | 9 | 101 |S91 | €8 | 6Ty | 9811 | €L8C | 0T08¢ | Vv | 8€T 0 v0TOT | T820€ | OFI | 69 | ITI 61- | TI | STO o

0 0 | 95 | 0| 0| 81 |90|S0I|S91| TIT|LEy| v9ST | 9T | TTeol | € 8’8 0 681S | T8T0E | 981 | T6 | S8€1 | Sy~ | Tl | TO am
0 0 | Ly | 0| 0| LT | LT| ¥L |€E€T| 96T | L€ | €21 | 6SL1 | 9200% | 6% | TTT 0 §LITy | T8TOE | ¥'LL |99 | L6 | €D | TT | §TO | o

0 0 | 66| 0| 0| 90 | LT | 8L |TLL| vIT | €97 | L6TT | TPOI | STSLE | v'E€ | S6 0 60£TT | T8TOE | €66 | S8 | T8 | €LI- | TT | 10

0 0 | 16| 0| 0| 80 |TI|TIL|STI| vPl | 60S| 98ST | 9¥8 | Sho6l | 1T | 881 0 STOEL | Te8E | 9BEL | 08 | €SI1 | €'€e | 81 | 6TO |

0 0 9 0 | 0| 80 | S¥ | €01 | LI | ¥81 | 8Tk | 01T | €8L | LSP6I | 81 | 88 0 6858 | TT8E | 1081 | T6 | 191 | T'¥p- | 8T | 10

0 0 | 68| 0| 0| 91 | IT| €8 |T€l]| ¥l TS | 6LTI | 006 | 61¥81 | LT | T9I 0 8¢S T8E | 08 | 08| 98 9 0€ | §T0 | o

0 0 |cs|o|o]| sT| o9 8 | Y91 | OLT | SSy | S8IT | SLPI | 669ST | 8T | OI 0 99¢ T8E | 8 | T8 | LOI €T oc | 10 Wi
0 0 |[901| 0| O | 81 |I¥| 89 |6€I| TLI | ¥Sy| 6I8 T09 | S€9T1 | T'T | 878 0 €Y61 | TIE | T | 08 | UL | ¥ST | 9F | STO| o

0 0 | o | 0| o0 | T1 |oc| s |LI] 1Ll |18 ]| 618 80S | 0901 I 3’8 0 €y6l | TT8€ | T9¥ |08 | 9IL | ¥'ST | 9v | 10

0 0 | 9¢ | 0| 0| €1 |9€¢| €9 |TLI| 88T | €6V | SLOT | 69y | 600€T | 6T | ST 0 OPLIY | 0€6S | €9ST | €L | TOLL | TO8- | 9 | 6TO |

0 0 | I'S| 0| 0| L0 |€0|60I]|L61]| TV | €65 | 6581 Sve | vsevT | 9v | o1 0 L6l 0€SS | ¥10€ | 98 | T961 | TSOI-| 9 | 10

0 O | €r | 0| 0| L1 |99 L6 |€vl]| 96l | Ly | L96 Y8 | L9L¥T | LT | ST 0 800C | 0€SS | SvI | €L | szl € | 1l sTol o

0 0 | Ly | 0| 0| SO |SO| 68 | 81 | L6l |LLy| 1¥81 | TL9 | zeesT | v'e | ol 0 826 0€SS | ¥LI |98 | STEI | ST¥- | ST | 10 ar
0 0| Sy | o] o0 T TP | €1 | 9ST| TSI | SSh| 6811 | 0T91 | 80€s€ | S+ | TIT 0 THO8 | 0€SS | 998 | vL | €16 | LY | 9T | STO

0 0 | €€ | 0| 0| 0o |6T| 1L |€81| 81T |19 | €Cel | SO81 | ISver | ¥ 01 0 gezr | ogss | €66 | s8 | w8 | eu1- | oz | 1o | %

AOW |HZ | 91 | (A | dd [ ¥IN | A9 | D4 | AD [ 4ND | OO | smD# | S9poN | N | NdD | ¢ | »den VA% 0z 1 “a | x X wi | g | o | wewes

A@uv @wﬂaﬂuu.;n +SIN) 1IN UEBULIO)RJ uonnjos *

01-08U-V:90oueisul 910D ‘1 > g yim wejqord Auew-0}-ouQ 07D 2[qeL

107



‘syurod paydnisip Jo a3ejusorad remoe o) st g

MO[ Apowrod-NnA: DI ‘Jey-01oZ:HZ ‘punog pardwy: gy ‘@anounfsiq:rq ‘yred Mmofg:d ‘Surpunoy] 1o3oiu-paxIA I TOA0D) MO[L: DA ToA0D:AD ‘punog toddn [erouan:gno onbi): 0D«

0 0 I'cy o 0 €C | TT | 801 | TIT | L91 | 96V | TI8I 9¢IT | €8eve | €€ | ¢l 0 £0988 P'Ce9ICE | 6'L991 | T'1€l | 1°96CT | Q' 11v- ¥l | STO 0
0 0 |69 0 0 60 | 6€ | T8 | 8CL | 681 | SS¥ | 0L91 L18 [96€C | 8T 6 0 L'TS6S9 | ¥'TE9ICE | SOLLT | 866 | 1'S6El | +'18¢- 14! 1'0
0 0 |T6| 0 0 vC | ¥T | 611 | ¥'¥1 | 6ST | 6¢v | 96v1 S601 | 6€9YC | LT | 991 0 1°98%€E | ¥'TE91CE | 6°¢€IS | S°698 | TIEL €LIT LT | STO .
0 0 €S| 0 0 81 Sy | €01 | I'LT | 981 | 9CF | 0OSPI 98 SC11T 1'c 66 0 7°6890¢ | ¥'CE9ICE | 9T66 | €911 | 8188 8011~ LT 10 WAL
0 0 |9L] O 0 ! 6'c | 99 | &SI | 8¢l | €IS | LTyl 89¢ 761C1 'l 1Y 0 6°LEVET | ¥'TEIITE | T'ELS | €911 | 8'6LL L90T < | ST0 o¢
0 0 I'e | 0 0 60 | L't 6 8¥l | 681 | S'ev | €L01 5144 €V8IT | ¥'1 €¢ 0 6'LEVEL | ¥'CEIICE | T'ELS | €911 | 86LL L90T [44 10
0 0 [L9] 0 0 L0 | 9¢ | ¥¥I | ¥¥I | ¥O0C | 66E | VLT 8YC LEIEC | 9V | L'VC 0 €LECTOE | 6VEEIS | L'LB6T | 9C98 | S0661 | TL66- 6 ST0
0 0 I's| 0 0 0 ST | LTI | 98I | T'IT [44 691C LOE ¥9CIT | 9F L6 0 89LYLI1 6VECIS | 9°96T¢ | €06 | ¥'960C | TO9II- 6 1'0 ”
0 0 S 0 0 90 e 81 €91 T 8¢Ce | 0161 S8¢ 9868C | S'S | LYC 0 L'9T610C | 6¥ECIS | 6'¥CLT | 9T98 | 1°6SET | 8'S9¢- ¢l | ST0 .
0 0 |TS| O 0 S0 | 91 L6 | 60T | L6l | ¥Tr | 06l 0ce €8CIT | TP L6 0 ¥7'69798 6vECIS | TO88I | €06 | T80V oLy cl 1'0 am
0 0 [ZT9] 0 0 90 €V | TLI | 6Cl | 8¥I 94 1LST 888 0€6TE | 6V | L'YT 0 I'#¥8101 | o6VECIS €8L6 | V'LV | 9TT6 LSS 81 | STO o¢
0 0 8¢ | 0 0 I'0 | 9C | S6 | L'61 | §ST | 69¢ | 8991 689 LO10OE | 9% L6 0 TY8¢6¢E 6vECIS | 6801 | €06 | 80101 L'yL- 81 1’0
0 0 6 0 0 v'C I'T | 9¢l | 01 | ¥'SI 8 L6LT @yl | SLovE | S'¢ Sl 0 §TS9ST T'8EEES | TOLST | T'I€T | L'VOTT | §°69¢- 61 | STO 0
0 0 |6S| 0 0 80 | 8¢ | €8 | ¥SI | L'OT | 8y | L6SI 798 9609C | 9T 01 0 6'¢v0CI T8EEES | 9PSLL | 6'LL | 1'9LET | S'8LE- 61 1’0
0 0 |68 0 0 e | ¥'1 6 Syl | 8C1 | S8y | L8VI LL8 02s0T 1c €l 0 9709 T'8¢eEES T9¢6 | €911 | L°L88 S8 LT | STO .
0 0 | LS| O 0 Sl 9% | L'OT | T'61 | &SI | €T | 88¢l 8C6 091€T C 01 0 7' 1SLS T'8¢EEES TLT6 | 8°0CI | TO0L6 194 LT 1’0 NI
0 0 |TL| O 0 1 8C | 98 | I'LL | T'LT | 1T'9v | S8CI ocy 000€1 14! L 0 6'18¢C T'8¢eLES SOvS | €911 | §'SSL Sic 9 | STO o¢
0 0 8L | 0 0 '] 8T | €01 | L'Vl Sl €8y | €Tl 61¢ PTeel 7'l L 0 6'18€C T'8¢€EES SOpS | €911 | S'SSL SIT 9 1’0
0 0 8¢ | 0 0 v'0 | 8T | TSI | L8] | 6CC | I'S€ | 9TCT 00L L8Y8Y | 6L ST 0 8VLIE9 [488% 6'816C | 8Cy8 | 88161 | 1'0001- | OI | STO 0
0 0 |TS| O 0 I'0 | 81 | LTI | T'LT | €€T | 86€ | 1861 1€ €98L1 I't 01 0 €9008¢ [488% 8'LYTE | L'LE6 | TTOT | 9°S9II- | 01 10
0 0 |[6¥% ]| O 0 0 | 9¢ | SPI | TLT | TOT | €68 | 0881 09t €ELYT | LY ST 0 geeece [488% €6891 | 8T8 | COtl £E8¢- €l | S§T0 .
0 0 |67 ]| 0 0 0 €e | L6 | ¥TiC | €CC | TLE | TS61 8014 0EIyC | LY 01 0 L'6LTY] (4883 ['GL8T | L'LE6 | 9°SOVI | S691- €l 1’0 qar
0 0 €S| 0 0 0 | L'e | 81 | 8CI | L€l | 9T | 8091 SL6 LiTve S ST 0 S6L9S1 [488% 8896 | T6£8 | 9TCO or- 61 | STO o¢
0 0 I's| 0 0 70 1'C | 601 | €TC | 6CC | S9¢ | 861 €201 | ¥00LE 9 01 0 7959 4853 L¥01 6906 | 9'TC6 V'yCl- 61 1’0
ADIN | HZ | 91 | [d | dd [ 41N | A9 | DA | AD | 90D | 0D | s;nd# | SIpoN | JIN | NdD g % den ZN V4 7 K x X %d dJ o | juewes
(%) 38ejuddaad .sn) JIIA UBULIOIDJ uonnjos .

001PpX:90ueisur 10D ‘1 > ¢ yim woqoid Auew-03-ouQ) 17D 9[qeL

108



‘syutod paydnisip jo oSejucored remoe oyy st g
morJ Apowrod-nnA: DN ‘Jley-0107:HZ ‘punog pardwy:gy ‘oanoun(siq:rd ‘yred MO[:d ‘Surpunoy 10Sur-poxIA:YIIA 10A0D) MOLI: D T0A0D:AD ‘punog Joddn rereusn:gno onbid:0D«

0 0 6 0 0 6'1 ST | 98 4! V'Sl | L6y | ¥P8I ovLT | 9¢eoy 'S | 96l 0 98¢CS PCOLT | 1'€e8 | 85| T'CL | I'TI-| 0T | STO 09
0 0 145 0 0 80 | ¥v | L8 | 6SI | 9LI Ly 86LI1 Ll 9¢0y 'y e 0 TL9SE | YCOLT | ¥°LOT | S9 | L98 | L'OC- | 0C | 10
0 0 S'6 0 0 ST | 6T | €9 | 8Tl | I9I | 605 | 9691 10sT | Syeoe e Sl 0 160C YCOLT 8 8¢ | SIS 3 Lc | ST0 op
0 0 9 0 0 ST | Ty | TOL | TLL | €L1 | L'ey | S8SI L981 169¢¢ L'c I'6 0 9281 YCOL1 9 <9 09 [ LT 1'0 A
0 0 9'6 0 0 V'l 'S | L9 | 9Tl | STl | I'Cs | T1¢Tl 09 S19¢l Y1 o611 0 SeeL YCOLT | L'LT | 8S | VIV | 9¢€l | 9v | STO 0c
0 0 6 0 0 ¢ | 6C | IT | ¥l | T'ST | ¥Sv | 8€01 8L 0CLST 91 e 0 S9IL PCOLT | L'LT | 8S | 6T | I'ST | 9v | 10
0 0 €y | 0 0 80 | €v | 11 0C | ¥'cc | TLe | ILLI 8¢CI1 ISISY 89 | 6'¢C 0 6'896L1 | L999T | 1°081 | ¥S | 8¥Cl | €66 | € | STO 09
0 0 €y | 0 0 90 | 8T | €6 | I'6l §C | 6'6E | VIVC YL GeELE 'L 1’6 0 L8088 | L999T | TBIT | S9 | 6'€¥l | ¥¥L- | € 10
0 0 Le 0 0 €0 | $°¢€ | L8 | 8CGI | §0C | ¥'LE | €€0C | LOVI 19629 | TOI | 6'¢C 0 S098 | L999C | vOI | ¥vS | 898 | TLI-| S | STO op
0 0 1Y 0 0 ¥0 | T0| 66 | 1'0C | €0C | L'ev | O€IC €0¢ S69YC 'y e 0 SELYY | L999C | 9C¢I | S9 | 8L6 | T8 | € 10 am
0 0 6'¢ 0 0 80 | 9¢ | L'Vl | 191 91 6vy | CSLI core | 6018 8 cee 0 909¢ L999C | L'LS | TS | 9°6S 6'1 €l | ST0 0¢
0 0 14 0 0 90 | T¢ | 601 | 6L ¢ | viv | OPLI LOET YLy [ 1’6 0 YOLIT | L999C | LTL | 9 29 LOI- | €I 10
0 0 €L | 0 0 91 I ject|rel 91 881 | 0E¥C €€6C | 60T8S 19 | 8¢1 0 9698 8¢6¢CE 998 | 09| €9L | €0I-| ¥I | STO 09
0 0 69 0 0 S0 | 9% | §8 | SO | €91 | 99F | LSSI 8201 0819¢C 9C 66 0 TIvL 86CE | 6'¢01 | S9 c8 61- 4! 1'0
0 0 | ¥or| O 0 61 | 6'¢| 88 | L€l | 9¢l | 9Ly | 0091 S91T | 0I89¢ €e | 611 0 9I¢ 86CE 9 8¢ 123 8 §¢ | ST0 cp
0 0 8¢ 0 0 LT | €y | €5 | T'LL | ¥91 | S6¥ | 99¥I LLIT | SI€8¢ 6T 66 0 1413 86¢CE 0S 09 9¢ 9 S¢ | 10 WI
0 0 '8 0 0 60 | €€ | ¥8 | 191 | ¢l | 96¥ | 9cvl 8¢CI L896C I'c 69 0 ['911 8¢¢CE 68C | 09| v'S¥ | 991 | ¢v | STO o
0 0 L | 0 0 61 | L'E | 611 | TEL | SCT [ 99F | 6Tl 908 81881 8’1 69 0 1911 86¢C¢ 68C |09 | v'S¥ | 991 | TF 1'0
0 0 vy | 0 0 [ € | LTI | 6L | 8TC 8¢ 601¢ 1691 8¥8SS | ¥'0I | 8¥C 0 9°6£SE | $°6C0S | TELL | TS | ¥'ITI | 6'IS- | ¥ | STO 09
0 0 ¥ | 0 0 Y0 | TCT| 96 | LLL | €0C | TSV | C6¥C 89¢ 905ST 2 66 0 Y'¥881 | §°6C0S | T8ICT | §9 | 6°¢vl | vVL- | ¥ 1'0
0 0 9v | 0 0 Y0 | L'V | 8¢l | ¥'IT | 80T | €ve | LCLI 8€ELE | YECOTI | L9T | 8C 0 S§'60LT | S'6C0S | 00T | TS| 8%¥8 | TSI-| 9 | STO op
0 0 6v | 0 0 Y0 | I'C | TL | T'6l | 6CC | ¥'ev | 6881 1394 CTCSLT Ly 6'6 0 296 §'6C0S | 9CI | S9 | 8S6 | C0e-| 9 10 qar
0 0 S 0 0 L0 | 9¢ | 6€l | 991 | §61 | L0V | 8€91 66£S | 0€6L01 | L€ | 81C 0 1'869 | $°620S [43 Ly 19 6 91 | §T0 o
0 0 8v | 0 0 90 | L0 [90I | 6Ll | L'CC | LTy | ¥SIT | TTSI 108 9 66 0 S6cy | S°6C0S | LTL | S9 | 1'69 | 9¢ | 91 1'0
JOW |HZ | 91 | fd | dd | MDA | 49 | D4 | AD | 909D | 0D | sID# | S9PON | IN | NdD g % den zZV 'z 7 " ’x X wd g o | e
(%) 38eyuaoaad .sn) JIIN ERLITIIATORES | uonnjog '

FI-10Tu-g:90urIsul 910D ‘1 > g yim wojqord Auew-0}-ouQ 77 D 2[qeL,

109



'sjutod paydnisip jo a3ejuoorad [enjoe oy s1 g

mo[J Aypourtuod-niA: DA ‘Jey-0107:HZ ‘punog parnduy: gy ‘eanoun(siq:rd ‘yred Mo[d:d ‘Surpunoy 10Squl-paxIA N T0A0D) MO[]:D] TeA0D):AD ‘punog 1oddn rereusn:gno ‘enbid: 0D«

0 0 L9 0 0 2! 81T | 811 | 6'ST | SO | I'9v | ¢v6l 718 6161¢ ¢'e | 8¢ 0 L'LYOET | TT08T | ¢kl | S8 | 0TI T T | ST0 09
0 0 8 0 0 I'c | 8¢€ | L9 | TYI | 191 | T6V | ¥991 80LT 9L6LE v'e 01 0 ¥°688L | TT108T | T°L8T | 86 | S'€v1 | S’y | TC 10
0 0 L6 0 0 S9 | LT | TL |T¢l ST 8¢Sy | Teel 1€LT LOTTE € 6'CC 0 ¥LOS 1108¢C 8 <8 06 8 ¢ | STO ob
0 0 9°¢ 0 0 8’1 S 86 | 8CI | LTI | €TSS | 19¢T SL8T SLSTY (23 01 0 8ST¢ 1108C | 80T | 86 | %OI - 93 10 WAL
0 0 86 0 0 I Le | TL | €81 | S9I | €€y | €CCl 196 CTLS8I 91 16 0 SOCLT | 1108C | €Ly | S8 | LIL | €¥C | S¥ | STO o€
0 0 |vOoI| O 0 9C | Ty | SL | €91 | TLL | L'V | 686 0CI1 8€081 'l 1'6 0 SOCLT | 1108C | €Ly | S8 | LIL | €¥C | Sv 1'0
0 0 8V 0 0 LT L'T | 8CI | §91 | 90C | 60¥ | 900C S€9T LITTL 11 8'¢€T 0 6°088C¢ | SISTY | 16T | S8 | S°S61 | §S6- | 6 S0
0 0 6'S 0 0 80 | ST |S0I |86l | CTye | €LE | 8l6] 1911 STo0y 8¢ 0l 0 1€291 | SISTy | 9¢€ | 86 | 61T | LII- 6 10 0
0 0 vy 0 0 I 6'¢C | 991 | 91 6'1C | 1T9¢ | LLSIT 061 08LEE ¢S | 8¢T 0 ¥CS9T | SISTh | 89T | S8 | P&l e 11 | STO .
0 0 SL 0 0 I 60 | CI | LLL| ¥'¥C | ¥9€ | 9€91 $9¢€T 8LT€9 8’8 o1 0 8LT8 SISTY | ¥61 | 86 | 8¥I 9t ! 1'0 am
0 0 (474 0 0 |4 I'e | 80T | S6 | L'61 | 90F | TH9I TT99 | 6¥S0CI | v'¥1 | 8'€T 0 €080L | SISTY L6 S8 | S'86 1 €C | STO o€
0 0 T8 0 0 10 | 9¢ 1T | €91 | ¥'0CT | SOV | S6CI 8CSS 8CL68 76 01 0 €989¢ | SISy | TIT | 86 | LOI S €C 10
0 0 6L 0 0 1 TIL | 67CI | 9¢T | 971 | €87 | 8¢0C LLLT 89¢61 'S | 8°0C 0 10191 ¥80S | TICI | ST | 90T | 9°01- | €1 | STO 09
0 0 YL 0 0 8’1 4 0T | L'vT | TET | 68 | 6591 8701 T116L Ts 66 0 8'TCCl ¥80S | €991 | T | T'Cel | T'vE | €1 10
0 0 I'6 0 0 LT | €T | 661 6 Tl | 687 | 61T S108 26008 € | 891 0 0LS +80S oL Sl S8 ST I | ST0 op
0 0 'L 0 0 €T I'S| 66 | SST | 8LI | €Ty | COOT 6009 6LY1S 9¢ 66 0 0cs 808 96 4 66 € 184 10 WI
0 0 6 0 0 TC | 8EC | ¥8 | 61T | T'€l | 9IS | 06€1 8L8 SSILT 8’1 69 0 6'8¢C ¥80S | v'Ov | ST | TOL | 86T | I¥ | STO 0§
0 0 9'8 0 0 60 | 8¢ | €Il | el | TCl | 66V | ¥STI CLTT 786ST 6'1 69 0 6'8¢C ¥80S | ¥'OF | ST | TOL | 8'6C 34 10
0 0 9L 0 0 0 | ¥'S | 1T | 861 4! 6'1¢ | ¥8TI 354! £869S 9 8°0C 0 LYLIS | 69¥L 16T | S8 | §°S61 | §S6- | 01 | STO 09
0 0 7’9 0 0 0 €1 | vI | ¥'L1 | LOC | 'OV | TCLI 6¥9C 9S+19 1'6 66 0 T0T6T | 697L 9¢e | 86 | 61T | LII- | OI 10
0 0 ¢ 0 0 [ ¥ | I'ST | TSI | TTT | T6E | TOOT YCLT LLYTY 6v | 80T 0 65T 69tL 891 | 68 | Vel e vl | STO .
0 0 9 0 0 €0 | L0 | 68 | 61T | S0CT | €1¥ | OLLI 86T 9LEYS LS 66 0 00ST 69tL Y6l | 86 | 9PI 8- 4! 1'0 a1
0 0 (474 0 0 ! 8T | 60C | LET 81 6¢ 8691 [V LL998 88 | 81T 0 9°¢eTl 69%L 8 L 16 6 9T | ST0 o€
0 0 69 0 0 L1 €y | TEl | 8C1 | TST | 6S€ | 86CI 8701 G8S¥8 | S0 | 66 0 1°089 691 CIT | 86 | LOI S 9T 10
AOW |HZ | 91 | [d | dd | 41N | 49 | D4 | AD | 40D | 0D | smD# | S9poN | NN | NdD g %den zV V4 7 au« x ¥ wi g o | jueLep
(9) ?8eyuddaad ,syn) JIIA AUBULIOLIdJ uonnjog :

7D :90uesul 10D ‘T > g yyim worqoid Auew-03-auQ €7D 9qeL

110



‘syutod paydnisip jo oSejuasiad [emor oys st g

Mol Ayrpowrod-NIA:IDIN Jey-019Z:HZ ‘punog parjdu: gy ‘oanounfsiq:rq ‘yqed mold:d: ‘Surpunoy] 1oSul-paxIiA I 10A0D) MO[:D ‘19A0D:AD ‘punog 1addn Terouen:gnon ‘onb1d:0D«

0 0 |Zor| O 0 L0 I'T | ¥01 | 891 86 | 605 | 96¥1 9¢ 726€1 8’1 (94 0 €0LSY | L'L6S6T | ¥'TST | 6¥C 878 | 969- | 6F | STO 09
0 0 88 0 0 €0 | ¥T | 86 | 8L | S¥I | S9F | Ivvl YSL ¥8S€C | €T 4 0 €0LSY | L'L6S6T | ¥'TST | 6vC 8T8 | 969- | oF 10
0 0 |9%vL | O 0 60 | T¢| 99 1'6 14! 7'1S €18 061 908L 60 ¥ 0 8°0CST | L'L6S6T 6 1Y4 9CS | t6e- €9 | §T0 cp
0 0 |Ler| 0 0 ST 8¢ | €11 | I8 €S | 79S| T8¢ ovl 98 90 14 0 8°0TST | L'L6S6T 6 16T 9TS | veL- €9 10
0 (U 4 S (] 0 €0 | TT| €S | 9SI | SVl | 6Ly 179 96 €L0€ (0] 14 0 EYSEl | L'L6S6T | 1°¢S 1Y4 Tee 0c- €L | STO WM
0 0O | Lyl | O 0 0 S0 | S9 | 67Tl 91 S6vy | OLS YL 811y L0 14 0 €PSEl | L'L6S6T | 1°¢S 16T 4% 0C- €L 10 o€
0 0 (Y 0 0 90 | 61 | I'CL | ¥'S1 Y4 L'6g | 8TYC 6STT | 9S¢¥S | T'IT | 6'7C 0 L6ELT | €OCTLLL | TYLY | €VIT | ¥'C9 | 8111 4 ST0 09
0 0 8V 0 0 €0 | 90 | 99 | 96T | TYC | 6'LE | 8LOE 6L91 | 68529 | €11 1'6 0 L'89LOT | €0CLLL | 9°8CC | 0£C L08 | 6'LY]- C 10
0 0 14 0 0 L0 | T¢ | 861 | STl 91 8¢y | S0TC 0Z81 | LTIES | 801 | S'IT 0 EVI8Yy | €0TLLL 86 €1T 0T 8L- €1 | ST0 b
0 0 L 0 0 4! 8'C S T8l | 9¢€C | 6'1¥ | 9591 LT6 889¢Y L S'6 0 £sey €0CLLL | 0O¢T 6CC 6°SE | I'V6- €l 10 am
0 0O | TIT| O 0 €0 | TT | I'L | STII | 8LI | L6V | €¥L 0ce SST6 60 8°C 0 1°€00T | €0CTLLL | TOL 0€C | STI-| LL8 | 69 | STO o€
0 0 €9 0 0 L1 LT | ¥Cl | TIL | Tl | ¥'€§ | 0€6 1533 €L96 4! 8°C 0 1'€001 | €0CLLL | TOL 0€C | S'II-| L'L8 | 69 10
0 0 |90T| O 0 S0 I rer | ¢l 9CI | T'IS | €8¥1 (Va4 SPOLT | +'C L'¢ 0 TLEY 1T'1eyS | T°CST | 6¥C v'e8 | 989- | 9F | STO
0 0 69 0 0 ! 9C | I'IT | L€l | 9S1 | €6¥ | 60LI 86L 08¢9C | 6C L'e 0 TLE9 I'1eys | 1281 | 6vC 7'e8 | 989 | 9% 1’0 09
0 0 | 80T | O 0 90 ¥ ¥9 | LTI | 80T | 89S | 9VII 81¢ 00281 LT € 0 8'8¢¢ T'1erS 816 16C £es | 98¢ S9 | STO0 ob
0 0o | Lol | O 0 0 6'l | 69 | L€l | T8l | S8 | 198 01¢ 69¢C1 Sl € 0 8'8¢¢ | K%Y 816 16T £es | '8¢ <9 1’0 WI
0 0 | Lel | O 0 90 | 90 | 19 | ¥'OI | TOI | €CS LOS S 6Che (0] € 0 9°¢81 T'1ewS €S 16C 6°¢e | T'61- | 9L | STO o€
0 0 | €Vl | O 0 €0 | S0 S 9CI | 681 | ¥8F | €09 6C1 60LS L0 € 0 9°¢8l 1'1EyS [y 16T 6'¢E I'el- | 9L 1'0
0 0 9°¢ 0 0 L0 Sl SI | §6l | €L | €0V | TEST YICI | 8619S | S'IT1 | ¥'¥C 0 PE10€ | 919LEL | TYLI | €¥IT 19 cell- € ST0 09
0 0 I'L 0 0 I'0 | 60 | €L | S61 | 60C | T¥y | 19CC 1911 | CTCSY | 86 6'8 0 6°S081 | 9'19LET | T'STT | 6CC ¢08 | L'¥¥I- € 1’0
0 0 8¢ 0 0 €0 T | S91 | 891 | ¥9I | TV | €€LT S6SC | LO6I9 | T°€l | L0T 0 6'CI8 9'19LET 86 €IT €0C | LLL €l | ST0
0 0 S 0 0 S0 | 8C | ¥L | TOCT | T8I | 6'S¥ | 6981 6€Cl | €€Clv | 9L '8 0 L°€89 | 9'19LETL | O€l 6CC 6'C¢ 1'L6- €l 1'0 v a1
0 0O |[¥TT | O 0 10 ST | ¥'8 €6 | €SI | 6CS | TIL (4% L6T8 1 € 0 €70C | 9'T9LET | TIL 0¢C ¥1- 06~ | TL | STO o€
0 0 ¥'8 0 0 60 | ST | I'Cl|6¢l | 6SI | €Ly | 8LL 91¢ [SSY0)! 'l € 0 £€70C 9'19LEL | TOL 0€¢ ¥1- 06~ | TL 1'0
O |HZ | 91 | [d | dd | 9IA [ A9 | D4 | AD | 90D | 0D | sinD# | SIpoN | 1IN | NdD g 9 den zZvV V4 1 &S X X %d dJ o | yuewes
(9) 98eyuddaad .sn) JIIN AUBULIOLI uonnjos .

[-SETU-:90ue)sur 910D ‘T > ¢ ym wsqoid Auew-0}-auQ) 47D 2[qRL

111



‘syutod paydnusip jo oSejusdrad [emior auy st g
MO[] KITPOWWOd-NNALDIN ‘JIeY-019Z:HZ ‘punog parduw:gy ‘@andunfSi:rq ‘yred Mo[:dd ‘Surpunoy] 105u-paxiAl g 19A0D) MO[]:DH 19A0D:AD ‘punog 1addp [e1euan:gno ‘onbr:0D«

0 0 |[T8] 0 0 81 0 | 6%l | TII 14! S6v | 968¢C 8611 09591 SL | S61 0 T6S0CL | T869¥8C | 8'88L vl $069 £86” 81 | STO 0
0 0 |6€| 0 0 60 | 8Y | 68 | S6l I'€C | 8'8E | ¥8€T €081 6297S 9°¢ L6 0 7' yOreS | T869¥8T | L'8IOI | L9L 6'Ce8 | 6'G81- | 8I 1'0
0 0 196 0 0 61 9C | 901 | 891 | &SI | 8Cr | ¥VIC 961 oree I'v | 6°¢l 0 965+C T'869¥8C | 8'09% | €OV s 1'19 e | ST0 .
0 0 S 0 0 'l ¥ | 991 | TSI | T8I | L'6E | 860C 9LLT 69209 L 66 0 8LSSIT | T869Y8C | +'COS | 9611 ¥6S 9’16 43 10 WAL
0 0 SL| 0 0 LT v'e | 911 | 9°LT | €71 9 6C81 LL8 60€CC 9T 88 0 86818 T869¥8C | S0ST | 8€ESI | L9y | TILI ¢S | STO0 o¢
0 0 |9L] 0 0 'C ST | ¥al | €91 | T'SI | L'Ey | 96S1 €01 S6S1C X4 8'8 0 86818 T869Y8C | S°0ST | 8¢Sl | L9y | TILI 43 10
0 0 191 0 0 I €0 | ¥81 | SOI | €1C | ¥9¢ | S00€ CLE L1S9¢ 11 9'vC 0 S IY686C | TYeELyy | 9€81 | v'6CS | TIEl STe- L ST0
0 0 |97 O 0 I'0 | 80 | L'8 | I'IT | L9T | 6'LE | ¥00€E L9 Sy I'T1 6 0 S'0688El | TYEELYY | ¥'ECIT | ¥'TI9 | SIvI '80L- L 1'0 ”
0 0 191 0 0 €0 | 81 | 861 | 991 | TET | TTE | TLYT 10€1 TEL6L | 6'ST | 99T 0 ¥'S61CTrl | Tyeelyy | 0901 | ¥'6TS €76 LET- ¢l | ST0 .
0 0 |[L¥y] O 0 I'0 | L0 | LTI 1T €0¢ | ¥'IE | SSOE $89¢ 169 91 6 0 L'68889 | TYEELYY | 6'STCI | ¥'CI9 | €996 | 9'6SC | Tl 1'0 am
0 0 I'vy| 0 0 0 €T | 91 I'61 | 6'1C | €9¢ | 086C €8LE | TOVOETL | 9VC | 8'€C 0 SOLLSS | TYeELYy | LTS | TH0S | 6869 | CTIII 0C | STO o¢
0 0 |97 O 0 ¥'0 | 80 | ¥'8 | 961 | L'€T | ¥'T¥ | €66T 61LC | 18Y001 | S'81 66 0 L'EITIE | TPEELYY | 1'889 | €565 06L 6’101 0¢ 1’0
0 0 €6 | 0 0 e | VO | LST | L9l | TVl | 9'1¥ | V98T LTET 8178S 6'L | L'0C 0 7'eSo11 L'16v1S SGIL | 8€ST | 89L9 98¢~ el | ST0 0
0 0 |LE€] O 0 80 | LS| L8 | I'TC| I'lT | 6LE | €90T 9L1 1L00S LS 01 0 T'€0S6 L'16¥1¢ €8L6 6'LL T98L | T'T6l- | €1 1’0
0 0 8 0 0 80 | ¢T | 9Tl | S¥I | 691 Sy 615C CELT 2908Y 6°S cl 0 149444 L'16v1S I'ely | 8¢SI | 96¢S | 9CII 8¢ | STO .
0 0O |¥¥ | O 0 60 | 6¢ | 8Ll | 6CI | 9CI | ¥¥¥ | LITCT 968¢C §2019 9°¢ 01 0 S0TLE L'16¥1¢ 8'8EYy | 60FI | ¥'0€S 9’16 8¢C 1’0 NI
0 0 | L8] O 0 I 1c | LL | 8ST | €vl | ¥'0S | ¥LIT S08 YLSTT €T €L 0 69991 L'16v1S G'8€T | €SI | 9'¢sy | I'GIC 16 | STO o¢
0 0 88| 0 0 61 e | ¥8 | ¥91 | €LI 144 6961 4% €0LTT 9T €L 0 69991 L'16v1S C'8ET | 8¢Sl | 9'¢Sh 1'G1T 1S 1’0
0 0 Ly | 0 0 11 S1 Ll 88l | €TC | 9PE | €90¢ 8¢L LOCYY | 8TI | L'VC 0 9'evITS L'LST08 | €99LI | €60S | ¥'LECT | 6'8CS- L S§T0 0
0 0 |TS| O 0 €0 | 90 | €71 1T 6'¥C | 9°S¢ | 198C LY 9¢16E | ¥0I1 01 0 8°6819C LLST08 | 1'#80C 109 | T96¢€T | 8'L89- L 10
0 0 | ¥S| O 0 L0 | ¥T | VLI | €LT | L'IT | I'SE | €CTLT 8191 LYI6L | 991 | L'VC 0 6'1CSYT LLSTO8 | 86101 | €605 | T'¥98 | L'SSI-| €I | STO .
0 0 €S| 0 0 I'0 | 90 Il 90T | L'LT | L'¥E | 086T LLY1 768CL 1'¢61 01 0 7'ELO6TI L'LST108 | T°€0TI 109 8656 | ¥'LYCT- | €1 1’0 qar
0 0 Sy | 0 0 v'0 | ¥C | 8CC | 9Ll | T'IC | TI€ | I¥ST Scsy | 00VIVI | ¥'ST | L'TT 0 1'8616 LLST08 LT8G | T'V0S | €999 9'¢8 12 | STO o¢
0 0 S 0 0 0 I'T | L'O01 | 661 | S9C | €9¢ | ¥PET 6l 1L£S9 | TTI 01 0 98¢ L'LST108 1'889 | €665 | L09L 9'CL 1T 1’0
ADIN | HZ | 91 | [d | dd [ 41N | 4D | D4 | AD | 92D | 0D | sind# | SIpoN | TN | NdD g % den ZN 0z 7 @ x ¥ %d dJ o | juewes
(%) 38ejuddaad .sn) JIIA UBUMLIOJRJ uonnjos .

0S1Y2:90ueisul 210D ‘1 > ¢ yum wa[qoid Auew-03-9uQ 67D JqeL

112




'syurod paydnusip jo a3ejuediad [emyoe ay st g
MOT] ANTpowroo-NNA:IDIA ‘JeY-010Z:HZ ‘punog parjdwy: gy ‘oAnoun(siq:rq ‘yed MoLI:d ‘Surpunoy JoSaul-poxXIAIIA ToA0D) MOLI: DA ‘10A0D:AD ‘punog Joddn [ereuan:gnn onbid:0D«

0 0 01 0 0 €1 871 | 01 I'vl | 6L | 8%S | SLIT €10T 8606C 8 81 0 6°€8L061 9°0€SL68 | 8'S6VI | 9vE8T | €SP9T | S6¥IT | €€ | STO
0 0 €9 0 0 €1 €Y | TL | 90T 14! 9% | 100T 99¢1 SLOLE 14 86 0 6'86vEv1 9°0€SL68 | 8'LY8I | T9E6I | 9°808C | 8096 | €€ 10 ”
0 0 [9LT] O 0 80 | 60 | 61T | 10T | TET | LSy | T8LI 908T 6671¢ I'v | 961 0 LT00%9 9°0€SL68 | 9€98 | 9VE8T | SOIET | 6'CSKI | 1¥ | STO b
0 0 86 0 0 90 | €€ | 601 | LI 9Cl | 6Ty | L8SI 09vC | 91¢€9¢ 6'¢ S'6 0 L'T8009 9°0€SL68 | 89901 | T9¢6l | 08¢T | Telel | 1v | 10 M
0 0 [8IE] O 0 9T | 90 | S¥C | 101 | 6L | TET | €66 6CL 866¢€1 81 149 0 6'8L00T 9°0€SL68 | 9VL9 L861 | ¥'0TIT | 8'SHPI | LS | STO oc
0 0 |€¢el ] 0 0 80 | ¥C | LSI | 66 | L'SI | TV | 9801 6501 61L0C ST V'S 0 6'8L00C 9'0€SL68 | 9VL9 L861 | ¥'0CTIT | 8'Syyl | LS 10
0 0 [TCl | O 0 0 61T | 61 | 8TC 1T 1°€C | L8SE | 8T8TI | 68TS6I | TV | 8T 0 L'6T8LI9T | €0V0ESET | 89009 | €ELT | STELOS | €€€6- 0 | ST0
0 0 L'L 0 0 €0 | 80 | 991 | 81T | TLC | SST | 190¢ ce9e | ISIITI | L'ET | 86 0 8VOLEIL | €0P0ESET | L'OILY | T9¢E6l | L'TIVS | 86CI- 0 1’0 ”
0 0 [TOL] O 0 0 €T | S61 | 8L | 9¥C | 99T | S8Iv | 89SS | 665961 | 8'8¢ | 8T 0 9168106 | €0V0ESET | 89¥¢ €ELT I'#08¢ | 19¢€ 0 | S0
0 0 9°¢ 0 0 70 | €0 | 96l | I'IC €T 0¢ yl6e | vOCI | OVL9IT | 90T | 86 0 7096¢ €0v0ESET | ¥'PL8E | TI9L6l | 9¥66E | TOTI 0 1'0 sv am
0 0 €l 0 0 10 | ¥C | L'8T | ¥'TI LT €9¢ | 1TIE | 0SST 86899 | €11 | 8T 0 €05S887 | €0V0ESET | €T00C | €ELT | TILOE | 6'8901 | ST | STO
0 0 I'Ir| 0 0 0 €0 | S0I | #81 | I'61 | S0F | 866T €61 96666 | ¥'0I | 86 0 Y'TPOTIT | €0V0ESET | 6'9€CT | TI¢e61 | 8'SLIE | 68¢6 | SI 1'0 o€
0 0 [€LL ] O 0 9l sclecl | Il (121 9y | SyiT 961¢ 8yeey ¥'s | TLI 0 V'LSYTE € 19L8ST | 8'SovI | 9PE8I | €6¥9C | S'6vIl | S€ | STO 09
0 0 69 0 0 90 | 9¢ | €8 | ¥el | LYl | S9¥ | ¥S0T 81IT | 9087 (%Y 96 0 Lv9vyT € 19L8ST | 8'LY8T | TOL61 | 9°808C | 8096 | SE€ 10
0 0 [80C| O 0 1 1 Sl | ¥OI | ¥'ST | 69¢ | O6LLI 9TeT | ¥900¥% 9 | L'SI 0 [4%:1411 € 19L8ST 9°¢€98 | 9vE8I | S9I€T | 6'CSYI | v¥ | STO b
0 0 '8 0 0 80 | TT | SO | I'61 | 6L1 | I'ly | €€CC | 0681 143343 9v 96 0 7596 € 19L8ST 9101 | 8°0161 | 08¢€T 9¢1 124 10 I
0 0 [SST| O 0 ¥'e | SO | 66l | STL| I'SI | I've | €€l 69¢1 96CIT ¥ 14 0 LT € 19L8ST 9vL9 L861 | ¥'0CTIT | 8'SyPl | 09 | STO 0¢
0 0 [LO0T ] O 0 €1 LT | T6l | €€ | TPl | 86E | 6LE] 6v¢l [4Y4Y4 LT 14 0 TTrLT € 19L8S1 9vL9 L861 | ¥'0TIT | 8'Svvl | 09 10
0 0 L8 0 0 0 ST | 80T | 60T | €0C | L'LT | 0SEy | €SELT | 66661€ | L'OL | L'VT 0 9'SSLSLT | 9°8T9I1Y | 8PL8S | 67691 | SLOOS | €198 [ ST0 09
0 0 99 0 0 0 90 | I'CT | L'TC | TYC | 6'€€ | 9LTY | 0€60T | T69€IE | 9°€9 | 96 0 I'¥191C1 9°8C911Y | L'OTILY | T9E6T | L'TIPS | 86CI- 1 10
0 0 LS 0 0 I'0 | 81 | 6'1C | 691 | TIT | ¥T€ | 1S6€ | TICOC | LYLTYT | L'19 | L'¥T 0 1'060%S1 9'8C911Y | 8'16LE | 67691 | 99LE TYLE [ ST0 b
0 0 8 0 0 0 80 | 66 | L'ST| 1'9C | ¥'6T | S8¥E LyEy | 8TS6¥1 | 6'LT | 96 0 €STLLY 98911Y | ¥'PL8E | TIE6T | 9V66E | TOTI 1 10 a1
0 0 L8 0 0 €0 | LT | €SI | TI91 | L'TC | I'bE | €60€ | ¥66E€ | TSELEL €C | L'¥T 0 7'9¥8¢€8 9'8911¥ | €8S61 | 67691 | T6¥0E | 6'0601 | LI | STO 0¢
0 0 8 0 0 0 S0 | 891 | T'LT | ¥'0C LE €69C | ¥SIT 868¢8 | ¥'IT | 96 0 S§'T199¢ 9'8911Y | 6'9€CT | T9¢61 | 8'SLIE | 68¢6 | LI 10
AOW |HZ | a1 | (A | dd | 41N [ 49 | D4 | AD | dnD | 0D | smD# | 9poN | TN | ndD | g | »den zv 0z 7 " x $x wil g | o | ueaes
(9) adeyuadaad .sn) JIIN UBULIOLIDJ uonnjo§ ? )

861P:0uRISUI 210D ‘1 > & Ym wojqord Auew-03-ouQ 97D A[qeL

113



‘syurod paydnisip jo oSejuscrad remoe oy s1 g
MO[] Kipowrtiod-NNA:IDIA ‘Jley-0107Z:HZ ‘punog pardwy: gy ‘@andunfSiq:rd ‘yred Mo[:d ‘Surpunoy JoSaul-paxIA{IIA 10A0D) MO[]:DH 100 AD ‘Punog 1oddn [erouan:gno enbrD: 0D«

0 0 | Sy | 0] 0| vT |90 |v¥T| 6Pl | TLL | 9¢ | TI6S | SOL6 | 6SLL9T | L'St | v'¥C 0 FOLUIE | 6€C0LL | EL | KT | 001 | S€€ | ¥ | €TO | o
0 0O |9v | 0| 0 | LO | 80| ¥I | €61 | ¥'€C | €LE | T8YS | SOT8 | 8ST60T | L+ | L€ 0 T8OV6T | 6°€TOLL | S999 | 806 | €6€€ | TLLE-| ¥ | 10
0 0191010 € | S0 |STIT| €S| 661 | 8€E| 6IIS | vbLy | I9vepl | TOT | L€ 0 6'9v6ST | 6'€TOLL | 8¥8E | 806 | ¥'861 | +'981- | 6 | STO
0 O |#S| 0] 0| 90 | I |TPI|S8I| €TC | 18| 928 | SYI9 | #hb8IT | SvE | L€ 0 6ovest | 6czoe | svse | s06 | oot | svsi-| 6 | 1o | _
0 0 [ €L]| 0| 0| 91 |¥0|L81|SEl| 6SI | 9Tk | 88 | S16S | LELVEL | ¥'€C | L€ 0 FOPI8 | 6€C0LL | TTIT | 806 | I'LIL | SOI- | O | 6TO | o
0 0 |6¥| 0 | 0| 90 | €T | Tl | 181 | L1T | T9E | ST6E | 6£ST 1S6L8 | v'¥1 | L€ 0 v'OPI8 | 6'€C0LL | TTCT | 806 | I'LIT | SOI- | 91 | 10
0 0 |99 0| 0| SO |80]|+0T| 11| 8TC | 8LT | 9LIS | 1€TT | 9L0S61 | €TH | LT 0 €95960€ | L9TI9SE | #'9T01 | TOTE | TTES | THOY™ | 1 | 6TO |
0 O | L | 0] 0| T0 |TO|90I|€€C| +vT |8¥E | 9EES | LESTHT | #FTITIS | 000 | S6 €1 | §°ST09TT | L'OTTISE | 9601 | +'0¥E | S'6¥S | L¥S- | T | 10
0 0 | S| 0] 0| TO |[€0]| 6l |T'€c| L€ |L8T| 9619 | 910S | 8ISSKT | 649 | LT 0 €'80LILT | L'OIT9SE | 9°T6S | TOTE | €61 | €LLT- | 1 | STO
0 0 | €S| 0] 0| 10 |80 88 | 9VE | ST | 68T | 68€€ | LyITEE | ¥8SSIO8 | 0001 | S6 | 981 68v60 | LOLI9SE | 1'€co | vove | sLi€ | esie- | 1 | 10 |V am
0 0 [€9] 0| 0| 10 | I'l |90 |€IC| ¥'CT | T8C | 0T9S | ¥L8TTL | S6L6EEY | 0001 | L'¥T | 9701 790T6 | LOTI9SE | 1'TrE | TOZE | 061 | 1T~ | T | €TO0 | o
0 0 |8L| 0] 0 | €0 [ L0 |91 |9Yc| 80¢ | I'vT | 99v€ | 6T0L | SE0€61 | S'I¥ | S6 0 €1P89€ | L'9IT9SE | $°69¢ | ¥'OvE | #81 | SI181-| 1 | 10
0 0| S| 0] 0| 1T |+0]|Ty| 91 91 | +'9¢ | 998 | #FTE | 6091€1 | 19T | I'€T 0 +'799S | 8'9p8¢El WL ST | Lr01 | €98 |y | ST0 |
0 O |¥¥ | 0 | O | LO | 8T |STI|ELI| I'EC | €OV | OV8F | STECT | LO6VIIT | €0T | S€ 0 L'S96Y | 8'9PSET | SEL9 | 806 | Lvve | 88T¢- | v | 10
0 0 | TS| 0] 0| 91T [S0|61T| €SI | 691 |98 | 1685 | ISLOE | ¥hvvbby | TIL | +T 0 I'TLLT | SOV8ET | I'vL | T8bC | TIL | 8T 8 | ST o
0 0 | €9 0] 0| 90 |90 1¥l |69 | € |S8| €Tly | 1S0€ | T6£86 | T8I | S°€ 0 L'889T | 8'9¥8El | 8'88¢ | 806 | ¥'T0T | ¥981- | 8 | 10 I
0 0 [ €8] 0| 0| 1T |TO| 10T |8IL| S8 |88 | €68¢ | IT6F | S8ELEL | €TC | 1€ 0 88¢1 §OVSEL | S8KT | 660 | TTEL | €9~ | LI | €TO | o
0 0 |€v| 0] 0| v0 | TT| € |66l | 861 | €0v | €52k | TS8E | TES90T | €L1 | T°€ 0 88¢1 8'98El | S8FC | 669 | TTEL | €911- | LI | 10
0 0| 6010 0 | T | 8%l |96l | 9T | I'ST| 069T | ISS89T | PF6I6SS | 0001 | 6T | 669 | ¥8ISSS | $T6IFY | TOCOL | €'1TE | SEES | L96t~ | 1 | 6T0 |
0 0 |6v| 0] 0 0 | L0 | I'S | LTE| L'61 | 8LE | €8LE | S6ST9E | 696L96% | 0001 | 96 | TI¥ | STLLIT | ¥'T6IP9 | €6601 | TIVE | S9¥S | 8°TSS-| 1T | 10
0 0 |¥S| 0] o0 I | TO| LI |¥€T| 1CC | 60¢ | 926k | #T8T | €09€IT | 19T | 6+¢C 0 TO690E | FTOIPY | 8P6S | €1TE | §SIE | 6LT | 1| STO |
0 0 |6S| 0| 0| v0 | €0|+0l | 1LT| €0€ | L'ST| 68bF | €81€ST | TTOSTIY | 0001 | 96 | 901 | TISSTI | ¥T6IY9 | L¥E9 | TIvE | THIE | vOTe- | 1T | 10 ar
0 0 [8F| 0| 0| 80 | L0 |88 |I'vC| I'lC | L'6T | 8TSS | 6SH0O1 | THEI6T | S'EL | 64T 0 66991 | ¥'TOIPY | FEPE | €1TC | 1061 | €ECI- | 1| 6T0 | o
0 0 |€s| 0] o0 0 0 | 8T | S¥T| 60¢ | $9¢ | 68LT | 186L9T | 910881L | 000I | 96 | 9TC 0599 PT61¥9 | $'99€ | TIPE | 1081 | €981- | 1 | 10
AOW |HZ | 91 | fd | dA | MIN | 49 | D4 | AD [ 40D | 0D | smD# | KPON | 1IN | ndD | ¢ | %»den A% z 1 " X ‘X w1l o | o | juewes
AQev uwﬂaﬁuo.uv& *ma—.—mv dIIN EALILALIN(AEN § :cﬁ—.——cm °

67733 :0ursul 210D ‘T > ¢ yim wojqoid Auew-03-ouQ) /7D AqRL

114



MO[] AyIpowwoo-NnN: DN JIey-019Z:HZ ‘punog pandwy:gr

‘syutod paydnsip jo dFejuadrad [enjoe oyy st g
anounfsSIq:(q ‘yred Mo ‘Surpunoy 10S9u[-paXIAITIA TOA0D) MOLI:DH T9A0D:AD ‘punog 1ddn [erouan:gno ‘enbi): 0D«

0 0 8 0 0 LT | VT | L91 | 8€T | 8ST | STy | T8I¥ | €€TSIT | 9SOTIL | TTIT | 8Ll 0 L'TSLLT | TTO69T | 1°08T | LET | T°0ET | 6'6F 1€ | ST0 0
0 0 | 80T | O 0 90 T |6CC| V1 Lol 0¢ 6L8¢ 8LEIT 6£6£9¢ Loy 16 0 TOETIT | TTO69T | €€9T | 191 | 9'ILT 7’8 1 10
0 0 |6€T | 0 0 T | ST |67l | SI ¥yl | 6°LE | 168C | 6TVII 1T8LET Sl (9! 0 CIOIT | CC0691 | #01 | LET | T61 88 8¥ | STO b
0 0 9 0 0 8’1 1I'c | vl 14! 7’6l | €T | vCIE SSLLT £0990C Sve L'6 0 ¢S001 | €069t | 0cl | Syl | 00T 08 8 1'0 WA
0 0 |61 ] 0 0 L1 € | 801 | 8SI | S91 | €0F | 6SLI [44%9 [ LS 8 0 €LEOY | TTO691 09 LEL | OLT 011 99 | §TO o
0 0 98 0 0 8’1 I'C | L'T1 | T8 | #91 | €1 | SLOT T8¢ L61YS ¥'S 8 0 €LEOY | TTO691 09 LET | OLI 011 99 1'0
0 0 L6 0 0 €0 | L'0 | 6'1T | TSI | 6'1C | £€0¢ | 868F% 98¢L 868L0¢ 89L | 6'¢€C 0 0190CI | S6¥6CC | 6'9%y | LET | ¥'L9E | ¥'6L- | CI | STO 09
0 0 'L 0 0 €0 | TO | S¥I | 991 | I'LC 143 €ory CItl 8CEP8 861 (01 0 L'8ST09 | S6v6TT | TIIS | LST | T'veE | 1'CCl- | Tl 1'0
0 0 €6 0 0 8’1 90 | S€C | 8SI | €TCT | 99T | Iv6e | 0€TI CLIOVE I'SL | 8'¢T 0 9€8TS | S6¥6TT | 8ST | LET | €LT ST €C | STO cb
0 0 €6 0 0 €0 | v0 | T'LT | LI 8TC | TEe | 98¢ 0€59 L9SYLT ¥'8S o1 0 9¢€CLT | S6Y6TT | 86T | LST | S8T [ €C 10 am
0 0 g8 0 0 T | Y0 | TTC | TP | 1'TT | SOE | SOce | 08¢oHT 8L0T¢€E €69 ST 0 TEP0T | S6¥6TT | 6v1 | LEl | STCC | SEL & | STO oc
0 0 g6 0 0 €1 €1 61 | ¥'ST | €61 | €9 | TO6ST 11€6€ | TSLLOTT | 9'¥81 01 0 T'I8IST | S6¥6TC | T8SI | S¥1 | 1'€CT | 619 134 10
0 0 98 0 0 6C | L'O | ¥81 | TSI | T8I | I'9¢ | 9€Iv | TYSESL | LBEEYIE | T'LIOT | T'LI 61 9v¥8Yy | 8I6I¢ | 8'LOT | ST | 6'¢vT | 19¢ 1¢ | ST0 0
0 0 9 0 0 80 | ¥€ | T'LT | T'LT | 961 | I'9¢ | SS6¢ | 6VSLE | $8TISS 1'S9 96 0 €¥86¢ | 8I6I¢ | €€9C | 191 | 9°L9C 4% 1 10
0 0 6 0 0 9¢ | 80 | 61 | ¥'ST | 991 | ¥'S¢ | LI6C 11€9¢ So¥10T ¥'8¢C 01 0 9ILT 8I61¢ YOI | LET | 881 78 8y | STO b
0 0 9°¢ 0 0 8’1 TC| I'ST | 191 | T'LT | €6¢ | €I€E 189T¢€ | 96£TEE [a44 01 0 9ILT 8161¢ YOI | LET | 881 78 8y 10 WI
0 0 L8 0 0 YT | €C| €SI | 96T | Lel | 1'Th | 6961 L00ET 16L6L 96 79 0 1°'L09 8161¢ €69 | S¥I | 9991 | ¥'L6 L9 | STO o¢
0 0 €8 0 0 v'e | LT | 9¢l | 81 8'CGl | T6E | 660C | S96¢C 17S0€1 VLI 9 0 1'L09 8161¢ €69 | S¥I | 9991 | ¥'L6 L9 1'0
0 0 |901T ] O 0 €0 I L'81 | TSI | €7TC 149 9281 S9¢9 ev081¥ | 6001 | 9°¢C 0 VI961T | TTvey | 6'9%F | LET | ¥'L9¢ | ¥'6L- | CTI | STO 0
0 0 89 0 0 T0 | TO | ¥CL | 991 | TLT | 99¢ | T88Y 16CC 6£¥6C1 [¥43 01 0 T00CIT | Tevey | TOIS | LST | 1'86€ | I'8I1- | CI 1’0
0 0 6'8 0 0 90 | S0 | 68C | SI ['1C | 8%C | 0S9% | S61C9 | +O0I0CI | ¥'8I¢ | TET 0 9Cl6 ey 86T | LEI | €LT Sl ¥¢ | STO b
0 0 8 0 0 S0 | €0 | ¥ST | §°ST | 89T | S'ee | 019% €vSL 1020LT 779 96 0 8€IS ey 90¢ 191 | L6C 6" ¥ 1'0 qar
1] 0 86 0 0 L0 0 | ¥€C | 9¢1 | L6l | 8C¢ | 6V9¢ LEELS | TOTL9Y l 6°¢l 0 €'e6CE | TTrey 6¥1 | LET | SCCT | S'€EL vr | STO o€
0 0 9L 0 0 90 | TI | 8SI | ¥'ST | ¥€C | 19¢ | 008C | 6I1IE€ | T668S9 | TITI 01 0 ¥'699C | Tevey | TSST | SPI | T'LTT | 6'89 144 10
ADI |HZ | 91 | A |dA | 41N | AD | D4 | AD | 91D | 0D | smD4# | SIpoN JNIN ndo g % den zZvV V4 7 K X X wd d o | yuenep
(%) adeyuddaad s JIA UBULIOLIdJ uonnjos :

08ge:oourIsur 210D ‘T > ¢ yim weqoid Auew-03-ouQ 87D el

115



‘syutod paydnisip jo d5ejuaosad [enjoe oyy st g
MO[ ANTpoWod-NNALIDIA ‘JIey-010Z:HZ ‘punog parduw[:g] ‘@Anoun(Siq:f( ‘Yred MO[I:d:] ‘SUIpunoy JoSoiu-poXIA: I TOA0D) MOLL:D] TOA0D:AD ‘punog Jodd( [erouan:gno onbr): 0D«

0 0 |TIL| O 0 TC | SO |6TT | TVl | 661 | T6T | 1995 | €I9¢l 11¥8¢CC 194 6'vC 0 L'OITSLTT | SL9S8OE | T'LEEY | €S6T | §9S9¢€ | S089- | 91 | STO 09
0 0 99 0 0 [ ST | L0T | T'LT | L'TIT | €1€ | 9LLS | 6LSOT GSEY8T | TIS 'L 0 L'9ETETL | SLIS80E T€SL SL8E | TE¥S 001¢- 91 10
0 0 €6 0 0 € 0 | SYC | 8LL | L'ST | T6C | LELS | 96€181 | LE6S98 | TIST | 9'CC 0 00S91¢ SL9680¢ 0ST €56T | $80LT | SP0T | STO G
0 0 vy 0 0 [ TT | 9€T | Tl | I'8I | I'vE | 8STS | 9L8IE | 6CC0L9 68 01 0 Yeoree §L9S80¢€ 0€ce 91¢e | S€8C S6¢- C 1’0 v WM
0 0 I'Lr| 0 0 (43 I 991 | ¥'IT | S9T | TPE | €€¥¥ | 90TIE StP0SE | TIS | 8’11 0 8 TEIS8T | SL9S80€ | L'SPPI | €S6T | 8'01CT | TSIL €€ | STO0
0 0 7’9 0 0 8C | €T | TTC | 9Tl | 8%l | 68¢ | 0S50V | 9vCSy | vELE6S | 818 66 0 L9891 SL9580¢ LEIT 8C1¢€ | 9vET 60L €€ 10 o€
0 0 I'Ir | o 0 S0 | LT | TOT | S6l | LYCT | €9C | 6LIS 9ErS 91181 8'LS | 6'7C 0 1°€9S616€ | 1S60L9% | 9°90S0T | €56C | 8'¥8L9 | 8TCTLE- L §T0 09
0 0 €8 0 0 10 I'0 | T'TT | ¥'€C | 8'LT | T6T | TSI9 900t 9CIIVYT | TL9 01 0 €G9CTYLT | 1S60L9Y | T'¥ILIT | 91€€ | SLSL 6811~ L 10
0 0 |90I| O 0 0 I'C | v'eC | L'LT | €61 | 89T | L9V 17€6S §90T66 SYe | 6'1C 0 LESYIOT | 1S60L9Y 9909 €S6C | SY9SY | ST10S1- | €1 | ST0 b
0 0 L8 0 0 T0 | €0 | LST Tt 4 8'LT | S6LS 8796 8165¢€ | 6'801 | O1 0 99€988 1S60L9% °6L9 91¢€ | 680S €0LT- €l 10 am
0 0 9 0 0 0 | 6T | TVl | 9¥C | 60T | 81¢€ | 680S | 68681 CI86IS | 6'8CI | 6'7C 0 L'699%16 | TS60L9Y | TTOSE | €S6C | 9°C8CE | 961C- | 0T | STO 0¢
0 0 L 0 0 10 | €0 | ST | §0C | L'LT | S6T | 90SS | ¥8LTY9 | 90L96S1 | ¥'¥ey | Ol 0 ¥'91926€ | 1S60L9Y | v'IT6E | 91€E | L'€69¢€ | L'L9T- | 0T 10
0 0 L8 0 0 €T | 90 | 8YC | ¥PI | LPI | SPE | LTI9 | TOILS | LTOVEY | L'LOT | 8'%CT 0 6°65780C | 00VLSS | ¥'€90¥ | ¥S9 | L'6ISE | LEVS- €1 | STO
0 0 L'L 0 0 €0 | v'1 | €6l | 6l 10T | T¢¢ | 119¢ 11011 92620¢ 8IS | L6 0 7999911 00vLSS | 8'996S | 0CTT | 6'S¢Th | 6°0€El- | €1 10 0
0 0 |60I| O 0 I'e | 60 | L9 | TSI | 98I | S¥E | 9¢¥¥ | 6S911T | €¥¥106 | L'89T | 1'IT 0 1€708 00¥LSS IreT 769 | §°6C9C | S€8T ¥C | STO b
0 0 'S 0 0 €1 9T | L'OT | ¥'ST | L'LT 8¢ YELS | 99TYLT | 9€LEBTT | TEOV | L6 0 065€S 00¥LSS 8L6T 91¢e | S€8C (34 T 10 WI
0 0 | S8 | O 0 ST | L0 | VLT | €€ | 191 | 9'1¢ | €79 T0LLS | 9Sv¥¥Yy | 8'LL I'6 0 7'01€ELT 00vLSS Seel 769 | L'€EIT | €6LL €¢ | ST0 o€
0 0 8 0 0 I TE | LLT | 9ST | 8L | ¥9€ | LIgE | 0108F 1STYC9 | 6'CL 1'6 0 ¥'0IELT 00vLSS | S¥SEl 769 | L'ECIT | €6LL (33 1'0
0 0 8 0 0 I I'T | 89C | 191 61 6°LT | 6V18 €191¢ | 0TOPE9 | 8'S8T | 8'+C 0 6768669 | v6£SS8 | L'80CTOT | L98T | 6'S€99 | 6'CTLSE- L §T0 09
0 0 98 0 0 €0 | S0 | 6'€l | L'6l | 89C | TOE | SOSS | 986¥IT | €VOVLIE | 0001 | L6 1'8¢C 8°96CICE | ¥6ESS8 | I'VOLIT | 9l€e | Syl 6l¢t- L 10
0 0 |€or| O 0 I'0 | LT | 6L | 1I'ST| 681 9T 8109 | 9¢evIT I770LE €l | 8T 0 1€065¢€ 76€£568 768S L98T | S'8LYY | S'SIvI- | CI | STO b
0 0 SL 0 0 TO | €0 | L¥T | T'8T | 8€T | ¥'SE€ | 6609 | 609¢L | 0T9TIEY | 0001 | L'6 9°S1 [44 V) 76£568 6L9 91¢E | 6S6Y €e8I- Ml 10 qr
0 0 S8 0 0 0 I'e | 96T | ol €81 | ¥'9C | 8I8Y 088 69¢18¢ | 918 | 8T 0 €YeETol 6€568 6C0vE | L98T | €££le oLI- 81 | STO 0¢
0 0 L 0 0 0 L0 | €91 | I'IT | 1'TT | L'TE | TILS | SO9SYT | 066066€ | 0001 | L'6 8V £TEI8L 76€SS8 | ¥ 1T6E | 91€€ | L'€TSE | L'Leg- | 81 1’0
O |HZ | 41 | A | dd | dIN | AD | D4 | AD | 41D | 0D | smd# | SIpoN TN ndd g 9 den zZv 4 7 S x ¥ wd d o | uewes
(9) 33eyuadaad ,sn) JIIN ERLIIAIIR(DRER ¢ uonnjos :

{1 cuI[:duBIsuI AI0)) ‘T > ¢ yim wdqoad Auew-01-9uQ 67D JqeL

116




“sjutod paydnisip jo aejueored remoe oy st g
MOl ATpowrod-NNA:IDIN ‘JIeY-0197Z:HZ ‘punog parjdwy: gy ‘oansunfsiq:fq ‘qed Mo[:dd ‘Surpunoy 1o3aiul-paxtAgIIA ToA0D) MOLI: D ‘10A0D:AD ‘punog 1odd() Tereusn:gno @nbid:0Dx

0 0 |60 0 0 o0 | TE | vTe | €Tr | Ivl LT 9€T6 | €LLBTS | TLTIYEL | 000T Y4 11 7'81SE961 | 8°801668C | TSLLY | ¥'¥91 | 6'8SPE | €918 € | S0 09
0 0 €8 0 0 10 | L'C | 981 | 861 | 8IC | L'8C | TL8L | ¥T098L | ¥T9T¥Sy | 000T 01 L0l 1T6S8L 8'801668C | L'S6TY | S'8ST | I'TLYE | 9°¢€T8- ¢ 1’0
0 0 18 0 0 [ TE | €90 | 9ST | 9Ll | TLT | vO¥8 | T09999 | CTTEEYOL | T0O00T | ST V'L L9906 8'801668C | €'89YC | v'¥91 | ¥'SSST I'L8 v | STO o
0 0 €9 0 0 €0 | ¥T | 8SC | 681 1C €T | €II8 | €v0TSL | 9S0088L | 000T 01 €L 6°L906SE | 8°801668C | 1°08¥C | S'8ST | #'8SST €8L 14 10 WAL
0 0 | €L 0 0 I ¥'C | 80C | T8I | 9€l | 89T | ¥8IL | LSPCT8 | T11¥899S | Tv6l Y4 96 T9SYTee | 8801668C | €8I¥I | €OLI | €L8ST 1'691 9 | STO o€
0 0 98 0 0 L0 v | €61 | 881 | L'6] | 6'8C | T€6S | 05599¢ | 1€SIvey | €€S01 | Ol 61 P'OPEILT | 8'801668C | 6'1€VI | S'8SI | L'SLOT | 8'¢€V9 9 10
0 0 L9 0 0 0 | LT | 61T | 8l L'81 | L'CE | €089 | COTI6l | TBIIILT | 0001 ST ol TY6e9Y6TE | €00S€8IE | 8'8TSY | T9L0T | 1'VC9Y | L'V061- | 6€ | STO 09
0 0 9 0 0 0 €0 | S61 | ¥'0C 1T 8°CE | 6I8S | 1918LE | 8OLSSLT | 0001 01 Sel TETIBIET | €00SE8IE | L'69S9 | 1'8V0T | 9'1¥9% | 1'8T6I- | 6€ 10
0 0 88 0 0 0 0| S€ | SvI | &SI | ¥'ST | vve9 | 10€L8T | 6¥81991 | 0001 Y4 ¥'S TOrP0891 | €00SE8IE | ¥'69LE | TOLOT | ¥'ivie Ses- 6€ | STO b
0 0 9 0 0 0 90 | IT | ¥0T | 81T | 96T | 6€LS | T09T1€ | LO9SS8I | 0001 01 '8 6'LL8899 | €00SE8IE | €6LE | 1'8V0C | €'€STE | 8'6€S- | 6€ 1o am
0 0 9 0 0 [ 80 | 10 | ¥OI | €L | TLT | LS89 | ¥69L6T | 061LS9T | 0001 ST I'v 8'6SV8YL | €00SE8IE | €9LIT | T9L0T | 6'LVVC | 9'ILT 6€ | ST0 o
0 0 S 0 0 0 90 1T | 80T | 9¢€C | 1'6T | 9679 | 109€9C | 611€8¢T | 10001 | OI 1'8 €'LYLE6T | £00SE€8IE | 6'681C | 1'8V0C | L'ISPT | 8'19C 6¢ 1'0
0 0 |Lol] O 0 90 | 8¢ | I'l€ | 9%I | 6'L1 | TICT| 9898 | L¥L¥09 | 16L8996 | 1°000CT | 6'¥C SIl I'I€EY06T | T8LEEIS | ¥'EvLE | ¥'¥O1 | TI8IE | TT9S- ¢ | ST0 09
0 0 T8 0 0 10 | LT | T91 | T0C | €CC | ¥'IE | €998 | ITI8I8 | SSLTTIE | 1°000C | 86 70l €eTsSI T8LEEIS | €V8LE | STSI | L'S6IE | 9'886- [ 1o
0 0 66 0 0 €1 LT | 88E | 9€T | L'PT | 681 | LIS6 | ITEIYY | LSSELIY | 1°000T | 6T '8 67865C1 TBLEEIS | TI9IT | ¥'¥91 | T'L8ET | 6°STT € | ST0 b
0 0 88 0 0 0 T | 8¢€C | 891 | 8€CET | 9VC | OSSL | 088L9L | ¥¥0L68E | 000T 86 I'Cl 9°9v66Y TBLEEIS | 6'V8IT | STSI 96¢€T I'1iec € 1’0 WI
0 0 |T¢l| O 0 TT | LT | TTC | 691 | TII | ¥'9C | PLEL | €L8I9Y | YO6LOTYE | 6°€9CI | L'8I L9 100t T8LEEIS I8 4! €0LT | S68¥1 | 9'8%C S | ST0 0¢
0 0 |90I] O 0 0 | 6T | 10T | 691 | €IC | 6LC | 9819 | ¥¥¥08CT | LE6LSTY | ¥'OITI | 86 0 8'L8991 T8LECIS | 8L6L | 6'SE6l | I'SPP] | €LY9 S 10
0 0 69 0 0 0 | LT | 60€ | 89T | TLI | S9T | ¥889 | ¥IVEET | 9¥STOPT | 0001 | 6¥C | 91 TISLT8S | L'LO89SS | 8'8TSY | T9LOT | TITIYY | 9°LO6I- | LE | STO 09
0 0 V'L 0 0 I'0 | ¥'0 | 60T | 90C | ¥'CC | €8T | ¥S8S | 1060€E | S9CETIE | 0001 86 €C 1'C9€TET | L'LO8I8S | L'69S9 | 1'8V0T | S'LY9Y | TTTOI- | LE 1’0
0 0 €9 0 0 10 | L1 LT | TOT | 10T | 98T | 6669 | 8¥100C | LSEBTET | 0001 | 6'¥C 9 8'CLLS6T | L'LOBIBS | ¥'69LE | TIEOT | STIVCE | 6°LTS- | LE | STO o
0 0 89 0 0 I'0 | ¥0 | 861 | €61 | 661 | L'€C | Y109 | TOETLE | TLO6STET | 0001 86 LTl 6°LIS8TT L’L0898S €6LE | 1'8%0C | T6STE | 8¢S~ | LE 1’0 a1
0 0 |80 O 0 8T I L'ST | L'ST | S¥T | 6T | ¥9S¥ | 8ILIIE | ¥TSSY6T | 0001 | 64T £9¢ €'L800€1 LL0898S | €9LIT | T9E0T | 6'VPPCT | 989C LE | STO o€
0 0 8 0 0 0 60 | €0C | 61 8'1C 0¢ 8C0S | 10¥LyE | LT96TOT | 0001 8'6 8'8 8'0€LTS L'L0898S | 6'681C | I'870C | S'TEIT | VLS LE 10
AOW |HZ | 91 | (A | dA |41 [ 49 | D4 | AD | 40D | 0D | sInD# | sdpoN | JNIN ndd g | »den A% 'z 1 u x X wil o | o | jueumy
(9) 98eyuadaad ,syn) JIIN AUBULIOYIdJ uonnyos )

L1¥B:ooueisur 210D ‘T > ¢ yiim wopqoid Auew-03-auQ :0¢"D 9[qeL

117




118



APPENDIX D

COMPUTATIONAL RESULTS FOR ONE-TO-MANY INTERDICTION PROBLEM WITH A
SINGLE BARRIER ON A PLANE

In this appendix, computational results for one-to-many interdiction problem when = 1 are pre-
sented. The algorithm is developed in a VB.NET application and all computations are performed on
windows workstations with 3.00GHz CPU and 3.49 GB of RAM.

The optimal location of the line barrier and the related objective value are reported for 1B, 1M, WB
and WM variants of 30 instances and different levels of 6 and 3 levels. x;, x., y, and L represent the
optimal barrier’s endpoints along x-axis, its y-coordinate and length. The objective function values
before and after interdiction are shown as Z, and AZ, respectively. E% shows the percentage of
eliminated weights in pre-processing.

MIP models of all problems are also solved using CPLEX Optimizer 10.1 with a time limit of 1000
seconds. CPU time (in seconds), number of iterations used for solving node relaxations (Niter), num-
ber of processed nodes in the active branch-and-cut search (Nodes) give the solver’s performance in
solving these problems. /3 gives the actual disruption rate realized by the MIP solution. Following MIP
cuts are also set in the solver with priority value 1:

e Clique Cuts (CQ) o Implied Bound Cuts (IB)

e General Upper Bound Cuts (GUB) e Flow Path Cuts (FP)

e Cover Cuts (CV) o Disjunctive Cuts (DJ)

e Flow Cover Cuts (FC) e Zero-half Cuts (ZH)

o Mixed-Integer Rounding Cuts (MIR) e Multi-Commodity Flow Cuts (MCF)
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Table D.1: One-to-many problem with 8 = 1, Core instance:D8-Canbolat

. Algorithm Results MIP Performance
Variant | 6 | B | E% = .
X Xe |y | L Zy AZ | CPU | Gap% | B | CPU | Niter | Nodes
301 25 | 35| 115] 8 | 81 | 65 15.3 0 0 375 | 0.1 320 15
1B 45 11| 25 | 05 | 145 | 8 14 65 38 0 0 50 0 271 14
60| 1| 25 | 46| 196 | 8 [ 243 | 65 79 0 0 50 0 308 16
30 (1| 50 5 9 8 4 46 8.1 0 0 25 0 147 8
M 45 11| 38 | 35 | 105 | 8 7 46 15 0 0 37.5 0 200 14
60 | 1| 25 | 09 | 13.1 | 8 | 12.1 | 46 | 325 0 0 50 0 232 16
301 24 | 35| 115 ] 8 | 81 | 336 | 964 0 0 45.9 0 334 19
WB 45 11| 24 | 05 | 145 8 14 | 336 | 242 0 0 70.3 0 208 7
60 | 1| 24 | 46| 19.6 | 8 | 243 | 336 | 508.5 0 0 70.3 0 218 7
30| 1| 57 2 9 2| 69 | 187 | 275 0 0 18.9 0 140 0
WM 45 1 1| 57 | -05 | 115 2 12 | 187 63 0 0 18.9 0 186 4
60 | 1| 22 | 49| 159 | 2 | 20.8 | 187 | 140.1 0 0 243 0 180 2
B is the actual percentage of disrupted points.
Table D.2: One-to-many problem with 8 = 1, Core instance:E-n22-k4
Variant | 0 | B | E% Algorithm Results NAIIP Performance
X Xe Vb L Zy AZ CPU | Gap% B CPU | Niter | Nodes
301 18 | 117.6 | 176.4 | 231 | 58.9 | 1182 | 399.8 0 0 50 04 | 4726 234
1B 45 | 1 5 96 198 | 231 102 | 1182 874 0 0 50 0.4 3331 123
60 | 1 5 58.7 | 235.3 | 231 | 176.7 | 1182 | 1695.4 0 0 50 0.5 3698 122
30 (1| 18 | 123.1 | 173.9 | 261 | 50.8 | 722 75.6 0 0 9.1 0.2 | 1707 119
M 45 | 1 14 | 119.5 | 177.5 | 246 58 722 210 0 0 273 | 03 1978 100
60| 1| 9 98.3 | 198.7 | 246 | 100.5 | 722 | 464.8 0 0 273 | 02 | 1559 96
30 1] 21 | 116.6 | 1754 | 231 | 589 | 6418 | 1985.2 0 0 549 | 03 2410 92
WB 45 1 1 3 95 197 | 231 102 | 6418 | 4658 0 0 549 | 04 3065 68
60 | 1 3 57.7 | 2343 | 231 | 176.7 | 6418 | 9287.5 0 0 549 | 05 2903 74
30 1] 19 | 129.1 | 1729 | 193 | 43.9 | 3854 | 579.3 0 0 195 | 0.2 1227 64
WM 45|11 13 113 189 | 193 76 3854 | 1414 0 0 23 0.2 1430 65
60 | 1 9 85.2 | 216.8 | 193 | 131.6 | 3854 | 2860.5 0 0 23 0.3 1530 59
B is the actual percentage of disrupted points.
Table D.3: One-to-many problem with 8 = 1, Core instance:D28
. Algorithm Results MIP Performance
Vartant | 6 | B | E% —— % | ; I Z AZ | CPU | Gap% | B | CPU | Niter | Nodes
30 |1 7 -9.6 350.6 | 310 | 360.3 | 10403 | 21159 | 0.02 0 393 | 0.8 10005 741
1B 45 |1 0 -88 536 | 310 624 10403 6018 0 0 536 | 0.5 6051 379
60 | 1 0 |-316.4 | 764.4 | 310 | 1080.8 | 10403 | 12870 0 0 536 | 0.5 3816 253
301 43 26.7 | 2403 | 125 | 213.6 | 5435 741.1 0 0 179 | 0.1 966 45
M 45 1] 39 | -51.5 | 3185 | 125 370 5435 1523 0 0 179 | 0.2 1456 101
60 [ 1] 21 | -177.9 | 4629 | 125 | 640.9 | 5435 3073.2 0 0 214 | 03 1529 95
30 |1 6 -9.6 350.6 | 310 | 360.3 | 59705 14939 0.02 0 484 | 0.6 6028 295
WB 45 | 1 0 | -131.5 | 492.5 | 310 624 59705 | 39290 0 0 60.6 | 0.6 3969 142
60 | 1 0 |-359.9 | 720.9 | 310 | 1080.8 | 59705 | 82229.1 0 0 60.6 | 0.5 3916 197
301 49 26.7 | 240.3 | 125 | 213.6 | 27764 | 3466.9 0 0 155 | 0.1 919 34
WM 45 | 1| 43 -51.5 | 3185 | 125 370 27764 7220 0.02 0 155 | 02 1023 44
60 [ 1] 19 | -177.9 | 4629 | 125 | 640.9 | 27764 | 14504 0 0 181 | 03 1958 84

B is the actual percentage of disrupted points.
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Table D.4: One-to-many problem with 8 = 1, Core instance:B-n31-k5

. Algorithm Results MIP Performance
Variant | 0 | 8 | E% - .
Xy Xe Vb L Zy AZ CPU | Gap% B CPU | Niter | Nodes
30190 | -7.7 | 742 | 76| 82 | 16945 | 495 0 0 32 0 58 0
1B 45| 1] 23 | -37.8 | 1043 | 76 | 142 | 1694.5 | 109.5 | 0.02 0 32 | 0.6 | 4605 167
60 [ 1| 19 | -3.1 | 69.6 | 26| 72.8 | 1694.5 | 479.9 | 0.02 0 51.6 | 0.7 | 7148 447
30 1| 48 14 36 8 | 219 | 774 61.6 0 0 194 | 0.2 898 25
M 45 (1] 42 6 44 8 38 774 158 0 0 194 | 0.2 842 19
60| 1|23 | -79 | 579 | 8 | 658 | 774 3249 0 0 194 | 03 1102 15
300193 | -7.7 | 742 |76 | 82 | 85955 99 0 0 1.2 0 75 0
WB 45| 1| 26 | 13.8 | 558 | 26| 42 | 85955 | 5255 0 0 342 1 0.5 | 4196 105
60 | 1| 21 -3.1 69.6 | 26 | 72.8 | 8595.5 | 2406.7 0 0 522 1 0.6 | 5049 249
30| 1| 53 13 36.1 | 8 | 23.1 | 3739 | 4472 0 0 21.1 | 0.2 | 1079 16
WM | 45| 1| 48 45 445 | 8 | 40 3739 1022 | 0.02 0 21.1 | 0.1 827 14
60 (1|29 |-10.1 | 59.1 | 8 | 69.3 | 3739 | 2017.6 0 0 21.1 | 0.2 | 1237 20
B is the actual percentage of disrupted points.
Table D.5: One-to-many problem with 8 = 1, Core instance:A-n32-k5
. Algorithm Results MIP Performance
Variant |\ 61 | E% — =113 7T L | 2 AZ | CPU | Gap% | § | CPU | Niter | Nodes
301 31 | 21.2 | 893 | 59| 68.1 | 2315 265.4 0 0 219 | 04 | 3236 141
1B 4511 | 19 | 93 | 1088 | 59 | 118 | 2315 729.5 0 0 344 | 0.6 | 5681 271
60 [ 1| 19 | -34.6 | 142.1 | 51 | 176.7 | 2315 | 16854 | 0.02 0 438 | 0.6 | 4347 121
30 (1| 53 | 322 | 668 | 9 | 346 | 1779 86.9 0 0 94 | 0.1 1015 34
M 45 | 1| 28 | -10.5 | 89.5 | 89 | 100 1779 197 0 0 94 | 03 | 2778 112
60 | 1| 19 | -43 106 | 82| 149 1779 419.8 0 0 125 | 04 | 3277 186
30 (1] 32 | -51 | 746 | 69| 79.7 | 15836 | 17784 0 0 224 | 05 | 4083 138
WB 4511 | 17 | 93 | 1088 | 59 | 118 | 15836 | 5058 0.02 0 364 | 0.6 | 4598 145
60 | 1| 17 | -52.4 | 1519 | 59 | 204.4 | 15836 | 11795.8 0 0 364 | 05 | 3705 114
30 1] 56 34 72.1 | 9 | 381 | 12280 | 5524 0 0 10.7 | 0.1 787 38
WM |45 |1 29 -4 9 |89 | 94 12280 1224 0 0 11.2 | 03 | 2365 95
60 [ 1| 19 | -3.7 | 110.7 | 9 | 114.3 | 12280 | 3053.8 | 0.02 0 22 04 | 3413 149
B is the actual percentage of disrupted points.
Table D.6: One-to-many problem with 8 = 1, Core instance:D40
Variant | 6 | g | E% Algorithm Results NAIIP Performance
X Xe Vb L Zy AZ CPU | Gap% B CPU | Niter | Nodes
3011 18 -4.7 2852 | 264 | 289.8 | 11645 5600.6 | 0.02 0 65 0.8 8290 288
1B 45| 1] 10 | -110.8 | 391.3 | 264 | 502 11645 11117 0 0 65 0.7 5105 117
60 | 1| 5 |-2945| 575 | 264 | 869.5 | 11645 | 20671.7 0 0 65 0.8 | 5363 88
30 1| 23 589 | 307.1 | 70 | 2483 6058 1320.1 0 0 20 0.5 3542 210
M 45|11 10 -32 398 70 430 6058 2774 0.02 0 20 0.6 3949 240
60 | 1| 10 | -189.4 | 5554 | 70 | 744.8 | 6058 52923 | 0.02 0 20 0.5 | 3452 171
30| 1| 36 -4.7 285.2 | 264 | 289.8 | 14076.5 | 5600.6 | 0.02 0 42.6 | 08 8577 327
WB 45 | 1] 23 | -110.8 | 391.3 | 264 | 502 | 14076.5 11117 0 0 42.6 | 09 5490 171
60 | 1| 15 | -2945 | 575 | 264 | 869.5 | 14076.5 | 20671.7 0 0 42.6 1 8358 198
301 15 589 | 307.1 | 70 | 2483 11731 39543 | 0.02 0 3931 05 3406 188
WM 45|17 -32 398 | 70 | 430 11731 8316 0.03 0 39.3 | 0.5 | 3342 | 214
60 | 1| 7 |-189.4 | 5554 | 70 | 744.8 | 11731 | 15870.8 | 0.02 0 39.3 | 0.5 | 3534 172

B is the actual percentage of disrupted points.
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Table D.7: One-to-many problem with 8 = 1, Core instance:B-n41-k6

. Algorithm Results MIP Performance
Variant | 6 | B | E% = .
X Xe Vb L Zy AZ CPU | Gap% B CPU | Niter | Nodes
301 20 46 113 | 64| 67 3362 | 391.5 | 0.02 0 415 | 1.1 12513 | 545
1B 45 | 1| 12 | 265 | 1345 | 60 | 108 | 3362 | 1280 0 0 488 | 1.6 | 13789 | 624
60 | 1| 12 -14 173 | 60 | 187.1 | 3362 | 3155.5 0 0 585 ] 13 9707 351
30| 1| 51 | 423 | 747 | 36 | 323 | 2197 138 0 0 146 | 02 1428 74
1M 45 11| 39 | 305 | 86.5 | 36| 56 2197 293 0 0 17.1 | 04 3411 287
60 | 1| 39 0.5 975 |36 | 97 2197 | 763.9 0 0 341 ] 03 3396 259
30| 1| 15 | 234 | 106.6 | 78 | 83.1 | 4324 | 1029.4 | 0.02 0 315 | 09 8027 358
WB 4511 9 2 128 | 69 | 126 | 4324 | 2218 | 0.02 0 50 0.9 7306 392
60 | 1 9 |-40.7 | 170.7 | 67 | 211.3 | 4324 | 4806 0 0 53.7 | 0.8 5889 196
30| 1| 41 | 423 | 747 | 36 | 323 | 2582 220 0 0 16.7 | 0.2 1125 40
WM 45 | 1| 31 | 305 | 8.5 | 36| 56 2582 | 446 0.02 0 185 | 03 2468 159
60 | 1| 31 6 103 | 36| 97 2582 | 993.9 0 0 315 | 03 2286 156
B is the actual percentage of disrupted points.
Table D.8: One-to-many problem with 8 = 1, Core instance:A-n45-k6
Variant | 0 | p | E% Algorithm Results I\j[IP Performance
X Xe Vb L Zy AZ CPU | Gap% B CPU | Niter | Nodes
30 1| 22 | 123 | 862 | 68 | 73.9 | 33735 392.6 0 0 20 0.9 8760 472
1B 45| 1| 22 | -13.8 | 1123 | 67 | 126 | 33735 | 1093.5 | 0.02 0 333 | 1.1 9611 534
60 | 1| 16 | -59.9 | 1584 | 67 | 2182 | 3373.5 | 2477.1 | 0.02 0 333 | 1.5 | 17419 | 626
30 1| 27 23 75 19| 52 2453 95.9 0 0 89 | 03 1916 63
1M 45 11| 27 8 98 |94 | 90 2453 254 0 0 1.1 | 0.6 | 5127 234
60 | 1| 13 | -289 | 1269 | 94 | 1559 | 2453 635.3 0.02 0 133 | 0.7 | 6486 373
30| 1] 21 | 227 | 758 | 50 | 53.1 | 181225 | 1376.5 0 0 18.1 1 9211 569
WB 45 | 1| 21 | -13.8 | 1123 | 67 | 126 | 18122.5 | 4640.5 0 0 316 | 12 | 13276 | 787
60 | 1 12 | -37.1 | 132.6 | 53 | 169.7 | 18122.5 | 12353.2 | 0.02 0 49.4 1.2 11860 399
30| 1| 34 | 303 | 788 | 95| 485 12959 366 0.02 0 5.1 0.3 1892 64
WM |45 | 1] 34 | 135 | 955 | 94| 82 12959 811 0 0 8 0.5 | 4307 182
60 [ 1] 19 | -11.9 | 1129 | 17 | 1247 12959 2264 0 0 203 | 0.8 7442 367
ﬁ is the actual percentage of disrupted points.
Table D.9: One-to-many problem with 8 = 1, Core instance:F-n45-k4
Variant | 0 | g | E% Algorithm Results I\ZIIP Performance
X Xe Vb L Zy AZ CPU | Gap% B CPU | Niter | Nodes
30 | 1 2 -43.5 61.5 -9 ] 105.1 5879 1740.2 | 0.02 0 622 | 2.4 | 28576 | 1735
1B 45 | 1 2 -69.3 | 106.8 | -12 | 176 5879 42495 | 0.02 0 71.8 1.6 | 16390 697
60 | 1 2 -116.4 | 153.9 | -22 | 270.2 5879 8861.7 | 0.02 0 91.1 1.7 14596 524
30 (1| 64 | -238 | 363 | 52 60 21575 90.6 0 0 6.7 0 370 6
M 45 | 1| 64 -45.7 582 | 52 104 2157.5 222.4 0.02 0 6.7 0.2 940 27
60 | 1| 31 -71.9 83.9 | 45 | 1559 | 21575 481.4 0 0 8.9 0.4 3201 105
3001 3 -28.6 | 73.1 | -12 | 101.6 | 26113.5 | 76574 | 0.02 0 69.9 | 1.7 | 13063 | 778
WB 4511 3 -60.8 | 1153 | -12 | 176 | 26113.5 | 19241.5 | 0.02 0 76.2 | 1.2 | 10863 | 408
60 | 1 3 -115.4 | 154.9 | -22 | 270.2 | 26113.5 | 40322.2 | 0.02 0 90.3 1.1 7212 240
3001 56 -29 | 1149 | -99 | 117.8 | 9843.5 432.4 0 0 34 0 522 10
WM 45| 1] 56 -46 158 | -99 | 204 | 98435 1036 0 0 34 | 0.1 817 16
60 | 1| 38 | -120.7 | 232.7 | -99 | 353.3 | 9843.5 | 2081.3 | 0.02 0 34 | 04 | 2676 58

B is the actual percentage of disrupted points.
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Table D.10: One-to-many problem with 8 = 1, Core instance:att48

Variant | 0 | | E% Algorithm Results I\:[IP Performance
X5 Xe Vb L Zy AZ CPU | Gap% B CPU | Niter | Nodes
30| 1| 29 4405 9346 5497 4941 174125 | 41603.5 | 0.02 0 27.1 1 7669 357
1B [45 [ 1| 27 | 25965 | 111545 | 5497 | 8558 | 174125 | 88625 | 0.02 0 27.1| 1.1 | 12600 | 379
60 | 1| 19 | -536 | 14287 | 5497 | 14822.9 | 174125 | 170068.6 | 0.02 0 27.1 | 14 | 14541 | 417
30 | 1| 27 | 4431 | 9134.1 | 7065 | 4703.1 | 141559 | 22804.7 | 0.02 0 146 | 06 | 4278 | 176
M 45 | 1] 13 | 2709.5 | 10855.5 | 7065 8146 141559 46905 0.02 0 146 | 08 7842 332
60 | 1 8 22323 | 11737.8 | 5736 | 9505.5 | 141559 | 92081.9 | 0.02 0 25 1 7781 230
30| 1| 27 4405 9346 5497 4941 937901 | 243191.3 | 0.02 0 287 | 0.8 6179 226
WB |45 1] 25 | 2596.5 | 11154.5 | 5497 | 8558 | 937901 | 510852 | 0O 0 28.7| 0.8 | 5851 | 248
60 [ 1] 17 -536 14287 | 5497 | 14822.9 | 937901 | 974453.9 | 0.02 0 287 | 1.2 9993 181
30 | 1| 33 | 43003 | 9139.7 | 7065 | 4839.4 | 776397 | 116693.2 | 0.02 0 136 | 05 | 3657 108
WM |45 | 1| 15 | 4150.5 | 9396.5 | 5497 | 5246 | 776397 | 258302 | 0.02 0 287 | 0.8 | 7984 | 248
60 | 1 6 | 2230.3 | 11316.7 | 5497 | 9086.3 | 776397 | 542487 0.02 0 287 | 0.8 6578 212
B is the actual percentage of disrupted points.
Table D.11: One-to-many problem with 8 = 1, Core instance:B-n50-k7
. Algorithm Results MIP Performance
Variant | 6 1 | E% — =TT T L Z AZ | CPU| Gap% | B | CPU | Niter | Nodes
30126 | -51 | 746 | 69 | 79.7 3508 616.1 0.02 0 24 14 | 12620 | 485
1B 45 | 1| 18 | -25.3 | 100.8 | 63 | 126 3508 1371.5 | 0.02 0 34 1.4 | 14422 | 694
60 | 1| 14 | -50.5 | 147 | 57 | 1975 | 3508 32709 | 0.02 0 48 1.8 | 15490 | 668
30 1| 42 | 83 63.7 | 83 | 554 2512 150 0 0 14 03 | 2583 117
M 4511 14 0 74 | 72| 74 2512 450 0.02 0 22 09 | 8017 265
60 | 1| 14 | -27.1 | 101.1 | 72 | 1282 | 2512 10459 | 0.02 0 22 1 8114 336
30 1| 28 | -51 | 746 | 69 | 79.7 | 197255 | 2845.6 0 0 20 1.3 | 16059 | 802
WB 45| 1| 17 | 48 | 1188 | 57 | 114 | 197255 | 7458.5 | 0.02 0 484 | 14 | 16725 | 558
60 | 1| 12 | -37 | 160.5 | 57 | 197.5 | 19725.5 | 18557.8 | 0.02 0 484 | 1.2 | 11512 | 290
301 52 83 63.7 | 83 | 554 13877 652.8 | 0.02 0 109 | 04 | 2567 76
WM |45 1| 19 -2 76 | 74| 78 13877 2170 0.02 0 175 | 09 | 6388 180
60 | 1| 19 | -30.6 | 104.6 | 74 | 135.1 | 13877 | 4910.8 | 0.02 0 17.5 1 9617 453
B is the actual percentage of disrupted points.
Table D.12: One-to-many problem with 8 = 1, Core instance:D50
. Algorithm Results MIP Performance
Variant | 6\ f | E% — % | w | L Z AZ | CPU | Gap% | B | CPU | Niter | Nodes
3011 2 93.7 | 333.8 | 269 | 240.2 | 12397 | 3772.6 | 0.02 0 46 1.9 | 15414 | 911
1B 4511 2 58 | 421.8 | 269 | 416 | 12397 | 81145 | 0.02 0 50 2.1 | 19581 | 848
60 | 1| 2 | -1409 | 562.4 | 264 | 703.2 | 12397 | 15786.5 | 0.02 0 52 2 20514 | 683
30| 1] 32 134 276 | 387 | 142 | 6211 626.2 0 0 12 0.6 | 5366 221
M 45 11| 24 101 305 | 162 | 204 | 6211 1362 0.02 0 18 0.8 | 6369 250
60 | 1| 14 | 263 |379.7| 162 | 3533 | 6211 2706 0.02 0 18 1 8767 306
30|11 7 90.1 | 331.4 | 269 | 241.3 | 14352 | 4230.8 | 0.02 0 36.8 | 2.3 | 19094 | 780
WB 45011 7 1.8 | 419.8 | 269 | 418 | 14352 | 8949.5 | 0.02 0 39.7 | 2.5 | 19537 | 880
60 | 1| 7 | -142.6 | 564.1 | 264 | 706.7 | 14352 | 17244.9 | 0.03 0 41.2 | 1.8 | 15404 | 503
30 | 1| 26 | 126.6 | 2744 | 114 | 147.8 | 9392 | 1705.6 | 0.02 0 25 0.5 3330 130
WM |45 |1 | 19 | 725 | 3285 | 114 | 256 | 9392 3545 0.02 0 25 0.7 | 4845 139
60 | 1| 15 | -21.2 | 4222 | 114 | 4434 | 9392 | 6730.9 | 0.02 0 25 0.8 | 5143 196

B is the actual percentage of disrupted points.
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Table D.13: One-to-many problem with 8 = 1, Core instance:eil51

Variant | 0 | B | E% Algorithm Results I\ZIIP Performance
X Xe Vb L Zy AZ CPU | Gap% B CPU | Niter | Nodes
30| 1| 14 | 11.8 | 592 | 46 | 47.3 | 2489 407.5 0.02 0 314 | 25 | 23018 | 1463
1B 45 | 1| 12 | -55 | 765 | 46| 82 2489 1066 0.02 0 392 | 1.6 | 14135 | 636
60 | 1| 2 |-234|944 |39 | 117.8 | 2489 | 23243 | 0.02 0 51 2 13850 | 474
30| 1| 43 | 232 | 498 | 16 | 26.6 | 1529 68.2 0.02 0 7.8 0.5 3318 157
1M 45 | 1| 29 13 59 | 16| 46 1529 162 0.02 0 137 | 0.8 8614 322
60| 1| 16 | -33 | 763 | 62 | 79.7 | 1529 436.1 0.02 0 176 | 09 8035 349
30| 1| 14 | 13.1 | 63.9 | 48 | 50.8 | 12302 | 2273 0.02 0 358 | 1.7 | 15764 | 837
WB 45 11] 9 -6 82 | 48 88 12302 | 5844 0.03 0 40.2 2 16235 | 869
60 | 1| 2 |-251|96.1 |39 | 121.2 | 12302 | 12396.1 | 0.02 0 537 | 1.7 | 14775 | 468
30| 1| 48 | 241 | 519 | 16 | 27.7 | 7288 500.5 0.02 0 106 | 04 2427 83
WM |45 |1 34 14 62 | 16 | 48 7288 1086 0.02 0 134 | 0.6 5912 160
60 | 1| 16 | -5.1 | 78.1 | 16 | 83.1 | 7288 | 2453.8 | 0.02 0 17.1 | 09 7820 240
3 is the actual percentage of disrupted points.
Table D.14: One-to-many problem with 8 = 1, Core instance:berlin52
Variant | 0 | g | E% Algorithm Results I\Z[IP Performance
X Xe Vb L Zy AZ CPU | Gap% B CPU | Niter | Nodes
30| 1] 25 | 461.6 | 11209 | 575 659.3 46522 8670.9 0.02 0 48.1 1.5 15276 785
1B [45[ 1| 13 | 2203 | 13623 | 575 | 1142 | 46522 | 22130 | 0.02 | 0 |57.7| 15 | 13923 | 468
60 | 1| 10 | -197.8 | 17803 | 575 | 1978 | 46522 | 48246.1 | 0.03 0 615 | 1.8 | 16510 | 774
30 1] 63 | 331.1 | 9489 | 1130 | 617.8 25425 995.5 0 0 38 0.1 1366 43
M 45 | 1| 42 | 2675 | 997.5 960 730 25425 2120 0 0 7.7 0.5 4864 189
60 [ 1] 25 7.8 1272.2 | 960 | 1264.4 25425 4502 0 0 9.6 0.8 5623 264
30 | 1| 29 | 4541 | 11134 | 575 | 659.3 | 262069.5 | 41836.9 | 0.02 0 40.7 | 1.3 | 11086 | 541
WB [ 45 1] 15 | 2203 | 13623 | 575 | 1142 | 262069.5 | 106075.5 | 0.02 0 502 | 1.7 | 11515 | 388
60 [ 1| 10 | -197.8 | 17803 | 575 1978 | 262069.5 | 236855.8 | 0.03 0 542 | 1.8 12142 382
30| 1| 67 | 5514 | 8286 | 370 | 277.1 159100 4403.8 0 0 10.1 | 02 | 1319 40
WM | 45| 1| 48 | 450 930 370 480 159100 10490 0 0 10.1 | 03 | 2530 93
60 | 1| 23 | 241.8 | 1073.2 | 370 | 831.4 | 159100 | 224534 | 0.02 0 118 | 07 | 6260 | 250
B is the actual percentage of disrupted points.
Table D.15: One-to-many problem with 8 = 1, Core instance: A-n60-k9
Variant | 0 | g | E% Algorithm Results I\A/IIP Performance
Xy Xe Vb L Zy AZ CPU | Gap% B CPU | Niter | Nodes
30|1] 5 18 93 69 | 75.1 | 4584 759.3 0.03 0 383 | 29 | 24501 | 2471
1B 45 11| 5 | -125 | 1175 | 69 | 130 | 4584 2256 0.03 0 46.7 | 2.2 | 20602 | 759
60 | 1| 5 |-60.1 | 165.1 | 69 | 225.2 | 4584 | 4920.7 | 0.03 0 46.7 | 2.3 | 18608 | 505
301 15 | 196 | 704 | 17 | 50.8 | 3018 3225 0.03 0 133 ] 0.5 | 4959 165
1M 45 11| 15 3 91 17 88 3018 644 0.03 0 16.7 1 10060 | 401
60 | 1| 15 | -292 | 1232 | 17 | 1524 | 3018 1405 0.03 0 20 1.2 | 11060 | 476
30(1( 4 18 93 69 | 75.1 | 26130 | 5096 0.02 0 424 | 2.1 | 19318 | 1516
WB 45 | 1| 4 |-105| 1195 |69 | 130 | 26130 | 13878 | 0.03 0 476 | 22 | 22195 | 1095
60 | 1| 4 |-58.11167.1 | 69 | 225.2 | 26130 | 29294.9 | 0.03 0 47.6 2 13079 | 340
301 12 | 209 | 67.1 | 17| 462 | 16756 | 1363.7 | 0.03 0 12.1 | 04 | 3638 115
WM |45 |1 12 4 84 17 80 16756 | 2760 0.03 0 135 | 1.2 | 10037 | 257
60 | 1| 12 | -253 | 1133 | 17 | 138.6 | 16756 | 6069.8 | 0.03 0 17.6 | 1.1 | 10676 | 317

B is the actual percentage of disrupted points.
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Table D.16: One-to-many problem with 8 = 1, Core instance:B-n68-k9

Variant | 0 | B | E% Algorithm Results I\A/IIP Performance
Xy Xe Vb L Zy AZ CPU | Gap% B CPU | Niter | Nodes

30| 1] 29 -1 73 70 | 73.9 | 4898 1256.8 | 0.03 0 47.1 | 1.8 | 17910 | 784

1B 45 11| 24 -26 98 68 | 124 4898 3068 0.05 0 51.5 | 1.8 | 16283 | 457
60 | 1| 15 | -67.9 | 139.9 | 66 | 207.9 | 4898 | 6296.3 | 0.05 0 544 | 1.9 | 11351 283

30| 1] 43 7.3 62.7 | 20 | 554 | 3394 302.6 0.06 0 8.8 0.9 9370 522

1M 45111 29 -15 89 16 | 104 3394 924 0.05 0 279 | 1.3 | 13519 | 738
60 | 1| 25 | -40.9 | 121.9 | 21 | 162.8 | 3394 | 23719 | 0.05 0 324 | 1.1 | 10002 | 393

301 24 -1 73 70 | 73.9 | 27920 | 7091.7 | 0.03 0 49.7 2 20351 | 1123

WB 45111 19 -24 96 66 | 120 | 27920 | 17544 | 0.05 0 584 | 1.5 | 11799 | 352
60 | 1| 14 | -67.9 | 139.9 | 66 | 207.9 | 27920 | 36518.7 | 0.03 0 584 | 1.7 | 11508 308

30| 1| 46 8.3 63.7 | 20 | 554 | 17566 | 1400.5 | 0.03 0 7.3 0.6 7661 374

WM 45111 35 -16 88 16 | 104 | 17566 4246 0.03 0 232 | 14 | 15227 | 744
60 | 1| 29 | -54.1 | 126.1 | 16 | 180.1 | 17566 | 10793.4 | 0.05 0 23.2 1 10391 343

B is the actual percentage of disrupted points.

Table D.17: One-to-many problem with 8 = 1, Core instance:F-n72-k4

. o Algorithm Results MIP Performance

Variant | 0\ B | E% \— 1T, T L Z AZ | CPU | Gap% | j | CPU | Niter | Nodes
301 6 |-231|116]| 4 34.6 | 2600 890.1 0.06 0 59.7 | 9.3 | 87074 | 10311

1B 4511 3 |-358 (243 ]| 4 60 2600 | 1980.5 | 0.11 0 59.7 | 6.2 | 44844 | 1704
60 | 1| 1 |-577|462| 4 | 1039 | 2600 | 3869.2 | 0.06 0 59.7 | 63 | 45867 | 1216

300 1] 39 | -157 | 97 | -17 | 254 | 1142 105.8 | 0.05 0 9.7 1.2 | 15103 | 914

1M 45| 1| 28 | -175 | 85 | 18 26 1142 237 0.05 0 181 | 1.4 | 15294 | 613

60 | 1| 15 | -27 18 | 18 45 1142 484.4 | 0.05 0 18.1 | 1.8 | 15459 | 556

3001 3 |-222|137]| 5 35.8 | 13459 | 44823 | 0.06 0 60.1 | 85 | 69766 | 3267

WB 45 | 1 -353 1248 | 4 60 13459 | 10220.5 | 0.06 0 63.8 | 5.6 | 42826 | 1128

60 | 1 1 | -57.2 | 467 | 4 | 103.9 | 13459 | 20191 | 0.06 0 63.8 | 3.1 | 18271 | 445

30| 1] 46 | -109 | 29 | 18 | 139 | 5600 4764 | 0.03 0 188 | 1.2 | 14019 | 748

WM |45 |1 | 35 | -16 8 18 24 5600 1156 0.03 0 188 | 1.3 | 13300 | 735

60 | 1] 23 |-266|11.6 | -5 | 38.1 | 5600 2349 0.05 0 242 | 14 | 13514 | 516

B is the actual percentage of disrupted points.

Table D.18: One-to-many problem with 8 = 1, Core instance:rus75

Variant | 0 | B | E% Algorithm Results l\j[IP Performance
Xs Xe Vb L Zy AZ CPU | Gap% B CPU | Niter | Nodes
30| 1] 25 | 246 | 71.9 | 42 | 473 | 5083.5 534.8 0.05 0 36 3.2 | 29456 | 2482
1B 45 | 1| 17 | -3.8 | 92.3 | 49 96 5083.5 1620 0.05 0 453 | 4.6 | 41426 | 3095
60 | 1 9 |-258 | 1163 | 42 | 142 5083.5 | 4099.2 | 0.06 0 56 2.6 | 21800 | 769
30| 1| 61 | 403 | 80.7 | 8 | 404 3465 127.9 0.03 0 9.3 0.4 2894 112
M 45 | 1| 33 | 255 | 955 | 8 70 3465 335 0.03 0 9.3 1 7403 234
60 | 1| 13 | -0.1 | 121.1 | 8 | 121.2 3465 693.7 0.05 0 9.3 1.9 | 17300 | 821
30 (1] 27 19 745 | 49 | 554 | 313435 | 3189.8 | 0.05 0 30 3.7 | 31021 | 2188
WB 45 1| 18 | -28 | 93.3 | 49 96 31343.5 | 9906.5 | 0.05 0 46.2 | 3.7 | 29788 | 1140
60 | 1| 12 | -37.9 | 1284 | 49 | 166.3 | 31343.5 | 247349 | 0.05 0 462 | 2.4 | 19137 | 647
30| 1] 63 | 395 | 845 | 6 45 21814 851.3 0.03 0 8.3 0.4 2126 61
WM |45 | 1] 38 23 101 6 78 21814 2104 0.05 0 8.3 0.9 6513 190
60 | 1| 10 | 19.3 | 119.7 | 16 | 100.5 | 21814 | 42964 | 0.05 0 193 | 1.7 | 13114 | 656

B is the actual percentage of disrupted points.
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Table D.19: One-to-many problem with 8 = 1, Core instance:eil76

Variant | 0 | B | E% Algorithm Results I\ZIIP Performance
X Xe Vb L Zy AZ CPU | Gap% B CPU | Niter | Nodes
30| 1| 17 | 119 | 66.1 | 50 | 54.3 | 3703 569.2 0.06 0 25 53 | 46728 | 4039
1B 45 1| 11 2 76 |40 | 74 3703 1528 0.06 0 447 | 4.8 | 34635 | 1944
60 | 1| 7 |-21.6|99.6 | 38 | 121.2 | 3703 3394 0.08 0 48.7 | 53 | 35839 | 885
30 1| 39 | 26.1 | 539 |60 | 27.7 | 2353 112 0.03 0 9.2 1.2 | 11213 | 535
1M 45 | 1| 22 16 64 | 60 | 48 2353 288 0.05 0 132 | 1.7 | 17730 | 860
60 | 1| 14 02 |79.8 |59 | 79.7 | 2353 695.8 0.05 0 17.1 | 24 | 30469 | 1311
30| 1| 12 | 194 | 58.6 | 37 | 39.3 | 19808 | 3487.4 | 0.06 0 417 | 49 | 42112 | 4233
WB 45 | 1 8 7 71 | 35 64 19808 9124 0.06 0 59.8 | 6.5 | 49896 | 1776
60 | 1 -16.4 | 94.4 | 35 | 110.9 | 19808 | 20602.5 | 0.06 0 59.8 | 44 | 28863 | 627
30| 1| 39 | 23.1 | 51.9 | 60 | 289 | 11886 713 0.05 0 9.3 1 10990 | 426
WM 45 | 1| 26 | 135 | 61.5 | 59 48 11886 1778 0.05 0 151 | 1.6 | 16635 | 770
60 | 1] 16 1.9 | 78.1 |57 | 762 | 11886 | 4316.3 | 0.05 0 21.2 2 19218 | 939
3 is the actual percentage of disrupted points.
Table D.20: One-to-many problem with 8 = 1, Core instance: A-n80-k10
Variant | 0 | g | E% Algorithm Results I\A/IIP Performance
Xy Xe Vb L Zy AZ CPU | Gap% B CPU | Niter | Nodes
30|11 26 4.7 913 | 74 | 86.6 | 5530 804.2 0.05 0 21.2 | 4.7 | 36436 | 2068
1B 45111 15 -24 124 | 73 | 148 5530 2008 0.06 0 25 4.3 | 29821 | 1339
60| 1| 6 |-373 | 1393 | 50 | 176.7 | 5530 | 4288.1 | 0.08 0 412 | 4.8 | 30248 | 1051
30| 1] 46 | 254 | 71.6 | 80 | 462 | 3822 194.3 0.03 0 8.8 1.1 | 11214 | 546
1M 45 11| 30 6 86 80 80 3822 538 0.06 0 162 | 1.5 | 16926 | 916
60 | 1| 18 | -233 | 1153 | 80 | 138.6 | 3822 | 13925 | 0.06 0 188 | 2.1 | 24689 | 1144
301 22 | 143 | 91.7 | 66 | 774 | 30282 | 4217.8 | 0.06 0 222 | 4.1 | 38938 | 2300
WB 45 | 1] 12 -14 120 | 66 | 134 | 30282 | 10408 | 0.06 0 254 | 43 | 35143 | 2403
60 | 1 5 | -353 | 141.3 | 50 | 176.7 | 30282 | 23525.1 | 0.08 0 404 | 49 | 32058 | 864
30| 1| 43 | 33.1 | 759 | 80| 42.7 | 20073 | 739.5 0.05 0 8.6 1.1 | 11505 | 486
WM |45 |1 35 | 145 | 8.5 | 80| 74 | 20073 2352 0.05 0 154 | 1.4 | 14238 | 710
60 | 1| 19 | -15.1 | 113.1 | 80 | 128.2 | 20073 | 6469.4 | 0.06 0 177 | 1.9 | 20942 | 920
B is the actual percentage of disrupted points.
Table D.21: One-to-many problem with 8 = 1, Core instance:rd100
Variant | 0 | g | E% Algorithm Results I\A/[IP Performance
X Xe Vb L Zy AZ CPU | Gap% B CPU | Niter | Nodes
301 19 | 355 880 | 731.5 | 844.4 83112 16203.1 | 0.12 0 34 4 27259 | 1023
1B 45 | 1 13 -230 | 12233 | 726.8 | 1453.3 83112 416529 | 0.14 0 43 6.6 | 40750 | 1305
60 | 1| 10 | -762 | 1755.2 | 726.8 | 2517.1 83112 87399.2 | 0.17 0 43 43 | 17434 | 385
3011 46 215 755.5 | 116.3 | 540.5 53338.2 2381.8 0.08 0 7 1.3 12452 421
M 45 | 1] 27 -48.5 887.7 | 116.3 | 936.2 | 53338.2 6044.6 0.11 0 13 2.4 | 25906 | 1210
60 | 1| 19 | -365.5 | 1204.7 | 131.1 | 1570.2 | 53338.2 15652.4 | 0.14 0 15 2.6 | 26191 952
30|11 18 -21 911.7 | 807.9 | 932.7 513349 | 116767.2 | 0.12 0 309 | 44 | 26328 | 1398
WB 45 [ 1| 12 | -263.2 | 1199.3 | 731.5 | 1462.6 | 513349 | 276077.6 | 0.14 0 44.6 6 31918 750
60 | 1 9 -790.5 | 1726.6 | 726.8 | 2517.1 | 513349 | 566425.1 | 0.19 0 45.1 | 59 | 30449 430
30 | 1| 42 | 2067 | 779.8 | 116.3 | 573.1 | 3216324 | 13438 | 0.08 0 5.3 1.3 | 13799 | 422
WM | 45| 1| 27 | 2173 | 731.2 | 869.5 | 513.9 | 3216324 | 33486 | 0.11 0 16.6 | 3.3 | 38166 | 1712
60 | 1 14 | -411.8 | 1256.1 | 131.1 | 16679 | 321632.4 88603 0.12 0 135 | 2.8 | 26159 | 1211

B is the actual percentage of disrupted points.
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Table D.22: One-to-many problem with 8 = 1, Core instance:E-n101-k14

Variant | 0 | B | E% Algorithm Results 1}’[1P Performance
Xy Xe Vb L Zy AZ CPU | Gap% B CPU | Niter | Nodes

301 16 9.8 | 61.7 | 47 52 5029.5 | 711.5 0.12 0 26.7 14 92181 4983

1B 45 |1 6 | -10.3 | 79.8 | 47 90 5029.5 1953 0.14 0 337 | 11.6 | 95415 3865
60 | 1 4 | -335 | 105 | 42 | 138.6 | 5029.5 | 4210.6 | 0.16 0 39.6 | 8.8 48291 1421

30 (1| 42 | 166 | 454 | 60 | 289 3258 116.1 0.09 0 6.9 1.5 16278 665

M 45 11| 25 6 56 | 60 50 3258 316 0.12 0 119 | 32 35708 2775
60 | 1| 14 | -103 | 763 | 60 | 86.6 3258 865.6 0.12 0 158 | 7.7 | 106898 | 6679

30| 1] 13 19 |59.6 | 52| 57.7 | 26667 3606 0.14 0 232 14 95161 4569

WB 45 | 1 5 | -103 | 79.8 | 47 90 26667 10146 | 0.16 0 35 8.6 46771 1956
60 | 1 3 | -214 1929 | 35| 114.3 | 26667 | 22069.8 | 0.16 0 539 | 12.5 | 76782 1637

30 (1| 46 | 13.6 | 414 | 58 | 27.7 | 17024 733.5 0.09 0 119 | 14 13239 657

WM 45 | 1| 27 35 | 515 |58 48 17024 2091 0.16 0 15 32 33087 2057
60 | 1| 20 | -11.1 | 72.1 | 58 | 83.1 | 17024 5286 0.14 0 19.6 | 4.8 44080 | 2436

B is the actual percentage of disrupted points.

Table D.23: One-to-many problem with 8 = 1, Core instance:10G2

Variant | 0 | g | E% Algorithm Results IAVIIP Performance

X X Vb L Zy AZ CPU | Gap% B CPU | Niter | Nodes

30| 1] 26 9 91 72| 82 7469 | 1133.6 | 0.12 0 248 | 149 | 110326 | 8336

1B 4511 14 -8 108 | 59 | 116 | 7469 2856 0.14 0 43.6 | 144 | 87749 | 9723
60 | 1| 10 | -48.7 | 148.7 | 58 | 197.5 | 7469 | 66949 | 0.14 0 455 | 394 | 276276 | 9131

30 1| 41 | 298 | 70.2 | 15| 404 | 5084 2389 | 0.08 0 6.9 1.6 19046 966

M 4511 | 41 15 85 15| 170 5084 570 0.09 0 16.8 | 4.4 | 47835 | 6829
60 | 1| 13 | -10.6 | 110.6 | 15 | 121.2 | 5084 | 1610.1 | 0.12 0 20.8 5 60857 | 3774

301 23 1.5 98.5 | 85| 97 | 42515 | 70803 | 0.12 0 238 | 9.8 | 77023 | 3913

WB 45 11| 11 -20 122 | 72| 142 | 42515 | 17156 | 0.14 0 30 | 125 | 84546 | 4935
60 | 1| 9 |-46.7 | 150.7 | 58 | 197.5 | 42515 | 39057.7 | 0.16 0 47.1 | 14.6 | 110352 | 3676

30| 1| 45 | 243 | 71.7 | 85 | 47.3 | 28011 | 1720.5 | 0.09 0 9.1 1.5 15277 759

WM |45|1] 35 8 90 | 85 82 | 28011 5074 0.11 0 229 | 3.8 | 41684 | 4548
60 | 1| 22 | -22 120 | 85 | 142 | 28011 | 13047.7 | 0.12 0 238 | 3.4 | 28910 | 1258

B is the actual percentage of disrupted points.

Table D.24: One-to-many problem with 8 = 1, Core instance:F-n135-k7

Variant | 0 | B | E% Algorithm Results MIP Performance

X Xe Vb L Zo AZ CPU | Gap% B CPU | Niter | Nodes

301 72 | -87.7 | -11.5 | 30 | 76.2 | 13761.6 | 202.3 0.09 0 3 13 14826 491

1B 45| 1] 13 =78 20 13 98 13761.6 | 812.8 0.3 0 20.7 | 14.8 | 76687 | 3495
60 | 1| 3 |-89.6| 414 | 1.8 | 1309 | 13761.6 | 5059.7 | 0.36 0 733 | 15.6 | 77005 | 5092

30 1] 76 | -19.1 | 339 | 51 53 5431.1 183.6 | 0.11 0 3 0.4 3429 55

M 45| 1| 65 | -385 | 533 | 51 | 91.8 | 5431.1 338.8 0.16 0 3 1.5 12119 266
60 | 1| 46 | -68.6 | 83.4 | 49 | 152.1 | 5431.1 6372 | 0.19 0 3.7 22 23009 844

30 1] 69 | -87.7|-11.5| 30 | 76.2 | 77720.3 | 1003.1 | 0.11 0 2.8 1 10796 405

WB 45 (1| 13 =78 20 13 98 77720.3 | 4814.2 | 0.28 0 21.5 | 25.6 | 151941 | 9955
60 | 1| 2 |-89.5]| 415 | 1.8 | 1309 | 77720.3 | 28382.8 | 0.36 0 739 | 16 74829 | 6559

3001 73 -20 | 332 | 51 | 53.1 | 29597.7 | 13543 | 0.11 0 4 0.5 3073 96

WM 45| 1| 63 | -394 | 526 | 51 92 | 29597.7 | 2520.8 | 0.14 0 4 1.3 10447 162
60 | 1] 49 | -69.6 | 82.8 | 49 | 152.4 | 29597.7 | 45703 | 0.19 0 4.5 2.4 19345 602

B is the actual percentage of disrupted points.
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Table D.25: One-to-many problem with 8 = 1, Core instance:ch150

Variant | 0 || E% Algorithm Results MIP Performance
Xs Xe Vb L Zy AZ CPU | Gap% B CPU | Niter | Nodes
30 | 1] 21 | 1315 | 6179 | 420.7 | 486.4 | 80157.7 9296.5 0.42 0 27.3 | 354 | 185368 | 12636
1B 45| 1| 13 | -67.9 | 774.6 | 420.7 | 8425 | 80157.7 | 29897.1 | 0.48 0 433 | 11.3 | 67042 | 2946
60 | 1| 7 |-376.3 | 1082.9 | 420.7 | 1459.2 | 80157.7 | 69984.5 0.5 0 433 | 12.7 | 67228 1557
30 | 1| 51 | 215.1 | 453.6 | 153.8 | 238.5 | 51491.7 1666.9 | 0.25 0 73 2.3 21798 892
M 45| 1| 28 | 112.6 | 525.6 | 153.8 | 413.1 | 51491.7 41454 | 0.36 0 12 5.6 | 51566 | 2846
60 | 1| 13 | -38.6 | 676.8 | 153.8 | 7155 | 51491.7 | 119533 | 0.44 0 20.7 | 83 65561 2676
30| 1| 20 | 116.2 | 698.9 | 504.1 | 582.7 | 447334.2 | 55776.5 | 0.42 0 238 | 15.6 | 84956 | 3931
WB 45| 1| 12 | -499 | 799.3 | 424 | 849.1 | 4473342 | 1659029 | 0.47 0 43.6 | 142 | 80598 | 2533
160 | 1| 7 |-360.7 | 1110.1 | 424 | 14707 | 447334.2 | 388434 | 0.55 0 43.6 | 19.1 | 108000 | 3279
30 | 1| 52 | 177.8 | 4163 | 153.8 | 238.5 | 284698.2 | 8111.2 | 0.25 0 88 | 24 | 25632 1045
WM | 45|1| 32 67.1 507.1 | 140.3 | 440 | 284698.2 | 229854 | 0.39 0 13.9 4 32683 1901
60 | 1| 18 | -84.7 | 668.1 143 | 7527 | 284698.2 | 66869.5 | 0.44 0 195 | 5.1 42515 1847
B is the actual percentage of disrupted points.
Table D.26: One-to-many problem with 8 = 1, Core instance:d198
. Algorithm Results MIP Performance
Variant | 6| B | E% — 3 Y o Z AZ | CPU| Gap% | § | CPU| Niter | Nodes
30 | 1| 17 | 1140.5 | 2644.1 | 1301.2 | 1503.7 | 411628.6 113940 1.08 0 66.2 | 109.3 | 323149 | 59440
1B 45 | 1 1 552 3156.4 | 1301.2 | 2604.4 | 411628.6 | 2628024 | 1.23 0 69.2 | 335 155039 4830
60 | 1 1 -363.2 | 4147.8 | 1301.2 | 4511 411628.6 | 528768.6 | 1.28 1.8 73.2 | 1000 | 1979987 | 500944
30 1| 60 | 14458 | 21204 | 1987 674.6 158761.3 2742.2 0.38 0 4 2.7 24945 1586
1M 45 | 1| 44 | 14529 | 2316.5 | 1834.6 | 863.6 158761.3 11285.2 0.52 0 15.7 44 35174 3279
60 | 1| 35 | 1149.5 | 2645.3 | 1834.6 | 1495.8 | 158761.3 324574 0.66 0 172 | 43 37280 2141
30| 1| 15 | 1140.5 | 2644.1 | 1301.2 | 1503.7 | 2353040.3 | 670501.5 1.11 0 67.5 | 176.7 | 299813 | 120541
WB 45 | 1 0 5774 | 3181.8 | 1301.2 | 2604.4 | 2353040.3 | 1541364.1 | 1.23 0 70.2 | 43.1 144745 13915
60 | 1 0 -350.5 | 4160.5 | 1301.2 | 4511 | 2353040.3 | 3094622.5 | 1.23 0 744 | 304 144243 6672
30| 1| 57 | 1445.8 | 21204 | 1987 674.6 897530.6 20078.9 0.38 0 54 35 38154 2338
WM 45 | 1| 41 | 14529 | 2316.5 | 1834.6 | 863.6 897530.6 64002.8 0.52 0 15.6 3.7 34014 2078
60 | 1| 33 | 1149.5 | 2645.3 | 1834.6 | 1495.8 | 897530.6 190783.9 | 0.67 0 18 5 43082 2258
B is the actual percentage of disrupted points.
Table D.27: One-to-many problem with 8 = 1, Core instance:gr229
Variant | 0 | 8 | E% Algorithm Results AMIP Performar{ce
X Xe Vb L Zy AZ CPU | Gap% B CPU Niter Nodes
30 |1 1 -99.8 | 141.1 | 325 | 2409 | 641924 | 423222 | 1.89 0 91.7 | 3149 | 760672 | 128205
1B 45 |1 1 | -1853 ] 2272 | 302 | 4125 | 641924 79413 1.89 0 93 34.1 | 140402 | 2402
60 | 1 1 ]-336.3 | 3782 | 302 | 7145 | 641924 143739 1.91 0 93 | 99.8 | 332733 | 2091
30 | 1| 17 | -116.3 | 1323 | -130.1 | 248.6 | 13846.8 1388 1.41 0 3.1 | 232 | 182966 | 10158
M 45111 8 0 67.6 514 67.6 | 13846.8 2837.9 1.56 0 27.5 | 243 | 129789 | 4811
60 | 1| 4 -25 92.1 514 | 117.1 | 13846.8 6078.7 1.67 0 29.7 | 31.8 | 188735 | 8383
30 |1 1 -98.1 | 140.1 | 30.2 | 238.2 | 356116.7 | 237532 | 1.89 0 925 | 643 | 299576 | 13763
WB 45 |1 1 | -1853 ] 2273 | 302 | 412.5 | 356116.7 | 444671.5 | 191 0 925 | 493 | 238128 | 2440
60 | 1 1 | -325.6 | 367.7 24 693.2 | 356116.7 | 804081.5 | 1.91 0 95.6 | 47.3 | 176655 | 1382
30| 1| 16 | -103.5 | 118.7 | -109.2 | 222.2 | 77023.9 8140.4 1.36 0 37 | 248 | 192399 | 7125
WM [45|1] 9 |-184.8 | 200 | -109.2 | 384.8 | 77023.9 | 159469 | 1.56 0 3.7 | 20.1 | 104806 | 4568
60 | 1| 4 -27.5 | 939 | 482 | 121.3 | 770239 | 334332 | 1.67 0 289 | 20.7 | 115126 | 3617

B is the actual percentage of disrupted points.
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Table D.28: One-to-many problem with 8 = 1, Core instance:a280

Variant | 0 | B | E% Algorithm Results AMIP Performance
Xy Xe Vb L Zy AZ CPU | Gap% B CPU Niter Nodes
30 | 1| 44 | 735 | 2225 | 137 | 149 | 43422 32933 1.78 0 13.9 | 114.3 | 482717 | 45732
1B 45 |1 ] 24 15 273 137 | 258 43422 9126 2.44 0 23.2 | 137.6 | 503486 34851
60 | 1| 12 | -40.8 | 336.8 | 117 | 377.6 | 43422 | 220852 | 291 9.7 31.8 | 1000 | 1644586 | 416101
30 (1| 67 | 974 | 166.6 | 145 | 69.3 | 31918 607.1 0.84 0 6.4 9.6 79791 13007
1M 45 | 1| 48 84 188 | 137 | 104 | 31918 1716 1.52 0 10.4 | 45.6 | 290376 | 44453
60 | 1| 31 | 36.1 | 2439 | 145 | 207.9 | 31918 4844.6 | 2.19 0 17.1 | 188.8 | 784491 | 140516
30| 1| 43 73.5 | 2225 | 137 149 | 229495 | 20423.2 1.77 0 15 45 240406 12397
WB 45 11| 23 15 273 | 137 | 258 | 229495 | 528359 | 247 0 238 | 97.8 | 453495 16346
60 | 1| 12 | -50.7 | 354.7 | 125 | 405.3 | 229495 | 123906.6 | 2.89 0 29 | 643.1 | 1209785 | 263763
301 66 | 110 170 | 137 | 60 169022 | 4037.3 | 0.83 0 8 5.7 59492 5542
WM (45 |1 48 88 192 | 137 | 104 | 169022 11012 1.53 0 12.2 | 26.7 | 264180 | 22651
60 | 1| 31 | 499 | 230.1 | 137 | 180.1 | 169022 | 27751.6 | 2.2 0 17.8 | 124.1 | 572513 | 99877
B is the actual percentage of disrupted points.
Table D.29: One-to-many problem with 8 = 1, Core instance:lin318
) Algorithm Results MIP Performance
Variant | 0| B | E% [— % | ; L Z AZ CPU | Gap% | # | CPU | Niter | Nodes
30| 1| 18 | -133.6 | 3196.6 | 2804 | 3330.2 | 855394 184796.7 | 3.92 0 29.6 | 93.6 | 352184 12873
1B 45 | 1 12 | -1092.5 | 4155.5 | 2544 | 5248 855394 455773 4.39 0 38.7 | 508.2 | 798446 | 197459
60 | 1 7 -3013.4 | 6076.4 | 2544 | 9089.8 | 855394 928314.7 | 4.73 8.8 38.7 | 1000 | 1941583 | 322529
301 33 779.3 | 2133.7 | 654 | 1354.5 | 557400 27310.4 3.05 0 9.1 58.6 | 362273 | 37492
M 45 |1 | 24 283.5 | 2629.5 | 654 2346 557400 80431 3.61 0 21.1 | 259.5 | 862030 | 203606
60 | 1] 13 -543.7 | 3519.7 | 654 | 4063.4 | 557400 | 215580.1 4.08 0 25.8 153 475266 | 111515
30 1| 20 | -169.1 | 3161.1 | 2804 | 3330.2 | 4670951 1052389 3.92 0 30.8 | 68.4 | 229170 12318
WB 45111 13 -1128 4120 | 2544 | 5248 | 4670951 | 25024439 | 4.55 0 38.8 76 216151 11333
60 | 1 7 -3048.9 | 6040.9 | 2544 | 9089.8 | 4670951 | 5072609.7 | 4.75 0 38.8 | 111.1 | 128849 41947
301 33 765.2 | 2210.8 | 2953 | 1445.7 | 3085675 | 185131.7 | 3.06 0 11.8 | 57.6 369621 30670
WM 45 11| 22 204.5 | 2708.5 | 2953 | 2504 | 3085675 | 516499.9 | 3.52 0 22.6 | 365.1 | 1135191 | 264327
60 | 1 16 -458 3363 | 2804 | 3820.9 | 3085675 | 1318150.9 | 4.02 0 30.8 | 67.8 380296 12891
B is the actual percentage of disrupted points.
Table D.30: One-to-many problem with 8 = 1, Core instance:fl417
. Algorithm Results MIP Performance
Vartant | 6| B | E% —- X s L Z AZ CPU | Gap% | B | CPU | Niter | Nodes
30| 1] 37 156.7 | 2148.9 | 1876.8 | 1992.2 | 586807.7 | 215500.6 | 6.33 0 45.1 | 193.1 341299 | 43300
1B 45 | 1| 37 -572.5 | 2878.1 | 1876.8 | 3450.6 | 586807.7 | 489674.7 | 6.52 31.8 45.1 1000 | 4851085 | 81666
60 | 1| 37 | -1835.5 | 4141.1 | 1876.8 | 5976.5 | 586807.7 | 964558.2 | 6.62 22.3 45.1 1000 | 4656124 | 226100
30| 1 5 248.6 | 1489.5 | 1703 1241 513378.2 54030.1 9.81 22.5 18.7 | 1141.9 | 3795836 | 482453
1M 45 | 1 3 146.1 22955 | 1703 | 2149.4 | 513378.2 182219.2 | 10.38 20.5 37.4 | 2000.1 | 7999273 | 496474
60 | 1 2 -791.4 | 2931.5 | 170.3 | 37229 | 513378.2 | 427684.6 | 10.61 4 37.4 | 2000 | 2876092 | 860087
30| 1] 39 189.2 | 2181.4 | 1876.8 | 1992.2 | 3183500.3 | 1160108.7 | 6.5 1.7 42.5 | 1000 | 3719035 | 157328
WB 45111 39 -540 2910.6 | 1876.8 | 3450.6 | 3183500.3 | 2609731.5 | 6.52 0 425 81.1 342416 6265
60 | 1| 39 |-1802.9 | 4173.6 | 1876.8 | 5976.5 | 3183500.3 | 5120551.9 | 6.62 0 425 | 3322 | 1150802 | 30916
30| 1 6 6329 | 2051.1 | 170.3 | 1418.3 | 2899108.8 | 428266.5 | 9.78 11.5 29.3 | 1246.7 | 2628071 | 554575
WM 45 | 1 4 84.2 2540.7 | 170.3 | 2456.5 | 2899108.8 | 1360878.3 | 10.34 4.7 39.3 | 2000.1 | 5953544 | 756819
60 | 1 3 -815 3439.8 | 1703 | 4254.8 | 2899108.8 | 3013497.4 | 10.58 49 39.3 | 2000 | 4745530 | 665791

Bis the actual percentage of disrupted points.
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APPENDIX E

COMPUTATIONAL RESULTS FOR MANY-TO-MANY INTERDICTION PROBLEM WITH
A SINGLE BARRIER ON A PLANE SUBJECT TO DISRUPTION CONSTRAINT

In this appendix, computational results for many-to-many interdiction problem when 8 < 1 are pre-
sented. CPLEX Optimizer 10.1 is used for solving MIP models and all computations are performed
on windows workstations with 3.00GHz CPU and 3.49 GB of RAM.

The optimal location of the line barrier and the related objective value are reported for 1N, WN variants
of 24 instances and different levels of 8 and g levels. x, x,, y, and L represent the optimal barrier’s
endpoints along x-axis, its y-coordinate and length. The objective function values before and after
interdiction are shown as Z, and AZ, respectively. Since no point elimination is possible in many-to-
many problem, all E% are zero. 3 gives the actual disruption rate realized by the optimal solution.
Since computations are terminated at the time limit of 1000 seconds, a gap percentage (Gap%) is
also reported. CPU time (in seconds), number of iterations used for solving node relaxations (Niter),
number of processed nodes in the active branch-and-cut search (Nodes) give the solver’s performance
in solving these problems. Following MIP cuts are also set in the solver with priority value 1:

e Clique Cuts (CQ) o Implied Bound Cuts (IB)

e General Upper Bound Cuts (GUB) e Flow Path Cuts (FP)

e Cover Cuts (CV) e Disjunctive Cuts (DJ)

e Flow Cover Cuts (FC) e Zero-half Cuts (ZH)

o Mixed-Integer Rounding Cuts (MIR) o Multi-Commodity Flow Cuts (MCF)

Number of MIP cuts (#cuts) and also the percentage of each cut used by the solver are also provided
in the tables of this appendix.
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APPENDIX F

COMPUTATIONAL RESULTS FOR MANY-TO-MANY INTERDICTION PROBLEM WITH
A SINGLE BARRIER ON A PLANE

In this appendix, computational results for many-to-many interdiction problem when 8 = 1 are pre-
sented. The algorithm is developed in a VB.NET application and all computations are performed on
windows workstations with 3.00GHz CPU and 3.49 GB of RAM.

The optimal location of the line barrier and the related objective value are reported for 1IN and WN
variants of 24 instances and different levels of 6 and S levels. x, x,, y, and L represent the optimal
barrier’s endpoints along x-axis, its y-coordinate and length. The objective function values before
and after interdiction are shown as Zy and AZ, respectively. E% shows the percentage of eliminated
weights in pre-processing.

MIP models of all problems are also solved using CPLEX Optimizer 10.1 with a time limit of 1000
seconds. CPU time (in seconds), number of iterations used for solving node relaxations (Niter), num-
ber of processed nodes in the active branch-and-cut search (Nodes) give the solver’s performance in
solving these problems. /3 gives the actual disruption rate realized by the MIP solution. Following MIP
cuts are also set in the solver with priority value 1:

e Clique Cuts (CQ) o Implied Bound Cuts (IB)

e General Upper Bound Cuts (GUB) e Flow Path Cuts (FP)

e Cover Cuts (CV) o Disjunctive Cuts (DJ)

e Flow Cover Cuts (FC) e Zero-half Cuts (ZH)

o Mixed-Integer Rounding Cuts (MIR) e Multi-Commodity Flow Cuts (MCF)
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Table F.1: Many-to-many problem with 8 = 1, Core instance:D8-Canbolat

. Algorithm Results MIP Performance
Variant | 0 | 8| E% = R
X Xe | Vb L Zy AZ | CPU | Gap% B CPU | Niter | Nodes
30 | 1 0 19| 7.1 2 | 5.2 | 460 17.6 0 0 7.1 0.6 4949 270
IN 45 | 1 0 1.5 ] 105 | 11 9 460 50 0 0 16.1 | 0.9 | 13024 | 542
60 | 1 0 | 02158 ]| 2 | 156 | 460 | 182.1 0 0 32.1 1 09 9058 311
30 |1 0 [29] 81 2 | 52 | 2145 | 101 0 0 7.7 0.5 3584 126
WN 45 | 1 0 1 10 2 9 2145 | 276 0 0 7.7 0.9 | 10975 478
60 | 1 0 |02 158 | 2 | 15.6 | 2145 | 834.7 0 0 355 1 11745 415
B is the actual percentage of disrupted points.
Table F.2: Many-to-many problem with 8 = 1, Core instance:E-n22-k4
Variant | 0 | | E% Algorithm Results AMIP Performance
X Xe Vb L Zy ANZ CPU | Gap% B CPU Niter Nodes
30 | 1 0 131.1 | 1749 | 261 | 439 | 20820 1600.7 | 0.06 0 12.6 | 647.8 | 740682 | 469388
IN 45 |1 0 116.5 | 176.5 | 193 60 20820 5386 0.06 122 | 35.7 | 1000 | 1429346 | 681571
60 | 1 0 94.5 | 1985 | 193 | 103.9 | 20820 | 12852.9 | 0.08 42.1 35.7 | 1000 | 1598724 | 633091
30 |1 0 136.7 | 171.3 | 193 | 34.6 | 109150 7466 0.06 0 20.1 | 24.8 131377 1776
WN 45 |1 0 117.5 | 177.5 | 193 60 109150 | 26227 | 0.06 0 363 | 264 129569 1356
60 [1] 0 95.5 | 199.5 | 193 | 103.9 | 109150 | 64747.5 | 0.06 98.4 48 1000 | 2583481 | 620451
B is the actual percentage of disrupted points.
Table F.3: Many-to-many problem with 8 = 1, Core instance:D28
Variant | 0 | B | E% Algorithm Results AMIP Performance
Xs Xe Vb L Zo ANZ CPU | Gap% B CPU Niter Nodes
30 | 1 0 239 | 197.1 | 97 | 173.2 | 195830 7301.5 0.19 0 73 | 852 | 239519 13093
IN 45 | 1 0 | -23.5| 2765 | 97 300 195830 17100 0.2 0 10.6 | 347.2 | 602415 | 162415
60 | 1 0 4.3 | 4547 | 377 | 450.3 | 195830 49860 0.22 70.7 38 1000 | 2199830 | 365088
30 |1 0 254 | 198.6 | 97 | 173.2 | 1061359 | 43167.2 0.2 0 6.6 31.8 122258 1089
WN 45 | 1 0 | -265| 2735 | 97 300 | 1061359 98660 0.2 5.6 9.4 | 1000 | 887781 | 375101
60 | 1 0 2.3 | 452.7 | 377 | 450.3 | 1061359 | 298795.1 | 0.23 37.6 | 32.1 | 1000 | 1674659 | 364251
B is the actual percentage of disrupted points.
Table F.4: Many-to-many problem with 8 = 1, Core instance:B-n31-k5
Variant | 0 | g | E% Algorithm Results AMIP Performance
X Xe | Vb L Zy AZ CPU | Gap% B CPU Niter Nodes
30 | 1 0 45 | 426 | 8 | 38.1 37460 4701.4 0.34 0 21.3 | 869 | 264133 2063
IN 45 | 1 0 -10 56 8 66 37460 11340 0.36 27.5 26.5 | 1000 | 2811634 | 192036
60 | 1 0 | -342 802 | 8 | 1143 | 37460 | 23515.5 | 0.38 23.1 26.5 | 1000 | 1422483 | 245395
30 | 1 0 45 | 426 | 8 | 38.1 | 186689 | 25531.7 | 0.34 0 21.6 | 593 196447 1777
WN 45 | 1 0 | -105 555 8 66 186689 61578 0.36 133 26.1 | 1000 | 1019485 | 304477
60 | 1 0 | -347|79.7| 8 | 114.3 | 186689 | 127963.3 | 0.39 0 26.1 | 378.4 | 548528 91430
B is the actual percentage of disrupted points.
Table F.5: Many-to-many problem with g8 = 1, Core instance:A-n32-k5
Variant | 0 | g | E% Algorithm Results AMIP Performance
X Xe Vb L Zy AZ CPU | Gap% B CPU Niter Nodes
30 | 1 0 64.8 | 1162 | 5 51.4 | 74174 | 2004.7 | 0.41 0 5.1 49.9 155073 2271
IN 45 | 1 0 325 | 1215 | 5 89 74174 5680 0.39 0 125 | 194 473767 19381
60 | 1 0 | -159 | 1209 | 10 | 136.8 | 74174 | 22283.5 | 0.41 43.5 37.9 | 1000 | 2817291 | 103387
30 | 1 0 653 | 116.7 | 5 51.4 | 502004 | 12907.5 | 0.41 0 45 | 693 | 210637 3076
WN [45|1] 0 | 325 | 1215 5 89 | 502004 | 35328 | 0.39 0 11.9 | 200.2 | 450979 | 22661
60 | 1 0 | -16.2 | 1242 | 9 | 140.3 | 502004 | 147998 | 0.39 39.8 34.4 | 1000 | 1826917 | 200002

B is the actual percentage of disrupted points.

146




Table F.6:

Many-to-many problem with § = 1, Core instance:D40

Variant | 0 | | E% Algorithm Results AMIP Performance
X Xe Vb L Zy AZ CPU | Gap% B CPU Niter Nodes
30 | 1 0 82.5 284.5 | 49 | 202.1 | 329592 | 31531.2 1.2 222 23.5 | 1000 | 1774139 | 14101
IN 45 | 1 0 -5.5 290.5 | 372 | 296 | 329592 95266 1.3 62 32.3 | 1000 | 1769314 | 53769
60 | 1 0 -113.8 | 398.8 | 372 | 512.7 | 329592 | 216177.4 | 1.38 102.5 | 35.2 | 1000 | 2073244 | 38067
30 | 1 0 89 291 49 | 202.1 | 552600 | 723854 | 1.23 0 28.2 | 299.9 | 672289 2655
WN 45 | 1 0 29.5 | 3375 | 70 308 | 552600 | 196924 1.3 274 37.2 | 1000 | 1524909 | 89297
60 | 1 0 -83.2 | 450.2 | 70 | 533.5 | 552600 | 436825.8 | 1.42 0 43 163.4 | 389685 2201
B is the actual percentage of disrupted points.
Table F.7: Many-to-many problem with 8 = 1, Core instance:B-n41-k6
. Algorithm Results MIP Performance
Vardant | 6 | B | E% m— 0T L Z AZ | CPU | Gap% | B | CPU| Niter | Nodes
3011 0 -1.6 | 446 | 17 | 462 | 117368 | 2938.9 1.5 0 52 | 188 | 415006 | 3828
IN 45 11 0 -7 73 17 80 117368 7080 1.33 13.7 11.9 | 1000 | 1750047 | 34715
60 | 1 0 -253 | 1133 | 17 | 138.6 | 117368 | 20583.1 | 1.38 32.8 21.6 | 1000 | 1876417 | 20446
301 0 -1.6 | 446 | 17 | 46.2 | 150088 | 29389 | 1.33 2.5 6.1 | 1000 | 1318602 | 87606
WN 45 11 0 -3.5 76.5 | 17 80 150088 8214 1.33 8.1 13.9 | 1000 | 1490290 | 62229
60 | 1 0 -25.8 | 112.8 | 17 | 138.6 | 150088 | 25690.7 | 1.36 34.4 25 1000 | 1742429 | 44578
B is the actual percentage of disrupted points.
Table F.8: Many-to-many problem with 8 = 1, Core instance:A-n45-k6
Variant | 0 | | E% Algorithm Results AMIP Performance
X Xe Vb L Zy AZ CPU | Gap% B CPU Niter Nodes
301 0 |-13.6| 286 | 16 | 422 | 145168 | 2666.1 | 2.12 0 4.8 | 918.7 | 1359827 | 45522
IN 45 11 0 22 105 | 94 83 145168 7612 2.12 8.6 9.8 1000 | 1553894 | 6929
60 | 1 0 =234 | 1204 | 94 | 143.8 | 145168 | 32415.8 | 2.16 68.3 34.8 | 1000 | 1695905 | 12088
30 |1 0 -13.6 | 28.6 | 16 | 422 | 760509 | 15569.1 | 2.14 0 5.1 | 666.4 | 1191766 | 9219
WN 45111 0 |-175| 535 | 17| 71 760509 | 38663 | 2.12 0.3 12.5 | 1000 | 1630519 | 15056
60 | 1| O |-229 | 1209 | 94 | 143.8 | 760509 | 146579 | 2.17 52.4 | 30.5 | 1000 | 1665058 | 20571
B is the actual percentage of disrupted points.
Table F.9: Many-to-many problem with 8 = 1, Core instance:F-n45-k4
. Algorithm Results MIP Performance
Variant | 6| B | E% — %% | 7 : L Z AZ | CPU | Gap% | B | CPU | Niter | Nodes
30 | 1 0 -43.5 35 45 | 785 135410 7959.3 2.05 6.5 7.4 1000 | 1503442 | 24900
IN 45 | 1 0 -69 67 45 136 135410 21684 2.11 0 14.3 | 829.4 | 1438272 | 7933
60 | 1 0 | -111.3 | 124.3 | 45 | 235.6 | 135410 53917.3 | 2.31 54 16.4 | 1000 | 1593028 | 13501
30 | 1 0 -43.5 35 45 | 785 | 619773.8 | 28363.7 | 2.03 0 6.6 | 530.6 | 990067 7733
WN 45 | 1 0 -62 74 45 136 | 619773.8 | 816519 | 2.09 0 11.5 | 799.6 | 1466893 | 14670
60 | 1 0 -110 | 125.5 | 45 | 235.6 | 619773.8 | 206107.6 | 2.3 322 9.6 | 1000 | 1655796 | 13391
B is the actual percentage of disrupted points.
Table F.10: Many-to-many problem with 8 = 1, Core instance:att48
. Algorithm Results MIP Performance
Variant | 6 | | E% — e Y : L Z AZ CPU | Gap% | § | CPU| Niter | Nodes
30 | 1 0 | 38254 | 7827.6 | 1629 | 4002.2 | 9336410 988072.5 3 21.8 28.2 | 1000 | 1421062 | 11621
IN 45 |1 0 | 27735 | 9497.5 | 1733 6724 9336410 3561302 3.17 51.6 | 43.2 | 1000 | 1335631 | 26346
60 | 1 0 3124 | 11958.7 | 1733 | 11646.3 | 9336410 8434388.5 | 3.55 77 43.2 | 1000 | 1406118 | 16547
30 | 1 0 | 3853.9 | 7856.1 | 1629 | 4002.2 | 49936044 | 5005779.8 | 2.97 27.3 27.6 | 1000 | 1156412 | 47426
WN 45 |1 0 2796 9520 1733 6724 49936044 | 188277719 | 3.16 52 46.3 | 1000 | 1327761 | 21621
60 | 1 0 3349 | 11981.2 | 1733 | 11646.3 | 49936044 | 44788032.8 | 3.31 76.4 43.1 | 1000 | 1310600 | 24332

B is the actual percentage of disrupted points.
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Table F.11: Many-to-many problem with 8 = 1, Core instance:B-n50-k7

Variant | 0 | g | E% Algorithm Results _ MIP Performance

X Xe Vb L Zy AZ CPU | Gap% B CPU Niter Nodes

30 | 1 0 393 | 83.7 | 8 | 445 | 161696 | 4419.5 3.61 0 6.7 | 932.6 | 1275928 | 26753

IN 45 11| 0 24 101 | 8 77 161696 12432 3.69 373 17.4 | 1000.1 | 1322673 | 10738
60 | 1 0 |-222 | 111.2 | 8 | 1334 | 161696 | 45855.2 | 3.84 84.8 | 29.8 | 1000 | 1328833 | 6110

30(1] 0 393 | 837 | 8 | 445 | 890752 | 210779 | 3.61 0 52 | 7449 | 1108169 | 16996

WN 45 11| 0 25 102 | 8 77 890752 | 59974 3.64 28 18.6 | 1000 | 1359058 | 2766
60 | 1| 0 |-222 | 111.2 | 8 | 133.4 | 890752 | 227755.6 | 3.88 80.8 | 28.1 | 1000.1 | 1258851 | 6216

B is the actual percentage of disrupted points.

Table F.12: Many-to-many problem with 8 = 1, Core instance:D50

Variant | 0 | g | E% Algorithm Results MIP Performance

X Xe Vb L Zy AZ CPU | Gap% B CPU Niter Nodes

30 1| O | 132.1 | 283.9 | 387 | 151.8 | 434674 | 28793.6 | 3.58 16.1 15.4 | 1000 | 1486370 | 9915

IN 45 | 1 0 76.5 | 339.5 | 387 | 263 | 434674 80152 3.73 80.4 | 20.8 | 1000 | 1422955 | 8419
60 | 1| O | -18.3 | 437.3 | 387 | 455.5 | 434674 | 181603.5 | 3.88 36 18.2 | 1000 | 1584606 | 5590

30 | 1 0 | 130.8 | 294.2 | 114 | 163.4 | 629506 | 62778.9 | 3.55 13.6 | 17.9 | 1000 | 1537663 | 7392

WN 4511 0 68 351 | 114 | 283 | 629506 | 170446 | 3.67 51.6 | 26.4 | 1000 | 1432678 | 20449
60 | 1| O | -35.6 | 454.6 | 114 | 490.2 | 629506 | 374716 | 3.83 | 146.4 | 26.3 | 1000 | 1368540 | 11500

B is the actual percentage of disrupted points.

Table F.13: Many-to-many problem with 8 = 1, Core instance:eil51

Variant | 0 | g | E% Algorithm Results A MIP Performance

Xg Xe Vb L Zy AZ CPU | Gap% B CPU Niter Nodes

30 | 1 0 | 19.5|53.5 | 67 | 34.1 | 105980 | 2390.7 3.97 52 6 1000 | 1420226 | 6002

IN 45 11| 0 | 105|695 |67 | 59 | 105980 8560 4.02 40.4 12.1 | 1000.1 | 1287720 | 2192
60 | 1| O | -59 | 789 |62 849 | 105980 | 32938.1 | 4.16 60.4 | 29.3 | 1000 | 1464221 | 7293

301 0 | 195|535 |67 | 341 | 512094 | 157042 | 3.92 3.1 6.2 | 1000.1 | 1448138 | 7781

WN 45111 0 9 68 | 67 | 59 | 512094 | 52118 3.98 383 | 21.2 | 1000 | 1359107 | 5238
60 | 1| O | -59 789 |62 | 849 | 512094 | 163835.4 | 4.17 80.6 15.7 | 1000 | 1385395 | 7358

B is the actual percentage of disrupted points.

Table F.14: Many-to-many problem with 8 = 1, Core instance:berlin52

Variant | 6 | § | E% Algorithm Results MIP Performance

X Xe Vb L Zy AZ CPU | Gap% B CPU Niter Nodes

301 0 320.7 | 9443 | 1130 | 623.5 1941090 449929 | 4.16 33 4.9 | 1000 | 1407822 | 12474

IN 451 1] 0 187.5 | 1267.5 | 1130 | 1080 1941090 119510 4.14 20.9 8.3 | 1000 | 1434575 | 12841
60 | 1| 0 |-2003 | 16703 | 1130 | 1870.6 | 1941090 | 330637.1 | 4.19 65.6 7.5 | 1000 | 1390540 | 2857

30 | 1 0 320.7 | 9443 | 1130 | 623.5 | 11457715 | 172037.9 | 4.17 0.1 3.8 | 1000 | 1444257 | 9835

WN 45 |1 0 235 975 960 740 11457715 506310 4.19 11.7 7.9 | 1000 | 1402173 | 4157
60 | 1 0 | -172.8 | 1697.8 | 1130 | 1870.6 | 11457715 | 1351105.7 | 4.19 77.8 13.1 | 1000 | 1363928 | 5566

B is the actual percentage of disrupted points.

Table F.15: Many-to-many problem with 8 = 1, Core instance:A-n60-k9

Variant | 0 | B | E% Algorithm Results A MIP Performance

X Xe Vb L Zy AZ CPU | Gap% B CPU Niter Nodes

30|10 3.8 523 | 93 | 485 | 240820 5847.3 11 12.6 8.1 | 1000.1 | 1035344 | 1943

IN 45111 0 -7 77 93 84 240820 23040 11.2 55.8 17.2 | 1000 | 1222149 | 3293
60 | 1| 0 |-263 | 1123 | 91 | 138.6 | 240820 | 72657.8 9.8 105.5 | 19.5 | 1000.1 | 1033727 | 1793

301 0 4.8 533 | 93 | 485 | 1352240 | 348512 | 9.09 6.6 8.3 | 1000.1 | 1143847 | 2512

WN 45111] 0 -6 78 93 84 1352240 | 138245.9 | 9.22 62.3 18.1 | 1000.1 | 1289147 | 3380
60 | 1| O | -243 | 1143 | 91 | 138.6 | 1352240 | 443715.6 | 9.67 | 104.7 | 36.6 | 1000 | 1095614 | 1551

B is the actual percentage of disrupted points.
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Table F.16: Many-to-many problem with 8 = 1, Core instance:B-n68-k9

Variant | 0 | B | E% Algorithm Results _ MIP Performance
X Xe Vb L Zy AZ CPU | Gap% B CPU Niter Nodes
30 | 1 0 46.3 | 90.7 | 16 | 445 | 296504 9462.4 18.08 259 6.1 | 1000.1 | 949187 1537
IN 45 |1 0 145 | 915 | 16 77 296504 32176 17.14 | 69.3 37.9 | 1000.1 | 1135745 | 1390
60 | 1 0 | -242 ] 109.2 | 16 | 133.4 | 296504 129437 | 18.09 | 102.7 | 43.9 | 1000.1 | 1048199 | 2765
30 | 1 0 46.8 | 91.2 | 16 | 445 | 1601056 | 478652 | 16.84 | 26.6 5.4 | 1000.1 | 994625 2562
WN 45 |1 0 145 | 915 | 16 77 1601056 | 163665.9 | 17.17 67.6 36 | 1000.1 | 1170252 | 1250
60 | 1 0 -24.7 | 108.7 | 16 | 133.4 | 1601056 | 666563.3 | 18.12 | 104.5 | 44.9 | 1000 1033609 578
B is the actual percentage of disrupted points.
Table F.17: Many-to-many problem with 8 = 1, Core instance:F-n72-k4
. Algorithm Results MIP Performance
Vartant | 6 | B | E% — 1T [ Z AZ | CPU | Gap% | B | CPU | Niter | Nodes
30 | 1 0 -13.7 1 7.7 | 19 | 21.4 | 114852 9416.4 | 20.84 63.6 13.3 | 1000.1 | 1024124 319
IN 45 |1 0 -23 12 18 | 35 114852 30456 22.11 170.8 | 33.2 | 1000.1 | 1116633 545
60 | 1| 0 |-358|24.8 | 18 | 60.6 | 114852 | 69759.8 | 24.09 | 199.5 | 42.2 | 1000.1 | 1082850 | 2153
30 | 1 0 -153 | 83 | 21 | 23.7 | 565058 | 48262.8 | 20.83 533 4.9 | 1000.1 | 1110412 772
WN 45 | 1 0 -23 12 | 18 | 35 | 565058 | 150829.9 | 22.06 | 159.8 | 30.2 | 1000 | 1239247 533
60 | 1 0 -35.8 | 24.8 | 18 | 60.6 | 565058 | 348373.6 | 24.09 | 301.4 | 10.3 | 1000.1 | 970363 124
B is the actual percentage of disrupted points.
Table F.18: Many-to-many problem with 8 = 1, Core instance:rus75
. Algorithm Results MIP Performance
Vartant | 6 | | E% | ——1— T 7 Z AZ | CPU | Gap% | | CPU | Niter | Nodes
30 | 1 0 413 | 887 | 8 | 47.3 | 356392 7484.8 23.52 4.1 0 | 1000.1 | 1118467 | 360801
IN 45 | 1 0 18 100 8 82 356392 26852 24.17 4.1 0 | 1000.1 | 1118467 | 360801
60 | 1 0 -13.5 | 1285 | 8 | 142 | 356392 | 78414.8 | 2542 4.1 0 1000 | 1120048 | 361441
30 | 1 0 41.2 | 90.8 | 6 | 49.7 | 2201807 | 46452.2 | 23.59 4.1 0 | 1000 | 1123807 | 363053
WN 45 | 1 0 18 104 6 86 | 2201807 | 159913.9 | 24.25 4.1 0 | 1000 | 1123901 | 363086
60 | 1 0 -15 134 6 | 149 | 2201807 | 456587.7 | 25.61 4.1 0 | 1000 | 1120022 | 361431
B is the actual percentage of disrupted points.
Table F.19: Many-to-many problem with 8 = 1, Core instance:eil76
. Algorithm Results MIP Performance
Variant | 6 | B | E% X Xe Vb L Zy ANZ CPU | Gap% B CPU Niter Nodes
30| 1| 0 |37.7] 723 10| 346 | 242450 5805.2 | 28.97 4.1 0 | 1000 | 1123818 | 363059
IN 45111 0 | 245|745 | 15| 50 | 242450 21706 | 29.34 4.1 0 | 1000 | 1123862 | 363075
60 1| O | -0.8|858 | 15| 86.6 | 242450 | 743289 | 30.73 4.1 0 | 1000 | 1119999 | 361416
301 0 |39.1|679 | 15289 | 1275488 | 29952.5 | 29.02 4.1 0 | 1000 | 1123807 | 363053
WN 45111 0 24 74 | 15| 50 | 1275488 | 118775.9 | 29.62 4.1 0 | 1000 | 1120022 | 361431
60 1| 0 | -03|863| 15| 86.6 | 1275488 | 390831 | 30.89 4.1 0 | 1000 | 1123804 | 363051
B is the actual percentage of disrupted points.
Table F.20: Many-to-many problem with 5 = 1, Core instance:A-n80-k10
Variant | 0 | | E% Algorithm Results A MIP Performance
X Xe Vb L Zy AZ CPU | Gap% | B | CPU Niter Nodes
30 |1 0 282 | 77.8 | 6 | 49.7 | 418736 8721.5 37.48 4.1 0 | 1000.1 | 1123930 | 363101
IN 45 | 1 0 185 | 1045 | 6 86 418736 32372 37.72 4.1 0 | 1000.1 | 1119956 | 361401
60 | 1 0 | -13.8 | 117.8 | 11 | 131.6 | 418736 | 114929.6 | 40.83 4.1 0 | 1000 | 1123903 | 363087
30 |1 0 277 | 713 6 | 49.7 | 2256298 | 46213.2 | 37.48 4.1 0 | 1000 | 1120059 | 361444
WN 45 |1 0 17.5 | 1035 | 6 86 2256298 | 165095.9 | 37.62 4.1 0 | 1000 | 1123804 | 363051
60 | 1 0 | -143 | 117.3 | 11 | 131.6 | 2256298 | 594000.6 39 4.1 0 | 1000 | 1120010 | 361421

B is the actual percentage of disrupted points.
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Table F.21: Many-to-many problem with 8 = 1, Core instance:rd100

Variant | 0 | | E% Algorithm Results AMIP Performance
X X, Vb L Zy AZ CPU | Gap% | 5 | CPU Niter Nodes
30 | 1 0 287 729.1 | 8745 | 4422 | 7010846.3 108422.2 114.69 4.1 0| 1000 | 1120005 | 361419
IN 45 | 1 0 4.8 760.7 | 869.5 756 7010846.3 492928.3 116.52 4.1 0| 1000 | 1120010 | 361421
60 | 1 0 -109.8 | 1094.4 | 839.2 | 1204.2 | 7010846.3 2107282.6 | 121.67 4.1 0 | 1000 | 1118392 | 360766
30 |1 0 2834 | 725.6 | 874.5 | 442.2 | 42408487.6 716239.8 114.72 4.1 0 | 1000 | 1123759 | 363031
WN 45 | 1 0 -1.7 754.3 | 869.5 756 42408487.6 | 33031344 | 116.66 4.1 0 | 1000 | 1120010 | 361421
60 | 1 0 -114.5 | 1089.7 | 839.2 | 1204.2 | 42408487.6 | 13514279.5 | 121.19 4.1 0 | 1000 | 1123781 | 363041
B is the actual percentage of disrupted points.
Table F.22: Many-to-many problem with 8 = 1, Core instance:E-n101-k14
Variant | 0 | g | E% Algorithm Results AMIP Perform:.ance
X Xe Vb L Zy AZ CPU | Gap% | p | CPU Niter Nodes
30(1] 0 7.8 | 402 | 12 | 32.3 | 439136 7325.8 114.28 4.1 0 | 1000 | 1118258 | 360703
IN 45111 0 85 | 645 | 12| 56 | 439136 35304 118.34 4.1 0 | 1000 | 1119956 | 361401
60 | 1 0 | -10.8 | 82.8 | 13 | 93.5 | 439136 | 126476.8 | 126.38 4.1 0 | 1000 | 1123908 | 363090
301 0 73 | 39.7 | 12 | 32.3 | 2261022 | 342345 | 114.88 4.1 0 | 1000 | 1119798 | 361340
WN 45 |11 0 85 | 625 | 13| 54 | 2261022 | 152579.8 | 118.34 4.1 0 | 1000 | 1123804 | 363051
60 | 1| O |-11.3 | 823 | 13 | 93.5 | 2261022 | 583724.8 | 126.81 4.1 0 | 1000 | 1123804 | 363051
B is the actual percentage of disrupted points.
Table F.23: Many-to-many problem with 8 = 1, Core instance:10G2
Variant | 0 | p | E% Algorithm Results AMIP Performance
X Xe Vb L Zy AZ CPU | Gap% | g | CPU Niter Nodes
30/ 1] 0 388 | 942 | 2 | 554 | 695984 12785.7 | 115.23 4.1 0 | 1000 | 1123804 | 363051
IN 45 (1] 0 0 96 2 96 695984 59808 120.75 4.1 0 | 1000 | 1119956 | 361401
60 | 1| O |-33.11]133.1 |98 | 1663 | 695984 | 209527.3 | 126.98 4.1 0 | 1000 | 1120010 | 361421
3011 0 393 | 947 | 98 | 554 | 3817569 75081 115.5 4.1 0 | 1000 | 1119931 | 361391
WN 45 (1] 0 55 | 101.5 |98 | 96 | 3817569 | 330084.8 | 120.89 4.1 0 | 1000 | 1119905 | 361381
60 | 1 0 -31.1 | 135.1 | 98 | 166.3 | 3817569 | 1128682.7 | 127.91 4.1 0 | 1000 | 1123930 | 363101
B is the actual percentage of disrupted points.
Table F.24: Many-to-many problem with 8 = 1, Core instance:F-n135-k7
Variant | 0 | g | E% Algorithm Results MIP Performance
Xs Xe Vb L Zy AZ CPU | Gap% | B | CPU Niter | Nodes
301 0 |-123|32.1 |51 | 445 | 1096068.8 | 18385.4 | 447.08 - 0 | 1000.7 | 351276 0
IN 45 11| 0 | -294 | 476 | 51 77 1096068.8 | 43357.2 | 523.28 - 0 | 1000.2 | 319277 0
60 | 1| O |-57.2| 692 |49 | 1264 | 1096068.8 | 90801.7 | 466.8 - 0 | 1000.4 | 316455 0
301 0 | -123 321 |51 | 445 | 60579529 | 117960.4 | 447.77 - 0 | 1008.7 | 334415 0
WN 45 11| 0 | -294 | 476 | 51 77 | 6057952.9 | 281641.3 | 454.38 - 0 | 1005.8 | 308965 0
60 | 1| O |-582 | 752 |51 | 1334 | 6057952.9 | 589018.2 | 468.91 - 0| 1000 | 337478 0

B is the actual percentage of disrupted points.
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