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ABSTRACT

SELFISH HERD WITH MOVING AND NON-MOVING VORONOI DIAGRAM IN
TWO DIMENSIONS AND APPLICATION

By
Yasuharu Kai, B.S.
Texas State University-San Marcos

August 2004

SUPER VISING PROFESSOR: CAROL HAZLEWOQOD

Voronoi Diagrams of moving points are applied to Selfish Herd problems. A
portable C++ implementation with graphics is described. Data gathered from simulations
using moving and non-moving Voronoi calculations are analyzed. The analysis shows that
fewer complete Voronoi Diagrams are calculated using the moving Voronoi method. And
also the results from simulations introduce some suggesstions to improve performance of

the moving Voronoi Diagram.



INTRODUCTION

Voronoi Diagrams are useful and important for geometrical problems. They can be
applied to various situations (Aurenhammer, 1991). The usefulness of Voronoi Diagrams
in two dimensions has been found in the Selfish Herd problem (Hamilton, 1970). In the
Selfish Herd problem, the objects, prey, move to reduce the chance of getting attacked by
a predator. In Hamilton’s paper, the prey moves to the closest neighbor to reduce the
chance of getting attacked by a predator. The closest neighbor can be found efficiently by
using a Voronoi Diagram. Simulations of Selfish Herd behavior have been done using
non-moving Voronoi Diagrams (Viscido, n.d.). A different approach, which uses the
method of maintaining the Voronoi Diagram of moving points over time (Albers, Guibas,

Mitchell, & Roos, 1998), will be applied to the Selfish Herd problem in this study.
Main Contributions

One of the main contributions is a portable application for Selfish Herd simulation
by use of the OpenGL graphics architecture and the popular C++ programming language.
Another contribution is an improved simulation method using the moving Voronoi

Diagram.
Organization

Section 2 summarizes the previous work related to this study. Section 3 describes
the theory of Static and Kinetic Voronoi Diagrams in this study. Section 4 presents details
of application. Experiments in Section 5 demonstrate that the Kinetic Voronoi Diagram is
applicable to the Selfish Herd problem. Section 6 presents simulations for comparison of
the speeds of Static and Kinetic Voronoi algorithms. In Section 7, we deduce our

conclusions and introduce some sugesstions for improvement of the Kinetic algorithm.



PREVIOUS WORK
Voronot Diagrams and Delaunay Triangluation

A Voronoi Diagram records information about objects that are close to other
objects. Consider a finite set of points Pi,i = 1,...,n,(n > 3), called sites, in a given
plane. Each site has a Voronoi cell, and every point in the Voronoi cell of Pi is closer to
Pi than to any other site. The boundary of two sites Pi and Py is part of the
perpendicular bisector between Pi and Pj and this will be an edge of Voronoi Diagram.
The points where the edges intersect will be the Voronoi vertices.

If the Voronoi Diagram is a graph G, the corresponding dual graph G is called a
Delaunay triangulation. In figure 1, the dotted lines form the Voronoi Diagram and the
solid lines show the Delaunay triangulation. The vertices in the graph G correspond to
faces in the graph Gx. Each of the faces in GG corresponds to a vertex in the graph Gx. If
the two faces in GG have a boundary edge, the corresponding two vertices in G* are
connected. If no four points are cocircular, the degree of the vertices is three in the
Voronoi Diagram, and the dual graph is a collection of triangles. From the Delaunay
triangulation, it is easy to find the convex hull, which is the smallest convex set containing
all given points. The boundary of the convex hull is the boundary of the outer edges of
the Delaunay triangulation.

In this study, Voronoi Diagrams are computed by use of Fortune’s algorithm, which

is a plane sweep algorithm (Fortune, 1987).

Voronot Diagram of Moving Points

Voronoi Diagrams have been applied to geometry for moving points. There is a nice

method of maintaining Voronoi Diagrams in two dimensions over time (Albers et al.,



Figure 1. Voronoi Diagram and Delaunay Triangulation

1998).

Consider a finite set of points Pi,i = 1,...,n,(n > 3), each of which is moving along
a given path. The points form a Voronoi Diagram. The Delaunay triangulation captures
the topological structure of the Voronoi Diagram. After a small motion, the topological
structure will be changed and the change will usually be local, that is, confined to a
retriangulation of four points. Those changes are called topological events. The
elementary changes are separated into two cases. One of the changes occurs inside a
convex hull, and the other occurs on the convex hull. The Voronoi Diagram is not
recalculated unless a topological event occurs. The topological events need to be stored in
a priority queue according to time and the queue is updated when one of the events
occurs. After an event, the Voronoi Diagram needs to be updated, but if the event is local,
a partial update of the points related to the event needs to be completed. If the event is
not local, recalculation of a Voronoi Diagram will be performed. This algorithm

introduced better performance than the entire recalculation of Voronoi Diagram with



every motion of the points. The author concludes that every topological event needs

O(logn) time and there are at most O(n*) topological events.
Topological Fvents

Topological structure is changed when a given point A’s neighbor, called point B,
moves away, and B is no longer A’s neighbor. The elementary change of topological
structure includes two cases.

First, consider two adjacent triangles T'1 = (A4, B,C) and T2 = (B, C, D). The
triangle T1 represents that one point’s neighbors are two other points. For example, B
and C are neighbors of A, but D is not a neighbor of A. After an elementary change of
topological structure, these two triangles will become triangles T3 = (4, B, D) and
T4 = (B,C, D). Now, D is a neighbor of A, and C is not a neighbor of A. This event is

called SWAP, which is shown in figure 2.

Figure 2. Topological Event SWAP

Second, consider two adjacent triangles T'1 and T2, where points A, C, and D are



on the convex hull. The point C is moving to B and other points reside where they were
previously found. Before C crosses line L1 = (4, D), the neighbors’ information is not
changed, which means that two triangles T'1 and T2 remain part of the triangulation.
However, After C crosses line L1, those triangles become three separate triangles

(A,C,B), (B,C,D), and (A, C, D). This event is shown in figure 3.

Figure 3. Topological Event on Convex Hull

Finding a Topological Event

There are two types of topological events, one inside the convex hull, the other on
the convex hull. In each case a determinant can be used to compute the time of the event.
The first case is that the event will occur inside the convex hull and the InCircle

determinant (Guibas & Stolfi, 1985) will be utilized:
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Consider two adjacent triangles T1 = (A, B,C) and T2 = (B, C, D). There are no
points in the circle defined by those three points A, B, C' because of a property of the
Delaunay triangulation. After the point D moves into the circle C1 = (4, B, C), this
Delaunay triangulation property no longer holds true. When the InCircle determinant is .
0, D is on the circle defined by three points A, B, and C. This means that the topological
event just occurred. For all possible pairs of adjacent triangles, this InCircle determinant
needs to be re-evaluated to discover all possible topological events. In this case, no other
points exist on the circle C1.

Consider four points A = (z4,%.), B = (zp, 1), C = (2, Ye), and D = (z4,y4) with
straight-line motion. Let each point’s velocity be (Zya, Yva)s (Zob, Yob)s (Tves Yoe), and
(Zvd, Yva) respectively. If time ¢ is considered to be «hen an event will occur, the InCircle
determinant takes on the form shown in equation 2. In order to find the value of ¢, the

fourth degree equation InCircle(A, B, C, D) = 0 must be solved.
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The second case is that the event will occur on the convex hull. In this case, the

CCW determinant will be utilized. The determinant is the following:

ZTo Ya 1
CCW(A,B,C) = |z 4 1 (3)

ZTe Yo 1




The CCW (A, B, C) primitive (Guibas & Stolfi, 1985) is defined to be true when the
points A, B, and C form a counterclockwise triangle. When the points A, B, and C form
a clockwise triangle, CCW (4, B,C) < 0.

Consider one triangle (A4, B, C) on the convex hull. The point C is moving toward
the inside of the convex hull. A point C will cross the line defined by two points A and B.
When C is on the line (A, B), these three points do not form a triangle. This means that
a topological event is occurring. When the determinant CCW is 0, the three points A, B,
and C are on the same line.

Consider four points A = (z4,¥s), B = (b, ), and C = (z,,y.) with straight-line
motion. Let each point’s velocity be (Tya,Yva), (Tobs Yvb), a0d (Zye, Yue) respectively. If
time t is considered to be when an event will occur, the CCW determinant will become
equation 4. In order to find the value of t, the determinant need to be 0. For the equation

CCW (A, B,C) =0, the equation of degree 2 needs to be calculated.

Ta + Tyal Yo + Yoot 1
CCW(A,B,C) = Th+ Byt Y +Yppt 1 (4)

Te+ Tyt Yo+ Yot 1

Updating of Topological Events

There are two types of topological updates. A SWAP is performed if four points are
cocircular. A triangulation is performed if more than four points are cocircular.

After all possible topological events are discovered, the updating of the topological
event needs to be considered to manage the topological events. All events are stored in a
priority queue. This queue is organized in order according to the time at which the event
will occur. There are two cases for the updating of the topological events. One case is an
update for an event, which is found by the InCircle test. For this event, we need to update
the topological structure. The whole triangulation need not be done. The change of the
topological structure is local to two adjacent triangles. Therefore, only those two triangles
need to be updated. After the triangle update, the event queue also needs to be updated.

The event that just occured will be removed from the queue. For the new event from the



two new adjacent triangles, the timing when the event will occur needs to be calculated,
and the new event will be added to the event queue according to the timing.

There is another case for the updating of the topological event. In the previous case,
only four points are cocircular. However, when more than five pj)ints are cocircular, the
previous update SWAP cannot be applied. The reason is that it is difficult to find which

point is close to another point after the event. One example is shown in figure 4. In this

case, complete triangulation will be performed.

Figure 4. Five Points Are Cocircular

Voronoi Diagram in Selfish Herd

W. D. Hamilton has shown that a Voronoi Diagram is useful with regard to the
Selfish Herd problem. A predator will attack the nearest prey, and all prey have their own
region which is called the “domain of danger”. Any points in a region of a given prey are
closer to the owner of the region than any other prey. This region forms a Voronoi cell. If

the domain is larger, the chance of attack will be higher.



One of the prey will notice that a predator is in its own region, and will try to
reduce the chance of attack. The prey moves to its nearest neighbor, but all other prey
stays in place during that moment. The nearest neighbor of a given prey is its closest

“neighbor among all neighbors of the prey. One property of this predator-prey problem is
that a relation between prey and its nearest neighbor is not symmetric. Therefore, each

prey has his own neighbor (figure 5).

Figure 5. Relation between Prey and Prey’s Closest Neighbor

From Hamilton’s observation, such a prey will reduce its domain of danger, which
means that the prey becomes safer in most cases. If the nearest neighbor is an isolated
prey, its domain of danger may increase. If the Voronoi cell is simple (3 or 4 sides), such
increases are more inclined to happen. Also, if the Vornoi cell has many sides, the domain
of danger will tend to be reduced. Because, based on Hamilton’s experimental analysis,
the average number of sides of a Voronoi cell is six, and having a low number of sides is a
rare case, he concluded that a given prey moving to its nearest neighbor is generally

beneficial (Hamilton, 1970).
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Simulation in Selfish Herd

S. Viscido tried Selfish Herd simulations with Voronoi Diagrams. The author
implemented the code with a combination of Bourne shell, C, Maple V, and SAS. This
simulation was based on time driven simulation.

The simulation field is a 500x500 space grid and the scale is in cm. He defined six
movement rules. The first movement is chosen at random, and the distance moved is 1.4
cm for each frame. The second movement is also 1.4 cm each frame, but the direction is
updated to their new closest neighbors, which is the method proposed by Hamilton. The
third movement is to jump to a space between their closest neighbors and their closest
neighbors’ closest neighbors. The fourth movement is 1.4 cm each frame and the
destination is the gap between the closest neighbors. The difference between the second
and the fourth movement is whether the destination is updated every frame or not. The
fifth movement is 1.4 cm each frame and the direction chosen is based on the entire herd’s
position. The sixth movement is influenced by a decay function which determines how
much of an influence each prey has.

First in this simulation, all simulated animals’ positions need to be defined. Next,
triangulation will be executed via Bourne shell code. A Maple program calculates the
domain of danger from the output of the triangulation program. This is the initialization
section, and after that a loop for simulation is called. Calculations for the animal’s
movements, triangulation, and domain of danger will be repeated until enough data is
collected to be analyzed. The analysis is to ascertain the difference between before and
after the domain of danger is observed.

The codes are available on the web. However, the results of those calculations have

never been published (Viscido, n.d.).



STATIC AND KINETIC VORONOI DIAGRAMS

When simulating a moving object, Voronoi Diagrams should be updated after every
small motion of objects. In Selfish Herd, all prey move to their own closest neighbors.
However, because neighbors are also moving, their neighbors and closest neighbor need to
be updated. The difference between simulations using the Static and Kinetic Voronoi

Diagrams is the way in which this information is managed over time.
Static Voronoi Diagrams

Voronoi Diagrams are calculated for initialization, and the topological structure of
the Voronoi Diagram is stored in an array. The topological structure shows a prey’s
neighbor’s information and the location of the closest neighbor in this application. After
every small motion of all objects, Voronoi Diagrams are recalculated, and the prey’s
neighbors and closest neighbors information are also updated. In this simulation,
recalculating and updating will be repeated every time after all prey moves. The
algorithm is shown in figure 6. Every time the Voronoi Diagrams are calulated, the scene
is considered to be Static. Therefore, this method is called the ”Static Voronoi Diagram”
in this study.

For calculating the topological structure, because Fortune’s algorithm is utilized, the
time complexity is O(nlogn). Letting the prey move and printing the prey’s positions
takes O(n). Recalculating the topological structure takes O(nlogn). The overall time

complexity for &k time steps is O{knlogn).
Kinetic Voronoi Diagrams

The initialization portion is the same as a Static Voronoi Diagram, which is

calculating a Voronoi Diagram and then storing the topological structure of the Diagram.

11
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Initialize a topological structure of the Vordnoi Diagram

Loop
all prey move
print prey’s positions
recalculate topological structure

END LOOP

Figure 6. Static Voronoi Algorithm

In this simulation, only when the topological sturucture is changed, will it be updated.
The change of topological structures are called topological events. The topological events
need to be stored according to time. In this study, this method is called the ”Kinetic
Voronoi Diagram” because the topological structure of a Voronoi Diagram is managed
over time. The algorithm is shown in figure 7.

The initialization section takes O(nlogn) and is similar to other Static algorithms,
with regard to time complexity. Letting the prey move and printing the prey’s positions
takes O(n). Retriangulation takes O(nlogn). For local updates, deleting an event takes
O(1) time, and putting a new event into a priority queue takes O(logn). Also, local
updates need the topological structure update, which requires O(1) time. The overall time
complexity for e events is O(mnlogn), where m is maz(n,e).

While retriangulation takes place during every simulation step in the Static Voronoi,
an event does not take place during every simulation step in the Kinetic Voronoi.
Therefore, the Kinetic Voronoi algorithm can be considered faster than the Static Voronoi

algorithm.



Initialize a topological structure of the Voronoi Diagram

LOOP
all prey move
print prey’s positions
If events occur, retriangulation or local update SWAP
Otherwise, do nothing

END LOOP

Figure 7. Kinetic Voronoi Algorithm

13



IMPLEMENTATION

An overview of the application will be introduced, followed by descriptions of the

data structures, classes, and functions used in the application.
Survey of Application

This implementation is portable so that a user on a different system can utilize it
for simulations. This program can be executed with or without animation according to
the availability of OpenGL. Without OpenGL, the animation portion will be ignored when
the program is compiled. With OpenGL, functions need to be registered for initializing a
window, for drawing all prey’s positions, for letting prey move, and so forth. A
user-initialized flag determines if animation is included.

The program consists of two main parts: a simulation and an animation part (figure
8). The simulation section deals with each moving prey’s position and the domain of
danger, which is the Voronoi cell. For the animation, one member function in the herd
class will take the preys’ positions and neighbors’ indices, and the animation part will
display the map.

The simulation section uses object-oriented design with C++ in order for the user
to be able to modify it easily. The application was implemented on Red Hat Linux 9.0,
and the animation section is coded with OpenGL.

The top level algorithm with graphics is shown in figure 9.

The top level algorithm without graphics is shown in figure 10. The integer
loop_num is for count how many simulation steps are executed.

Both programs take O(n) running time, where n is the number of loop incarnations.
The reason behind the O(n) running time is that it iterates n times. In the pseudocode

shown in figure 10, n is 20.

14
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Simulation Part e
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Vorono1 Voronoi
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Control = ation
Module _J Output
Animation Part

Figure 8. System Architecture

Data Structure

There are three data structures defined in the application. The “eventque” data
structure is for an event queue. The “triangle” data structure stores a triangle’s
information. The “position” data structure is to store prey’s postion.

- Event queue

typedef struct myeventqued{
int trianglei([3], triangle2[3];
double time;
struct myeventque *next;

}eventque;

This is stored in a linked list of eventque structures. The eventque structure
includes two arrays of three integers which stores prey indices. Three prey form a triangle
and two triangles will be related to one event (figure 2 and 3). This linked list is a priority
queue based on when a given event will occur. A herd class includes an eventque linked

list as private data. In a herd class’s constructor, a event queue will be set up from
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Initialize a herd.
main(){
Initialize Window information using OpenGL Utility Toolkit (GLUT)
registering display function
registering Idle function
myInit();

glutMainLoop();

Figure 9. Top Level Algorithm with Graphics

Delaunay triangulation information. This queue will be updated when a event occurs.
When the program finishes, this queue will be disapper with the herd class.

- Triangle

typedef struct mytriangle{
int bot;
int top;
int right;
struct mytriangle *next;

}triangle;

This is stored in a linked list of triangle structures. The triangle structure includes
three integers which form a triangle. Also it has a pointer which contains the address of
the next triangle. If there is no following triangle to be considered, the pointer will
contain the NULL address. This triangle structure will be used when triangulation is
taken place. Trianglulation information in triangle linked list will be used for discovering
prey’s neighbors and nearest neighbor or for finding all possible events. After the use for
neighbors or events, the triangle linked list will be deleted.

- position
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Initialize a herd;

Initialize loop_num integer;

MAINO){
LOOP
Increment loop_num;
if ( loop_num > 20 ) break;
herd_A.MoveAllPrey();

END LOGP

Figure 10. Top Level Algorithm without Graphics

typedef struct myposition{
double x;
double y;

}position;

This position structure includes x and y coordinates and is used when prey’s
positions and “one step” of prey are stored. Prey’s positions and “one step” of prey are
stored as private variables in a prey class. Those variables are initialized when a prey is

created in a herd class constructor and exist until a prey is destroyed.
Ezxplanation for Class

There are four classes utilized in this application. The first two classes are codes
from other programs, and the other two classes are prepared for this simulation. The first
two classes are from Fortune’s algorithm for performing triangulation, and from J-P
Moreau’s program for finding roots of an equation of degree 2, 3, and 4. The original code
from other programs are modified for this application. The prey and herd classes are

created for this aplication.
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- Fortune Class

class Fortuneq{

private:

public:
Fortune();
int FortuneAlgo(position *allpos, triangle *head);
void readsites(position *allpos) ; /* from voronoi.c */
void voronoi(Site *(*)(), triangle *head) ; /* from voronoi.c */

};

This class is from a C program written by Steve J. Fortune (1987) and the code can
be downloaded (Brook, 1999). The code is for the sweep line algorithm for Voronoi
diagrams (Fortune, 1987). Minor points are modified for the input, output, and main
functions. The majority of the main function was moved to a function called
“FortuneAlgo”, which is the only function to be called from other classes. This function is
called when triangulation is needed. In this project, triangulation is needed in the Herd
class. In order to pass prey’s positions to the FortuneAlgo() function for input, a
temporary array of position structure is used. A pointer of type “triangle structure” will
be also passed to this function, and the result of this class will be next pointer of the
triangle structure, which is a linked list.

- Root Class

class Root{

private:
double a[5][61, r[5]1;
int i,n;

double aa,b,c,d,ii,im,k,l,m,q,rr,s,85%;

public:
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Root () ;

double f(double x);

void Root_2();

void Root_3();

void Root_4();

void CalcRoot(double x4, double x3, double x2, double x1, double xO0,

int *num_ans, double *smallest);

};

This class is from a C++ program written by J-P Moreau (Moreau, 2002). The
reason that this program is utilized here is because the code is easily extendable due to
the nature of the language used (C++). This is used to calculate the real or complex
roots of algebraic equations of degrees 2, 3, and 4. To find when a given event will
happen, an equation of degree 4 will be solved by this class. In this project, coeflicients of
time t’s degree 4 are small in the usual case. Those small coefficients are ignored and this
equation will be solved as an equation of degree 3. If coefficients are between -0.001 and
0.001, those coeflicients are ignored.

- Prey Class

class Prey{

private:
position pos, onestep;
int myindex, neinum;

int neighbors[PREYNUM];

public:
Prey();
void SetPosition(double x, double y);

void SetIndex(int indx);



20

void SetNeighbors(triangle xhead);

void CopyNeighbors(int max, int *inordernei);
void SetClosest(double xclosest, double yclosest);
void GetNeighbors(int *max, int **nei);

void GetPosition(position *returnpos);

void GetOnestep(position *returnpos);

void Move();

void PrintPos(void);

};

This class is for the prey. Prey must store their own position and desitination. In
this project, prey have two position structures, which consist of their current positions
and their “one steps”. The “one step” contains x and y coordinates for one motion. In
this study, the normalized vector from a prey’s position to its nearest neighbor’s postion is
set up as the “one step”. Prey also have an array of integers to store any neighbors’s
information. Prey are numbered from 0 to a given max number. The max number of prey
is defined as “PREYNUM?” in file “myheader.hpp”. The prey class has five functions to
set their private variables. These functions are to set their positions, indices, neighbor’s
triangulation information, neighbor’s array, which is passed by argument to neighbors
array in private variables, and to set “one step”, which is their closest neighbor’s
direction. In order to get private variables, three functions are prepared, to get neighbors,
positions, and to get “one step”. Also, functions are available for printing their position,

and for moving one step.

- Herd Class

class Herd{
private:
Prey member [PREYNUM] ;
double areaofdanger [PREYNUM] ;

double old_areaofdanger [PREYNUM] ;
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eventque eventhead;

public:
Herd();
void SetAllClosest();
void SetAreaOfDanger();
void SetAllNeighbors(triangle *head);
void SetEventQueue(triangle xhead);
void GetAllPosition(position *allpos);
void GetAllOnestep(position *allpos);
void MoveAllPrey(void);
void PrintAl1Prey(void);

void DisplayHerd(void);

This class is for the herd. The herd stores an array of prey. It also has two arrays
which store floating points, the first of which is for the current area of danger, which is the
area of each prey’s Voronoi diagram. The second is for the area of danger before the last
event so that the herd can ascertain the difference between the new and old area of
danger. The last private variable is an event queue structure which is constructed with a
linked list. If the next pointer of the head event queue is NULL, the event queue is
considered to be empty. To initialize the herd, which includes producing prey, the Herd
constructor is prepared. Three functions are for setting area of danger, neighbors of all
prey, and the event queue. To get information from private variables in the Herd class,
two functions are written for getting positions of all prey, and getting the “one step” of all
prey. In the simulation, prey are moved one step by a function called MoveAl1Prey().

The last function is to print all prey positions.
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Global Functions

These functions are defined globally. The function Randomnum() returns a random
integer. The function Distance () calculates distance from one position to another. The
function NormToward () normalizes a vector. Other functions explained in this section it to

handle triangle linked list, and to handle an event queue.

int Randomnum(wvoid){

srand (time (NULL));

return(rand());

This function simply returns a random integer. This is called when the prey’s
positions are initialized. In this function, srand and rand functions are called to get
random numbers at any time. Simulators can specifically define this number if they want

to use particular initial positions of prey.
double Distance(position *from, position *to);

This function calculates distance from one position to another. The arguments are
two position structure pointers and the returned value is a floating point value. When a
prey picks the nearest neighbor among his neighbors, a distance between the prey and his

neighbors will be calculated using this function.
void NormToward(position *from, position *to, position *one)

This function normalizes a vector. The arguments are three positional structure
pointers. A vector from position “from” to position “t0” can be created, and this is the
vector to be normalized. The normalized vector will be stored where the position
structure pointer “one” is pointing. This function is called when prey’s “one step” is
calculated. The “one step” can be calculated, when the prey’s position is inserted into the

“from” argument and the prey’s neighbor’s position is inserted into the “to” argument.
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- void AddNextTri(triangle *head, int bot, int top, int right);
- int DelNextTri(triangle xhead);

- void DelAllTri(triangle xhead);

The function AddNextTri() adds a triangle structure into triangle linked list. First,
it allocates the space for triangle data structure. Second, it puts all three indices of prey
into three integer variables in the triangle data structure. Then, this new triangle
structure will be stored immediately after the “head” triangle structure. This function
will be called when Delaunay triangulation has taken place and the result of the
triangulation will be stored in the triangle linked list.

The function DelNextTri() deletes a triangle structure which the “head” triangle
structure’s “next” pointer is pointing to. This function will be called by a function
DelAl1Tri() repeatedly.

The function DelA11Tri() deletes an entire triangle linked list. After a calculation
of topological structure, such as neighbors, closest neighbor, and a calculation of possible

events, the triangle linked list will be entirely deleted by use of this function.

- void AddInOrderEvent(eventque ¥head, int al, int a2, int a3,
int bl, int b2, int b3, double time);

- void AddNextEvent (eventque *head, int al, int a2, int a3,
int bl, int b2, int b3, double time);

~ int DellNextEvent(eventque *head);

- void DelAllEvent (eventque *head);

The function AddInOrderEvent () adds an event into priority queue according to
the variable “time”. The “time” variable represents how many steps later an event will
occur. Two triangles relate to an event, and are stored in eventque data structure with
time variable. This function will be called when a new event needs to be added to the
event queue.

The function AddNextEvent () adds a new event into the eventque linked list. A

space for a new eventque structure will be allocated and the new eventque structure will
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be stored in the linked list, where the “head” of eventque’s “next” pointer is pointing to.
This function is called by AddInOrderEvent ().
The function DelNextEvent () deletes an event, which “head” eventque structure’s
next pointer is pointing to. It will be called by the function DelA11Event () repeatedly.
The function DelA11Event () deletes a eventque linked list. When retriangulation
needs to occur, an event queue is deleted using this function. Also, events which have

already occured need to be deleted.

Global Functions to Find When an Event Occurs

i

double coefficient_t_4(double xa, double xb, double xc, double xd,
double ya, double yb, double yc, double yd,
double xva, double xvb, double xvc, double xvd,

double yva, double yvb, double yvc, double yvd);

double coefficient_t_3(double xa, double xb, double xc, double xd,
double ya, double yb, double yc, double yd,
double xva, double xvb, double xvc, double xvd,

double yva, double yvb, double yvc, double yvd);

double coefficient_t_2(double xa, double xb, double xc, double xd,
double ya, double yb, double yc, double yd,
double xva, double xvb, double xvc, double xvd,

double yva, double yvb, double yvc, double yvd);

double coefficient_t_1(double xa, double xb, double xc, double xd,
double ya, double yb, double yc, double yd,
double xva, double xvb, double xvc, double xvd,

double yva, double yvb, double yvc, double yvd);

double coefficient_t_0(double xa, double xb, double xc, double xd,
double ya, double yb, double yc, double yd,
double xva, double xvb, double xvc, double xvd,

double yva, double yvb, double yvc, double yvd);
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Let ¢ be the time when an event will occur. The time t can be found using the
determinant Incircle(A, B,C, D). Four prey’s positions are (Z4,%a), (Zs,¥s), (Z¢, Ye), and
(z4,yq)- Each prey moves straight toward its closest neighbor and each prey’s velocity is
(Tvas Yva)s (b, Yvb)s (Tves Yue)s and (Tyd, Yua) respectively. This velocity is each prey’s “one
step” variable, which is a private variable located in the prey class. The
Incircle(A, B, C, D) will be equation 2.

When an event occurs, the determinant will be 0. This equation can be solved by
using the root class. Each degree’s coeflicients need to be passed to the member function
CalcRoot() to solve an equation. Functions coefficient_t_4(), coefficient_t_3(),
coefficient_t_2(), coefficient_t_1(), coefficient_t_0() are to retrieve the
coeficients of 4, ¢3, 2, t1, and t° respectively. To expand the determinant

InCircle(A, B, C, D), Mathematica was utilized and the result coded in C++.
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mycircle =
B +Xnt, o t¥al, (MR+Xnt) 2+ (Y + ¥ £ 2, 1},
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Figure 11. Mathematica Result (Define variable)

In figure 11, an array is put into a variable “mycircle” to get the InCircle
determinant. The determinant can be gotten a command “Det[mycircle]”. Figure 12
shows expanding the determinant and putting it into a variable “Ans”. To get formulas
for coefficients of t*, 3, t2, t!, and t°, commands “Coefficient[Ans, t, 4]”, “Coefficient[Ans,

t, 3], “Coefficient[Ans, t, 2]”, “Coefficient[Ans, t, 1]”, “Coeflicient[Ans, t, 0]” will be
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Figure 12. Mathematica Result (Expand determinant)

utilized, one of which is shown in figure 13.
Member Functions of Prey Class

The function SetNeighbors() in the prey class is described in this section. This
function is used both for the Kinetic and for Static Voronoi algorithms.

void Prey::SetNeighbors(triangle *head)

This is a member function of the Prey class. The linked list of the triangle data
structures will be used after getting the head pointer of the triangle structure, which is

pointing to head of the linked list. From the linked list, this function will find triangles,
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Figure 18. Mathematica Result (Coefficient of degree 4)

including the involving prey as one of the three points. Because the other two points will
be neighbors of this prey, they are put into a temporary array if they are not currently
stored in it. After checking all triangles from the liriked list, the temporary array will be
copied to the private array in prey class by using the CopyNeighbors member function of

the prey class.
Member Functions of Herd Class

The functions SetAl1Closest (), SetEventQueue (), MoveAllPrey(), and
MoveAllPreyStatic() in the herd class are explained in this section. The function
MoveAllPrey () is only for Kinetic Voronoi algorithm and the function
MoveAllPreyStatic() is only for the Static Voronoi algorithm. The other two functions
SetAllClosest () and SetEventQueue() are for both the Kinetic and Static Voronoi

algorithms.
void Herd::SetAllClosest()

This is a member function of the Herd class. This function will be called after prey’s

neighbors are set. The neighbors will be set in clockwise order before setting the closest
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prey. Then direction of movement of the prey will be set to the location of the closest
neighbor. Neighbors will be divided into two sets, upper and lower parts of the prey. Each
vector from the prey to neighbors will be calculated and will be normalized. The upper
and lower neighbors, in order, can be read according to the x coordinates of the
normalized vectors. After sorting them, the lower neighbors list will be added to the end
of the upper list so that neighbors are listed in clockwise order. This list will be copied to
a private array in the prey. After setting the neighbors in order, the prey’s closest
immediate neighbor will be set. The distance from the prey to the neighbors will be
calculated and the neighbor with the shortest distance will be picked for the closest
neighbor. The neighbor’s position is passed to the member function SetClosest of the prey
class. In this function, the vector from the prey to the neighbor is normalized and the
normalized vector will be set to the “one step” of the prey. This is how all prey’s closest

neighbors are defined.
void Herd::SetAreaOfDanger ()

This function is a member function of the Hérd class. This function will be called
every time the prey’s area of danger needs to be calculated. When this function is called,
the private array areaofdanger will be set. The private array old_areaofdanger stores
the previous information of areaofdanger. For calculating the Voronoi cell, Voronoi
vertices are needed. By using the function FindCenter() with the position of the prey
itself and the neighbors’ positions, all Voronoi vertices will be calculated. To calculate
Voronoi cell area, Voronoi vertices will be set in clockwise order. After calculating the
Voronoi cell area, it will be stored as an area of danger.

To calculate the Voronoi cell area from Voronoi vertices, consider Voronoi vertices
A= (z1,11), B=(22,¥2), C = (23,¥3), D = (z4,y4), and E = (z5,ys5). And also, there
are A' = (z1,0), B' = (%2,0), C" = (23,0), D' = (24,0), and E' = (z5,0). Voronoi vertices
A, B, C, D, and E form a Voronoi cell, shown on figure 14.

There are trapezoids T1 = A,B,A",B’, T2=B,C,B',C'", T3 =C,D,C', D,

T4=D,E,D'\E',and T5 = E, A, E', A’. The area of the Voronoi cell can be calculated
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Figure 14. Calculate Area of Voronoi Cell

by addition of the areas of T'1, T2, and T'3 and subtraction of the areas of 74, and T'5.

This can be calculated by one formula 5.

n—1 ) _
VoronoiArea = Z (Tiq1 xz)2(yz + Yot1) n (z1 xn)z(yn + 1) )
i=1

void Herd::SetEventQueue(triangle *head)

This function is a member function of Herd class. This function is called when the
event queue is initialized or when retriangulation is performed. This function will find all
possible events and put them into priority queue. First, it will find all pairs of adjacent
triangles from triangle information, which is passed by an argument. When a pair of
adjacent triangles is found, an equation InCircle(A, B,C, D) =0, where A, B, C, and D
are the points of triangles, will be calculated. When time ¢ is found, this new event is
inserted into a priority queue using AddInOrderEvent () function. After all possible events

are found, the function SetEventQueue () is terminated.
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void Herd::MoveAllPrey(void)

This is a member function of the Herd class. This is used for a Kinetic Voronoi
simulation. This function is called when all prey move one complete simulation step. This
function is called repeatedly until the simulation is finished. First, it lets all prey move
using a member function Move() of the prey class, and prints all prey positions. All
“time” variables in the event queue need to be updated so that at this moment, we will
know when those events will occur. After “time” variable’s updates, this function checks if
any events have already occured. If the “time” variable is negative, this event has already
occured. If any event does not occur, it calculates “area of danger” using
SetArea0OfDanger (). Otherwise, The topological structure and an event queue will be
updated. For updating the topological structure and an event queue, retriangulation or
partial update, SWAP, needs to be done. In retriangulation, an event queue, neighbors
information, and the closest neighbors will be set up again as they are initialized. The
neighbors information, and the closest neighbors are overwritten, and the old event queue
is deleted. In partial update neighbors of the four prey which are related to the event are
changed. For example, if triangle T'1(A, B, C) and T2(B, C, D) become T3(A, B, D) and
T4(A,C, D), A’s neighbors will be B and D insted of B and C, and so on. After
neighbors are updated, their closest neighbor will be calculated. From the new triangles,
an event will be created and the timing when it will occur will be calculated. If the event
could occur based on the time, the event will be added to the event queue. After adding
the event, an event, which has already occured, need to be deleted. SetAreaOfDanger ()
will be called to calculate “area of danger”. The pseudocode of this function is shown in

figure 15.
void Herd::MoveAllPreyStatic(void)

This is a member function of the Herd class. This is used for the Static Voronoi
simulation. The function is called when all prey move one complete simulation step. This
function is similar to MoveAllPrey(), except without event queue updates. First, it lets all

prey move one step by using a member function Move() in the prey class. Then, all prey
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MoveAllPrey(){
For all prey, call Move()
Call PrintAllPrey()

Update Time variable in Event Queue

If events occur,
Perform SWAP or triangulation.
Update topological structure
Update Event Queue

End of if

Call SetAreaOfDanger()

Figure 15. Function MoveAllPrey

positions are printed out. After that, triangulation will take place in order to update the
neighbors information and that of its closest neighbors. After the updating, “area of
danger” will be calculated by using SetAreaOfDanger (). The pseudocode of this function

is shown in figure 16.



MoveAllPreyStatic(){
For all prey, call Move()

Call PrintAl1Prey()

Perform triangulation

Update topological structure

Call SetAreaOfDanger()

Figure 16. Function MoveAllPreyStatic
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EXPERIMENT
Ezperiment Ezplanation

The purpose of this experiment is to find out if the Kinetic Voronoi algorithm is as
useful in application as the Static Voronoi algorithm, with regard to the Selfish Herd

problem. The data sets of the first experiments are shown on the table 1.

Table 1

Data Set of the First Ezperiments

Simulation field 200x200

The number of prey | 6, 9, 12, 15, 18, 21, 24, 27, 30

Simulation field 500x500

The number of prey | 6, 9, 12, 15, 18, 21, 24, 27, 30

In these experiments, all prey move to their nearest neighbors. In the Static
algorithm, the nearest neighbors of a given prey are decided when triangulation is
performed, which means that the nearest neighbors are updated after every simulation
step. In the Kinetic algorithm, the nearest neighbors are updated when triangulation is
performed, or when an elementary event SWAP has occured. When triangulation is
performed, all nearest neighbors are updated. However, a local update will be done when
an elementary event SWAP occurs. Their closest neighbors are not updated when no
events have occured.

The Static program outputs an area of danger for each prey, and the prey’s

positions after every simulation step. The Kinetic program outputs an area of danger for
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each prey, the event list which is in order according to timing, and the prey’s position
after every simulation step.
Experiments are observed for 20 simulation steps because 20 steps are enough to see

a general spread of events occuring.
Constraints for Kinetic Voronoi Algorithm

One of the important constraints for the Kinetic Voronoi algorithm is that all prey
move to where their closest neighbors were located during the previous event. Because all
prey are in motion, their targets are also in motion. However, in this application, all prey
have the location where their closest neighbors were when the triangulation had taken
place. The reason is that it is difficult to keep track of where the closest neighbors will be
moving.

Another of the constraints for the Kinetic Voronoi algorithm is that a linked list is
utilized for a priority queue which is an event queue. The time complexity of queue

operations could be improved by use of a more complex data structure.

Result

The tables 2 and 3 are showing prey’s indices, initial area of danger, and area of

danger after 20 simulation steps in a simulation with 6 prey in field 200x200.

Table 2

Kunetic 6 prey 2002200

prey index | initial area of danger | area of danger after 20 steps
0 3600.35 6500.46
1 1000000.00 1000000.00
2 1538.29 101731.60
3 838.62 87.36
4 48.54 22.71
5 4487.54 4281.81
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Table 3

Static 6 prey 2002200

prey index | initial area of danger | area of danger after 20 steps
0 3600.35 3804.14
1 1000000.00 1000000.00
2 1538.29 5110.40
3 838.62 75.40
4 48.54 25.29
5 4487.54 5231.56

Some areas are bigger than the simulation field. This means that the prey is on the
convex hull and in this simulation this case is ignored. In this case, the prey 1’s area of
danger will be ignored in both algorithm. In the Kinetic algorithm, the prey 0’s and 2’s
areas of danger have increased after 20 simulation steps. And the prey 3, 4, and 5 can
reduce their areas of danger. In the Static algorithm, the prey 0, 2, and 5 increased their
areas of danger and the prey 3, and 4 reduced their areas of danger.

The tables 4, 5, 6, and 7 are showing prey’s indices, initial area of danger, and area,

of danger after 20 simulation steps in a simulation with 30 prey in field 500x500.



Table 4

Kinetic Voronoi 30 prey 5002500 (prey index from 0 to 14)

prey index | initial area of danger | area of danger after 20 steps
0 9422.15 7782.69
1 14984.97 17235.93
2 740138.18 329007.12
3 7752.34 7678.06
4 90285.35 112679.32
5 4980.92 7472.20
6 83382.73 45886.61
7 7683.28 4621.69
8 2088693.79 1006528.24
9 9884.99 9236.96
10 8006.70 7840.13
11 135883.17 89060.76
12 85166.49 -118053.10
13 45107.87 -1184118.03
14 16877.64 24088.45

The tables 8 and 9 are showing which prey have smaller areas of danger after 20
simulation steps in the Kinetic and Static Voronoi algorithms. The table 8 is calculated

from the tables 4 and 5, and the table 9 is from the tables 6 and 7.
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Although only two cases of first experiments are shown here, the Kinetic algorithm

outputs almost the same result as the Static algorithm in all simulations. That means

that the Kinetic algorithm can be applied to Selfish Herd problems.



Table 5

Kinetic Voronoi 80 prey 500x500 (prey index from 15 to 29)

prey index | initial area of danger | area of danger after 20 steps
15 8121.67 8472.85
16 7471.85 7744.21
17 6750.51 4975.86
18 9626.74 13380.17
19 334684.26 342788.00
20 12285.61 12696.41
21 180624.19 137591.71
22 7266.81 9743.90
23 6567.95 5331.97
24 279872.94 1028762.51
25 101401.76 60208.60
26 6778.96 6213.94
27 14653.31 13647.53
28 7879.07 7234.49
29 22798.92 24533.38
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Table 6

Static Voronoi 30 prey 500z500 (prey index from 0 to 14)

prey index | initial area of danger | area of danger after 20 steps
0 9422.15 7780.59
1 14984.97 17238.09
2 740138.18 322871.51
3 7752.34 7627.75
4 90285.35 112295.86
5 4980.92 7819.25
6 83382.73 6285.94
7 7683.28 4620.90
8 2088693.79 7345.66
9 9884.99 9236.73
10 8006.70 7100.57
11 135883.17 87021.09
12 85166.49 1117.03
13 45107.87 726430.91
14 16877.64 24148.16
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Table 7

Static Voronoi 30 prey 5002500 (prey indez from 15 to 29)

prey index | initial area of danger | area of danger after 20 steps
15 8121.67 8445.45
16 7471.85 7740.12
17 6750.51 4917.82
18 9626.74 13452.37
19 334684.26 293983.65
20 12285.61 12697.34
21 180624.19 116099.47
22 7266.81 53604.94
23 6567.95 5332.51
24 279872.94 141105.43
25 101401.76 60165.64
26 6778.96 46004.60
27 14653.31 13581.78
28 7879.07 845562.80
29 22798.92 24533.66
Table 8

Prey Which Reduce or Increase Their Area of Danger (Kinetic)

Reduce
Increase

Ignore

0,236,789, 10, 17, 21, 23, 25, 26, 27, 28
1,4, 5, 14, 15, 16, 18, 19, 20, 22, 24, 29

12, 13
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Table 9

Prey Which Reduce or Increase Their Area of Danger (Static)

Reduce -

Increase

0,23, 6,78,9,10, 11, 12, 16, 17, 19, 21, 23, 24, 25, 27

1,4, 5,13, 14, 15, 18, 20, 22, 26, 28, 29
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COMPARISON WITH STATIC AND KINETIC
Ezplanation of Experiment

This experiment used the first experiment’s data sets (6, 9, ..., 30) in the simulation
field of 200x200 and 500x500 with additional data sets 100 and 1000 prey in the
simulation field of 1000x1000. This experiment does not require animation because it
compares with regard to the speeds of Static and Kinetic Voronoi algorithms.

In this experiment, the timing of how long it takes to execute one simulation step
with regard to Static and Kinetic algorithms will be recorded 20 times, and the average of

the timings will be calculated.

Timing Result of Experiment

The averages of the timing will be shown on the table 10. In most cases, the Static

algorithm is faster than the Kinetic algorithm.

However, for smaller number of data sets (6 and 9), the Kinetic algorithm is faster
than the Static algorithm. The table 11 shows the timing result of the simulations with 6
prey in 200x200 field.

When the Kinetic algorithm takes longer to proceed one simulation step than the
Static algorithm, for example, step 16 or 17, the Kinetic algorithm is performing
triangulation in addition to handling an event queue. In such a case, it is obvious that the
Kinetic algorithm is slower than the Static algorithm because of the additional procedures.

When the Kinetic algorithm is faster than the Static one, the Kinetic algorithm

does not perform a triangulation. If an event occurs, the Kinetic program is performing a
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Table 10

Averages of the Timings

200x200 500x500 1000x1000

Data set | Kinetic | Static | Kinetic | Static Kinetic Static
6 | 167.77 | 220.11 109 | 239.83
9| 769.27 | 382.16 | 144.83 | 369.61
12| 11225 | 535.83 | 638.88 525
15 | 1431.94 | 718.27 | 875.94 | 733.05
18 | 1811.66 | 859.16 | 1382.16 | 894.16
21 | 2317.77 | 1039.72 | 1495.94 | 1062.61
24 | 2770.94 | 1237.22 | 1893.77 | 1213.38
27 | 3091.27 | 1383.44 | 3111.16 | 1448.5
30 | 3685.38 1596 | 3410.38 | 1616.38

100 12776.44 | 3504.83

1000 328330.38 | 98608.38

SWAP update in addition to handling an event queue. Otherwise, the Kinetic program

does not do anything except handling an event queue.
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We can also observe that in Kinetic algorithm, a simulation with a larger data set,

for example 1000 prey, performed more triangulations than a simulation with a smaller

data set of 6 prey during 20 simulation steps.

Result of the Gprof Command

Other outputs are gleaned from the command “gprof”. The command “gprof” is to

know which functions are called, how many times those functions are called, and how long

they take to reach completion. The result of the gprof show which portion of the program

takes more time to be executed than other portions. Therefore, if the slower protion of the
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program is improved, the program will be improved effectively (Foundation, 1998).

e

To get the output of the “gprof” command, when the programs are compiled, the
“.pg” switch needs to be added to the “gprof” command. After compiling and executing
the programs profiles will be produced using a command such as, “gprof ./kvoronoi >
6kprof.out”. On the command line, the program name of the profile we want to get will be
followed by the command name “gprof”. The output will be stored in the file “6kprof.out”
in this example.

The following is a portion of result with 1000 prey in simulation field 1000x1000

from the Kinetic algorithm.

% cumulative self self total
time seconds seconds calls us/call us/call name
25.00 0.01 0.01 364156 0.00 0.00 Root::f(double)
25.00 0.02 0.01 5735 0.00 0.00 coefficient_t_3(

double, double, ..., double, double)

25.00 0.03 0.01 5732 0.00 0.00 Root::Root_3()

25.00 0.04 0.01 2100 0.00 0.00 Prey::SetNeighbors(
mytriangle*)

0.00 0.04 0.00 37998 0.00 0.00 Distance(myposition*,
mypositionx*)

0.00 0.04 0.00 30563 0.00 0.00 ref(tagSite*)

0.00 0.04 0.00 26026 0.00 0.00 NormToward(

myposition*, myposition*, mypositionx)

0.00 0.04 0.00 21895 0.00 0.00 makefree(
tagFreenode*, tagFreelist*)

0.00 0.04 0.00 20963 0.00 0.00 getfree(tagFreelist*)

0.00 0.04 0.00 18340 0.00 0.00 deref(tagSitex)

The following is part of result with 1000 prey in simulation field 1000x1000 from the

Static algorithm.



% cumulative self
time seconds seconds
50.00 0.01 0.01

double, ..., doublex)
50.00 0.02 0.01
SetAreaOfDanger()

0.00 0.02 0.00
myposition*)

0.00 0.02 0.00

0.00 0.02 0.00

calls

11968

21

38012

30563

26040

self

total

us/call us/call

0.

476.

myposition*, myposition*, mypositionx)

0.00 0.02 0.00

tagFreenode*, tagFreelist*)

0.00 0.02 0.00
0.00 0.02 0.00
0.00 0.02 0.00
0.00 0.02 0.00

tagHalfedge*, tagHalfedge*)

21895

20963
18340
15494

11972

84

.00

.00

.00

.00

.00
.00
.00

.00

0.

952,

84

38

.00

.00

.00

.00

.00

.00

.00

.00
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name

FindCenter (double,

Herd::

Distance(myposition*,

ref (tagSitex)

NormToward(

makefree(

getfree(tagFreelist*)
deref (tagSite*)
PQempty ()

intersect(

In the Kinetic algorithm, functions in Root class are called more often than other

function. To find when an event occur, the root class is used and if those functions are

improved, the Kinetic algorithm will be improved.



Table 11

Timing Result (6 prey in 2002200)

steps | Kinetic | Static
1] 97.000 | 264.000
2| 94.000 | 214.000
3 | 186.000 | 221.000
4 | 185.000 | 224.000
5 | 169.000 | 248.000
6 | 90.000 | 215.000
7| 88.000 | 222.000
8 | 89.000 | 217.000
9 | 87.000 | 221.000
10 | 88.000 | 214.000
11 | 88.000 | 212.000
12 | 90.000 | 222.000
13 | 90.000 | 214.000
14 | 89.000 | 221.000
15| 86.000 | 215.000
16 | 382.000 | 222.000
17 | 587.000 | 220.000
18 | 384.000 | 216.000
19 | 361.000 | 214.000

20 | 363.000 | 222.000




CONCLUSION

This paper proposed applying the Kinetic Voronoi Diagram algorithm to the Selfish
Herd problem. T}'1e experiments showed that the Kinetic algorithm can apply to the
Selfish Herd problem. From the timing results of the experiments, there are some
improvements which can be implemented. If the number of occasions triangulation are
reduced, the Kinetic algorithm is faster than the application presenfed in this paper.

There are four suggestions to improve the Kinetic Voronoi algorithm. The first
suggestion is that once a single group of prey converges, they move to the other closest
neighbor as a single prey. The second suggestion is moving to their closest neighbors
instead of moving to where their closest used to be. The third suggestion is using more
efficient data structure for priority queue, for example, by using heap instead of by using
linked list. The fourth suggesstion is improving functions to find roots of equation of 4 th
degree. These suggestions might let the execution time of Kinetic algorithm for one

simulation step shorter than the application presented in this paper.
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APPENDIX A (SOURCE CODES FOR PREY CLASS)

In this section, prey.hpp and prey.cpp are listed, and they are for prey class.

prey.hpp

#ifndef _PREY_H
#define _PREY_H

#include "myheader.hpp"

class Prey{

private:
position pos, /*destination,*/ onestep;
int myindex, neinum;

int neighbors[PREYNUM] ;

public:
Prey();
void SetPosition(double x, double y);
void SetIndex(int indx);
void SetNeighbors(triangle *head);
void CopyNeighbors(int max, int *inordernei);
void SetClosest(double xclosest, double yclosest);
void GetNeighbors(int *max, int **nei);
void GetPosition(position *returnpos);
void GetOnestep(position *returnpos);
void Move();
void PrintPos(void);
};
#endif
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prey.cpp

#include "prey.hpp"

/*************************************************/

/* Constructor */

ke e b ke ke s e ok sk ks s s sk ke e sk s s ke ke sk s ok sk s s ok sk s s s ok ke ok ok ok o/

Prey: :Prey (O{
pos.x = 0;
pos.y = 0;
neinum = 0;
for(int i=0;i<PREYNUM;i++){
neighbors[i] = EMPTY;
}

[ Aok sk ook ook ok sk ks o sk sk o sk ok ok ok sk o ko sk ok ok ok Aok ko sk ook ook ok /
/* SetIndex(int indx) */

/*************************************************/

void Prey::SetIndex(int indx){

myindex = indx;

A3k ek sk ok o ok ke ook ok ok ok ok ok sk s e ok sk sk ke ks sk sk ok ok o sk ook ok ok /

/* SetNeighbors() */

/3 ke sk o sk ek sk o sk ok e sl ok sk s ke s ks e sk ok ek sk Aok ok ok /

void Prey::SetNeighbors(triangle *head){
triangle *temp;
int in[2], inneighbor = FALSE;
int temp_neighbors[PREYNUM], temp_num = 0;
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temp = head->next;
while(temp != NULL){

if (myindex == temp->bot || myindex == temp->top
|| myindex == temp->right){

if (myindex == temp->bot) {
in[0]
in[1]

temp->top;

temp->right;

}

if (myindex == temp->top) {
in[0] = temp->bot;
in[1] = temp->right;

}

if(myindex == temp->right) {
in[0]
in[1]

temp->bot;

temp->top;

for(int i=0;i<2;i++){
inneighbor = FALSE;
for(int j=0; j<temp_num;j++){
if(in[i] == temp_neighbors[j]1){
inneighbor = TRUE;

j = temp_num;

if (inneighbor == FALSE){

temp_neighbors[temp_num] = in[i];

temp_numt+;
}
}
}
temp = temp->next;
}

CopyNeighbors (temp_num, temp_neighbors);



/*************************************************/

/* InOrderNeighbors() %/

/*************************************************/

void Prey::CopyNeighbors(int max, int *inordernei){
neinum = max;
for(int i=0;i<neinum;i++){
neighbors[i] = inorderneili];

}

/*************************************************/

/% SetClosest() */

/*************************************************/

void Prey::SetClosest(double xclosest, double yclosest){

position destination;

destination.x = xclosest;

destination.y = yclosest;

/* Call NormToward() to Set onestep */

NormToward(&pos, &destination, &onestep);

[ A3k ok ok ke sk o ok sk e s ok ke ks o ek ol s o ko oo ke sl o e ok o ek ok sk o /

/* GetNeighbors() return indexes of Neighbors x/

/*************************************************/

void Prey::GetNeighbors(int *max, int **nei){

*max = neinum;
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for(int i=0;i<neinum;i++){

neil[il=&neighbors[il;

/*************************************************/

/* SetPosition(double x, double y)  */

[ skt ek stk sk ok o o s sese s ok ok ke ks ok ks sl s ok o skeok sk ok sk ok o ok ok ok o ok /

void Prey::SetPosition(double x, double y){
pos.xX = X;
pos.y = ¥;

}

/e ook ke ok ok ek ke bk sk bk e ksl ke k sk ke sl e ok ksl el s s o ek ek ok sk sk ok sk sk ok sk /

/* PrintPos(void) */

/33K e e o e e ok sk e o ke s ke e K o sk e ok sk e s ok sk ok ok ok o ek ok ke o sk ok e ok ke ok /

void Prey::PrintPos(void){
printf("Index %2d x = }7.3f y = %47.3f\n", myindex, pos.x, pos.y);

Aok ke oke ok ke e ok ok ok ook ke ke ok sk s sk stk sk sk sk s s sk sk ok ok ke ok ek sk sk skesk sk s e ke ke ok /

/* GetPosition() return position */

/*************************************************/

void Prey::GetPosition(position *returnpos){

returnpos->x = pos.Xx;

returnpos—->y = pos.y;

/*************************************************/

/* GetOnestep() return position */

[ Sk ek ok o ok ook o ok sk ok Ak ok sk ok ok ok ok ok ke ok ek sk ok ok ok ok f



void Prey::GetOnestep(position *returnpos){
returnpos->x = onestep.x;

returnpos->y = onestep.y;

/*************************************************/

/* Move() Prey is moving toward closest */

/*************************************************/

void Prey::Move(){
pos.x += onestep.x;
pos.y += onestep.y;

}
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APPENDIX B (SOURCE CODES FOR HERD CLASS)

In this section, herd.hpp, herd.cpp, and herdstatic.cpp are listed. The files
herd.cpp and herd.hpp are for kinetic Voronoi algorithm, and the files herdstatic.cpp

and herdstatic.hpp are for static Voronoi algorithm.

herd.hpp

#ifndef _HERD_H
#define _HERD_H

#include <iostream.h>
#include <stdio.h>
#include <unistd.h>
#include "prey.hpp"
#include "fortune.hpp"

#ifdef MYDPENGL
#include <GL/gl.h>
#include <GL/glu.h>
#include <GL/glut.h>
#endif

class Herd{

private:
Prey member [PREYNUM] ;
double areaofdanger [PREYNUM] ;
double old_areaofdanger [PREYNUM] ;

eventque eventhead;
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public:
Herd();
void SetAllClosest();
void SetAreaOfDanger();
void SetAllNeighbors(triangle *head);
void SetEventQueue(triangle *head);
void GetAllPosition(position *allpos);
void GetAllOnestep(position *allpos);
void MoveAllPrey(void);
void PrintAllPrey(void);

#ifdef MYOPENGL
void DisplayHerd(void);

#endif

};

#endif

herd.cpp

#include "herd.hpp"
#include "root.hpp"

[ ke ke ke ok sk ks e s ok ke ok sk e e o sk o sk e s ke ek ks o ke o sk ok ks ke sk ke ok e o s e ke ok sk o ok sk s s o ok ok f

/** Herd() constructor sk /

/*******************************************************************/

Herd: :Herd (){
Fortune fort;
position allpos[PREYNUM];
triangle trihead, *temp;
eventque *etemp;

int i, j;

/*--- £ill prey’s position and index ---*/
for(int i=0;i<PREYNUM;i++){
member [i] . SetPosition(Randomnum()%1000,Randomnum()%1000) ;
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member [i] .SetIndex(i);
old_areaofdanger[i] = 0;
areaofdanger[i] = 0;

}

eventhead.next = NULL;
trihead.next = NULL;

GetAllPosition(allpos);
fort.FortuneAlgo(allpos, &trihead);

// Set Neighbors
SetAllNeighbors (&trihead) ;

SetAllClosest();
SetAreaOfDanger () ;
SetEventQueue (&trihead) ;
DelA11Tri(&trihead);

etemp = eventhead.next;

printf ("\n\n++++++++t++++++ Event List  ++d++++ttbd++++\n\n") ;
i=0;
while(etemp != NULL){
printf("%3d -- (%2d,%42d,%2d) (%2d,%2d,%2d) time %12.5f\n",
i++, etemp~>trianglei[0],
etemp->trianglel[1] ,etemp->trianglei[2],
etemp->triangle2[0],etemp->triangle2[i1],
etemp->triangle2[2],etemp->time);

etemp = etemp->next;

/*******************************************************************/

/** SetAllClosest() oy



/) ek s ok sk ok e ok b ok ok ke ok b e sk sl e e sk e sk ok ke sk sk sk s s e e ek ke ok ok o ok ok e ks s sese sk sk sk sk sk s sk sk sk sk sk sk o s ok /

void Herd::SetAllClosest(){
int max=0, tempclosest, index, tempin;
int *neighbors[PREYNUM] ;
int tempnei[2] [PREYNUM] ;
int tempnei2[2] [PREYNUM] ;
int tempnum[2], inorder [PREYNUM] ;
position tempnorm[2] [PREYNUM] ;
position allpos[PREYNUM], temppos;

double mindistance, tempdist;

GetAllPosition(allpos);

for(int i=0;i<PREYNUM;i++){
// Get Neighbors and Pick Closest.

member [i] .GetNeighbors(&max; neighbors) ;

1111171717717 make neighbor list in order
tempnum[0]=0;
tempnum[1]=0;

for(int k=0;k<max;k++){

if(allpos[i].y < allpos[*neighbors[k]l.y){ // upper
tempnei[0] [tempnum[0]] = *neighbors[k];
NormToward (&allpos[il,&allpos[*neighbors[k]],&tempnorm[0] [tempnum[0]]);
tempnum [0] ++;

}else{ // lower
tempnei[1] [tempnum[1]] = *neighbors[k];
NormToward (&allpos[i] ,&allpos [*neighbors[k]l],&tempnorm[1] [tempnum[11]);
tempnum[1]++;

}
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///  sort
for(int n=0;n < 2; n++){
for(int k=0;k<tempnum[n]-1;k++){
for (int m=k+1;m<tempnum[n] ;m++){
if (tempnorm[n] [k].x > tempnorm[n] [m].x){
temppos.x = tempnorm[n] [k].x;

temppos.y = tempnorm[n] [k].y;

tempnorm[n] [k] .x = tempnorm[n] [m].x;

tempnorm[n] [k].y = tempnorm[n] [m].y;

tempnorm[n] [m] .x = temppos.x;

tempnorm[n] [m] .y = temppos.y;
tempin = tempnei[n] [k];
tempnei[n] [k] = tempnei[n] [m];

tempnei[n] [m] = tempin;

// After sort

for(int k=0;k<tempnum[0] ;k++){
inorder[k] = tempnei[0] [k];

}
for (int k=0;k<tempnum[1] ;k++){
inorder [tempnum[0]+tempnum[1]-k-1] = tempneil[1] [k];

member [i] . CopyNeighbors(max,inorder) ;

1000000;
EMPTY;

mindistance

tempclosest

for(int j=0;j<max;j++){
tempdist = Distance(&(allpos[il), &(allpos[*neighbors[j11));



if (tempdist < mindistance){
tempclosest = j;
mindistance = tempdist;
}
}
member [i] .SetClosest ((allpos [*neighbors[tempclosest]]) .x,
(allpos[*neighbors[tempclosest]]).y);
}

void Herd::SetAreaOfDanger (){
int max=0;
int *neighbors[PREYNUM] ;
position allpos[PREYNUM];
position areapos[PREYNUM] ;
position tempareapos[2] [PREYNUM] ;
position tempnorm[2] [PREYNUM] ;
position temppos;
position inorder [PREYNUM];

int tempnum[2];

double t;

GetAllPosition(allpos);

for(int i=0;i<PREYNUM;i++){
old_areaofdanger[i] = areaofdanger([il;

areaofdanger[i] = 0;

member [i] .GetNeighbors(&max, neighbors);

if(max >= 3){

for(int j=1;j<max;j++){
FindCenter((allpos[*neighbors[j-1]1).x, (allpos[*neighbors[j-111).y,
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(allpos[*neighbors[jll) .x, (allpos[*neighbors[jll).y,
allposfi].x, allpos[il.y,
&(areapos[j-1].x) ,&(areapos[j-11.y));

}

FindCenter((allpos[*neighbors[max-1]]).x,
(allpos[*neighbors[max-1]]1).y,
(allpos[*neighbors[0]]).x, (allpos[*neighbors[011).y,
allpos[il.x, allpos[il.y,
&(areapos[max-1] .x) ,&(areapos [max-1].y));

tempnum[0]=0;
tempnum[1]=0;

for(int j=0;j<max;j++){

if(allpos[il].y < areapos[jl.y){ // upper
tempareapos [0] [tempnum[0]].x = areapos[j].x;
tempareapos [0] [tempnum[0]].y = areapos[j].y;
NormToward(&allpos[i] ,&areapos[j],&tempnorm[0] [tempnum[0]]);
tempnum[0] ++;

}else{ // lower
tempareapos[1] [tempnum[1]].x = areapos[j].x;
tempareapos[1] [tempnum[1]].y = areapos[j]l.y;
NormToward(&allpos[i] ,&areapos[j],&tempnorm[1] [tempnum[1]]);

tempnum[1] ++;

11171777 Soxt  /////11117111177
for(int n=0;n < 2; n++){
for(int k=0;k<tempnum[n]-1;k++){
for(int m=k+1;m<tempnum[n] ;m++){
if (tempnorm[n] [k].x > tempnorm[n] [m].x){
temppos.x = tempareapos[n] [k].x;
temppos.y = tempareapos[n] [k].y;

tempareapos [n] [m] .x;

tempareapos [n] [k].x
tempareapos [n] [m] .y;

tempareapos [n] [k].y



tempareapos [n] [m] .x = temppos.x;

tempareapos [n] [m] .y = temppos.y;

temppos.x = tempnorm[n] [k].x;

temppos.y = tempnormin] [k].y;

tempnorm[n] [k].x = tempnorm[n] [m].x;

tempnorm[n] [k].y = tempnorm[n] [m].y;

tempnorm[n] [m] .x = temppos.x;
tempnorm[n] [m] .y = temppos.y;
}
}
}
}

for(int k=0;k<tempnum[0] ;k++){
inorder[k] .x = tempareapos[0] [k].x;
inorder[k] .y = tempareapos[0] [k].y;

}

for(int k=0;k<tempnum[i];k++){

inorder [tempnum[0] +tempnum[1]-k-1] .x = tempareapos[1] [k].x;

inorder [tempnum[0] +tempnum[1]-k-1] .y
}

tempareapos [1] [k] .y;

for(int j=1;j<max;j++){
t =((inorder[jl).x - (inorder[j-11).x)
* ((inorder[jl) .y + (inorder[j-11).y) / 2.0;
areaofdanger[i] += t;
}
t =((inorder[0]) .x - (inorder[max-1]).x)
* ((inorder[0]).y + (inorder[max-1]).y) / 2.0;

areaofdanger[i] += t;

}else{
areaofdanger[i] = INFINITE;
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printf(*\nprey Area of Danger Difference between\n"

" old and new one \n");

for(int i=0;i<PREYNUM;i++){
printf ("%2d %10.2f %10.2f\n", i, areaofdanger[i],
areaofdanger[i]-old_areaofdanger[il);

}

printf ("\n\n");

}

void Herd::SetAllNeighbors(triangle *head){
for(int i=0;i<PREYNUM;i++){
member [i] .SetNeighbors (head) ;

void Herd::SetEventQueue(triangle *head){
int bot, top, right, found, eventindex=0, x1,x2,x3,x4;
double xx0, xx1, xx2, xx3, xx4;
double xa, xb, xc¢, xd, ya, yb, yc, yd;
double xva, xvb, xvc, xvd, yva, yvb, yvc, yvd;
position allpos[PREYNUM] ;
position allonestep[PREYNUM];
triangle trihead, *templ, *temp2, *temp3;
Root findroot;
int num_ans;

double smallest;
templ = head->next;

GetAllPosition(allpos);
GetAllOnestep(allonestep);

while(templ != NULL){
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bot = templ->bot;
top = templ->top;

right = templ->right;

temp2
while(temp2 != NULL){

templ->next;

if(
((bot == temp2->bot || bot == temp2->top || bot == temp2->right) &&
(top == temp2->bot || top == temp2->top || top == temp2->right))
I
((top == temp2->bot || top == temp2->top || top == temp2->right)&&
(right == temp2->bot||right == temp2->top||right == temp2->right))
P
((bot == temp2->bot || bot == temp2->top || bot == temp2->right)&&
(right == temp2->bot||right == temp2->top||right == temp2->right))){

x1 = top;
x2 = bot;
x3 = right;

if(top != temp2->top && bot!= temp2->top && right!= temp2->top){
x4 = temp2->top;

}else if(top != temp2->bot && bot!= temp2->bot && right!= temp2->bot){
x4 = temp2->bot;

}else if(top!=temp2->right&& bot!=temp2->right&& right!=temp2->right){
x4 = temp2->right;

xa = allpos[x1].x;
ya = allpos[x1].y;
xb = allpos[x2].x;
yb = allpos[x2].y;
xc¢ = allpos[x3].x;
yc = allpos[x3l.y;
xd = allpos[x4].x;
yd = allpos[x4].y;
xva = allonestep[x1].x;

yva = allonestepixl].y;
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xvb = allonestep[x2].x;
yvb = allonestep[x2].y;
xvc = allonestep[x3].x;
yvc = allonestep[x3].y;
xvd = allonestep[x4].x;

yvd = allonestep[x4].y;

]

xx4 = coefficient_t_4(xa, xb, xc, xd, ya, yb, yc, yd,
xva, xvb, xvc, xvd, yva, yvb, yvc, yvd);

xx3 = coefficient_t_3(xa, xb, xc, xd, ya, yb, yc, yd,
xva, xvb, xvc, xvd, yva, yvb, yvc, yvd);

xx2 = coefficient_t_2(xa, xb, xc, xd, ya, yb, yc, yd,
xva, xvb, xvc, xvd, yva, yvb, yvc, yvd);

xx1 = coefficient_t_1(xa, xb, xc, xd, ya, yb, yc, yd,
xva, xvb, xvc, xvd, yva, yvb, yvc, yvd);

xx0 = coefficient_t_O(xa, xb, xc, xd, ya, yb, yc, yd,

xva, xvb, xvc, xvd, yva, yvb, yvc, yvd);

findroot.CalcRoot (xx4,xx3,xx2,xx1,xx0, &num_ans, &smallest);

if (smallest !=MAXNUM) {
AddInOrderEvent (&eventhead, top, bot, right, temp2->top,
temp2->bot, temp2->right,smallest);

}

temp2 = temp2->next;
}
templ = templ->next;

void Herd::GetAllPosition(position *allpos){
for(int i=0;i<PREYNUM;i++){
member[i] .GetPosition(&allpos[il);



void Herd::GetAllOnestep(position *allpos){
for(int i=0;i<PREYNUM;i++){
member[i] .GetOnestep(&allpos[il);
}

void Herd: :MoveAllPrey(void){
double mindistance, tempdist;
double xx0, xx1, xx2, xx3, xx4;
double xa, xb, xc, xd, ya, yb, yc, yd;
double xva, xvb, xvc, xvd, yva, yvb, yvc, yvd;
int count, a, b, ¢, d, i, j, max, after, tempclosest;
int count_update;
int *neighbors[PREYNUM], updateneighbor [PREYNUM] ;
eventque *updateque, *temp, *etemp;
position allpos[PREYNUM];
position allonestep[PREYNUM];
Root findroot;
int num_ans;
double smallest;

int eventnum=0;

for(int i=0;i<PREYNUM;i++){
member[i] .Move();

}
PrintAl11Prey();
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SetArea0fDanger () ;

if(eventhead.next !=NULL){

temp = eventhead.next;
// Updating time variable in the priority queue
while(temp->next != NULL){

temp->time-—;

temp = temp->next;

if (eventhead.next->time < 0){ // When an event occur
GetAl1lPosition(allpos);

updateque = eventhead.next;
temp = eventhead.next;

count_update = 1;

// check if elementary topological change or retriangulate
while(temp->next != NULL && temp->next->time < 0){
count_update++;
temp = temp->next;
}
eventhead.next = temp->next;

temp->next = NULL;
temp = updateque;
if (temp != NULL){
if (count_update > 1){
/et o s ke ok o sk ok sk ks se sk e sk s ok ook ke e ks o sk s e sk s o ok sk ek ke ke o/

AT T 2220 Retriangulate ook dkokkskokkokkk f /

/************************************************************/

Fortune fort;

triangle trihead, *temptri;



trihead.next = NULL;
fort.FortuneAlgo(allpos, &trihead);
if (trihead.next==NULL){

}

temptri = trihead.next;

printf ("------———- retriangulation -------—- \n");

SetAllNeighbors(&trihead) ;
SetAllClosest();
DelAllEvent (&4eventhead) ;

SetEventQueue (&trihead) ;

DelAllTri(&trihead);

Yelse{

[ Ak ek ok ok ok sk ok s oo s ook ok o s ok s ok ok s ko o s ook sk sk ko sk ok ek ook /
[ KAk oo ko o o o o o e o Ko Sk ok o ek ks Ao ok ok sk o ok sk ko ek ok /
if (temp->trianglel[0] != temp->triangle2[0] &&
temp->trianglel[0] != temp->triangle2[1] &&
temp->trianglel[0] != temp->triangle2[2]){
a = temp->trianglel[0];
b = temp->trianglei[1];
¢ = temp->trianglel[2];
}else if(temp->trianglel[1i] != temp->triangle2[0] &&
temp->trianglel[1] != temp->triangle2[1] &&
temp->trianglel[1] != temp->triangle2[2]){
a = temp->trianglei[i];
b = temp->trianglel[0];
¢ = temp->trianglel[2];
}else if (temp->trianglel[2] != temp->triangle2[0] &&
temp->trianglel[2] != temp->triangle2[1] &&
temp->trianglel[2] != temp->triangle2[2]){
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a = temp->trianglel[2];
b = temp->trianglel[0];
¢ = temp->trianglel[1];

if( b != temp->triangle2[0] &% ¢ != temp->triangle2[0]){
d = temp->triangle2[0];

}else if( b != temp->triangle2[1] && c != temp->triangle2[1]){
d = temp->triangle2[1];

}else if( b != temp->triangle2[2] && c != temp->triangle2[2]){
d = temp->triangle2[2];

printf("An elementary topological event\n"
" (a,b,c,d) = (%2d,%2d4,%2d,%2d)\n", a, b, ¢, d);

[ e e e */
[*== Updating neighbors of a 4
/*--  insert d into neighbors list ——x/
[ *————— e o et */

member [a] .GetNeighbors (&émax, neighbors);

for (i=0;i<max;i++){
if(b == *neighbors[i] || ¢ == *neighbors[il){
updateneighbor[i] = *neighbors[i];
updateneighbor [++i] = d;
for(;i<max;i++){

updateneighbor[i+1] = *neighbors[i];

}
}else{
updateneighbor[i] = *neighbors[il;
}
}
max++;
mindistance = 1000000;
tempclosest = EMPTY;
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for(int j=0;j<max;j++){
tempdist = Distance(&(allposl[al), &(allpos[updateneighbor[j11));

if (tempdist < mindistance){
tempclosest = j;

mindistance = tempdist;

member [a] . SetClosest ((allpos [updateneighbor [tempclosest]]) .x,
(allpos [updateneighbor [tempclosest]]).y);

xa = allpos[al.x;

ya = allpos[al.y;

xva = (allpos[updateneighbor [tempclosest]]) .x;
yva = (allpos[updateneighbor[tempclosest]]l).y;
printf ("prey a’s Neighbors (before) —- ");

for(int k=0;k < max-1; k++){
printf ("%34",*neighbors[k]);
}
printf ("\nprey a’s Neighbors (after) -- ");
for(int k=0;k < max; k++){
printf ("%3d4" ,updateneighbor[k]);
}
printf ("\n");
member [a] . CopyNeighbors (max ,updateneighbor) ;

[ k—————— ————— e e e */
/%= Updating neighbors of b =%/
/*-- remove ¢ from neighbors list —-—x/
[ e e —————— */

member [b] . GetNeighbors(&max, neighbors);



for(i=0;i<max;i++){
if (¢ == *neighbors[i]){
it+;

for(;i<max;i++){

updateneighbor[i-1] = *neighbors[i];

}
}else{
updateneighbor[i] = *neighbors[il;
}
}
max--;
mindistance = 1000000;
tempclosest = EMPTY;

for(int j=0;j<max;j++){
tempdist = Distance(&(allpos[bl), &(allpos[updateneighbor[j11));

if (tempdist < mindistance){
tempclosest = j;

mindistance = tempdist;

member [b] . SetClosest ((allpos [updateneighbor [tempclosest]]).x,
(allpos[updateneighbor[tempclosest]]).y);

xb = allpos[b].x;

yb = allpos[bl.y;

xvb = (allpos[updateneighbor[tempclosest]]) .x;
yvb = (allpos[updateneighbor [tempclosest]l]).y;
printf ("prey b’s Neighbors (before) —-- ");

for(int k=0;k < max+1i; k++){
printf ("%34",*neighborsik]);
}
printf("\nprey b’s Neighbors (after) =-- ");



for(int k=0;k < max; k++){

printf ("%3d",updateneighbor[k]);
}
printf("\n");

member [b] . CopyNeighbors (max,updateneighbor) ;

[%——- - -= */
/*—~ updating neighbors of ¢ ~=%/
/*-- remove b from neighbors list -——x*/
/* -——= */

member [c] .GetNeighbors (&max, neighbors);

for(i=0;i<max;i++){
if (b == *neighbors[il){
it+;
for(;i<max;i++){

updateneighbor[i-1] = *neighbors[i];

}
Yelse{
updateneighbor[i] = *neighbors([il;
}
}
max—-;
mindistance = 1000000;
tempclosest = EMPTY;

for(int j=0;j<max;j++){
tempdist = Distance(&(allpos[cl), &(allpos[updateneighbor[j11));

if (tempdist < mindistance){
tempclosest = j;

mindistance = tempdist;

I



member [c] .SetClosest ((allpos[updateneighbor [tempclosest]l]) .x,

(allpos[updateneighbor[tempclosest]]).y);

xc¢ = allposl[c].x;

yc = allposl[c].y;

xvc = (allpos[updateneighbor[tempclosest]]) .x;
yvc = (allpos[updateneighbor[tempclosest]]).y;
printf("prey c’s Neighbors (before) -- ");

for(int k=0;k < max+1l; k++){
printf ("%3d",*neighbors[k]);
}
printf ("\nprey c’s Neighbors (after) -- ");
for(int k=0;k < max; k++){
printf ("%3d" ,updateneighbor[k]);
}
printf ("\n");
member [c] . CopyNeighbors (max,updateneighbor) ;

[*——== e e e e */
[*== updating neighbors of d -—x/
/*¥-- insert a into neighbors list -—*/
/* -- - */

member [d] .GetNeighbors (&¥max, neighbors);

for(i=0;i<max;i++){
if (b == *neighbors[i] || ¢ == *neighbors[i]){
updateneighbor[i] = *neighbors[i];
updateneighbor [++i] = a;

for(;i<max;i++){

updateneighbor[i+1] = *neighbors[i];

}
Yelse{
updateneighbor[i] = *neighbors[il;

max++;
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1000000;
EMPTY;

mindistance

tempclosest

for(int j=0;j<max;j++){
tempdist = Distance(&(allpos[d]), &(allpos[updateneighbor[jl1));

if (tempdist < mindistance){
tempclosest = j;

mindistance = tempdist;

member [d] .SetClosest ((allpos[updateneighbor [tempclosest]]) .x,
(allpos[updateneighbor[tempclosest]]).y);

xd = allposld].x;

yd = allpos[d].y;

xvd = (allpos[updateneighbor[tempclosest]]).x;
yvd = (allpos[updateneighbor [tempclosest]]).y;
printf ("prey d’s Neighbors (before) =-- ");

for(int k=0;k < max-1; k++){
printf("%3d",*neighbors[k]);

}

printf ("\nprey d’s Neighbors (after) -- ");

for(int k=0;k < max; k++){
printf ("%3d" ,updateneighbor[k]);

}

printf("\n");

member [d] . CopyNeighbors (max,updateneighbor) ;

xx4 = coefficient_t_4(xa, xb, xc, xd, ya, yb, yc, yd,
xva, xvb, xvc, xvd, yva, yvb, yvc, yvd);

xx3 = coefficient_t_3(xa, xb, xc, xd, ya, yb, yc, yd,
xva, xvb, xvc, xvd, yva, yvb, yvc, yvd);

xx2 = coefficient_t_2(xa, xb, xc, xd, ya, yb, yc, yd,
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xva, xvb, xvc, xvd, yva, yvb, yvc, yvd);

xxl = coefficient_t_1(xa, xb, xc, xd, ya, yb, yc, yd,
xva, xvb, xvc, xvd, yva, yvb, yvc, yvd);

xx0 = coefficient_t_O(xa, xb, xc, xd, ya, yb, yc, yd,
xva, xvb, xvc, xvd, yva, yvb, yvc, yvd);

findroot.CalcRoot (xx4,xx3,xx2,xx1,xx0, &num_ans, &smallest);

if (smallest !=MAXNUM) {
AddInOrderEvent (&eventhead, b, a, d, a, d, c,smallest);

/*************************************************************/

/*************************************************************/

printf ("\n\n+++++++++++++++ Event List  +++t+ttttt+++++\n\n") ;
etemp = eventhead.next;
eventnum =0;
while(etemp != NULL){
printf ("%2d (%2d,%2d,%2d) (%2d,%2d,%2d) time %12.5f\n", eventnum++,
etemp->trianglel[0],
etemp->trianglel[1] ,etemp->trianglei[2],
etemp->triangle2[0] ,etemp->triangle2[1],
etemp->triangle2[2],etemp->time);
etemp = etemp->next;
}
printf ("\n\n");
}

DelAllEvent (updateque) ;

} // End of Event

73



void Herd::PrintAllPrey(void){
printf("\n");
for(int i=0;i<PREYNUM;i++){
member [i] .PrintPos () ;
}
printf ("\n");
}

#ifdef MYOPENGL
void Herd::DisplayHerd(void){
int max;
position allpos[PREYNUM] ;
position allonestep[PREYNUM];
int *neighbors[PREYNUM], updateneighbor [PREYNUM] ;

glClear (GL_COLOR_BUFFER_BIT); // clear the screen
glColor3f(0, 0, 1);

GetAllPosition(allpos);

// Points represents preys’ positions

glBegin (GL_POINTS) ;

for(int i=0;i<PREYNUM;i++){
glVertex2d(allpos[il.x, allpos[i].y);

}

glEnd();

// Lines between neighbors
glColor3f(1, 0, 0);

for(int i=0;i<PREYNUM;i++){
member [i] .GetNeighbors (&max,neighbors);

for(int j=0;j<max;j++){
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glBegin(GL_LINES);

glVertex2d(allposfi].x, allpos[il.y);
glVertex2d(allpos[*neighbors[jl1].x, allpos[*neighbors[jl]1.y);
glEnd () ;

glFlush(); // send all output to display

}
#endif

herdstatic.hpp

#ifndef _HERD_H
#define _HERD_H

#include <iostream.h>
#include <stdio.h>
#include <unistd.h>
#include "prey.hpp"
#include "fortune.hpp"

#ifdef MYOPENGL
#include <GL/gl.h>
#include <GL/glu.h>
#include <GL/glut.h>
#endif

class Herd{

private:
Prey member [PREYNUM] ;
double areaofdanger [PREYNUM];
double old_areaofdanger [PREYNUM] ;

public:
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Herd();
void SetAllClosest();
void SetAreaOfDanger();
void SetAllNeighbors(triangle *head);
void GetAllPosition(position *allpos);
void GetAllOnestep(position *allpos);
void PrintAllPrey(void);
void MoveAllPreyStatic(void);

#ifdef MYOPENGL
void DisplayHerd(void);

#endif

};

#tendif

herdstatic.cpp

#include "herdstatic.hpp"
#include "root.hpp"

/3 sk ke ok ok sk sk o ok o o e s ole ol e o ok ke ok ke sk s ke sk ks o ke sk sk s ok ke ks o ok ok ksl s e ok ksl o ke o sk sk ok ok ke ok /

/** Herd() constructor *k/

/*******************************************************************/

Herd: :Herd () {
Fortune fort;
position allpos[PREYNUM] ;
triangle trihead, *temp;
// eventque *etemp;

int i, j;

/*--- £ill prey’s position and index ---*/
for(int i=0;i<PREYNUM;i++){
member [i] .SetPosition(Randomnum()¥%200,Randomnum()%200) ;

member[i] .SetIndex(i);



old_areaofdanger[i] = O0;
areaofdanger([i] = 0;

}

trihead.next = NULL;
GetAllPosition(allpos) ;
fort.FortuneAlgo(allpos, &trihead);
// Set Neighbors

SetAl1lNeighbors (&trihead) ;
SetAl1Closest();

SetAreaOfDanger () ;

// SetEventQ{ueue (&trihead);
DelAllTri(&trihead);

[ etk ke ok s sk sk ok ok ok ok sk ok ok ok kst sk ok sk sk ek sk s s ok ke sk ok e ok sk sk ok o ke sk s e ke e sl ek ok sk ke e ok o ok f

/#** SetAl1Closest () *k /
/** This function will set closest prey for all prey. *x /
/%% sk /
/** oy
/* Kk [

/et e sk ke sk sk sk sk ok o ok e sk sk o o o ok s s s ke ks ok sk sk s ok ok ks o ke stk e ke ok stk o o skl o ke ke ok e ke ok sk sk ok ek f

void Herd::SetAllClosest (){
int max=0, tempclosest, index, tempin;
int *neighbors[PREYNUM] ;
int tempnei[2] [PREYNUM];
int tempnei2[2] [PREYNUM];
int tempnum[2], inorder [PREYNUM];
position tempnorm[2] [PREYNUM] ;
position allpos[PREYNUM], temppos;

double mindistance, tempdist;
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GetAllPosition(allpos);

for(int i=0;i<PREYNUM;i++){
// Get Neighbors and Pick Closest.

member[i] .GetNeighbors(&max, neighbors);

1711777111717/ make neighbor list in order
tempnum[0]=0;
tempnum[1]=0;

for(int k=0;k<max;k++){

if(allpos[i].y < allpos[*neighbors[k]1].y){ // upper
tempnei [0] [tempnum[0]] = *neighbors [k];
NormToward (&allpos[il ,&allpos [*neighbors[k]],&tempnorm[0] [tempnum[0]]) ;
tempnum[0] ++;

}else{ // lower
tempneil[1] [tempnum[1]] = *neighbors[k];
NormToward (&allpos[i],&allpos[*neighbors[k]],&tempnorm[1] [tempnum[1]]);

tempnum[1]++;
}
}
///  sort

for(int n=0;n < 2; n++){
for(int k=0;k<tempnum[n]-1;k++){
for(int m=k+1;m<tempnum[n] ;m++){
if (tempnorm[n] [k].x > tempnorm[n] [m].x){
temppos.x = tempnorm[n] [k].x;
temppos.y = tempnorm[n] [k].y;

tempnorm[n] [k] .x = tempnorm[n] [m].x;

tempnorm[n] [k] .y = tempnorm[n] [m].y;

tempnorm[n] [m] .x = temppos.x;

tempnorm[n] [m] .y = temppos.y;
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tempin = tempnei[n] [k];

tempnei[n] [k] = tempnei[n] [m];

tempneifn] [m] = tempin;

¥

// After sort

for(int k=0;k<tempnum[0] ;k++){
inorder[k] = tempnei([0][k];
}
for(int k=0;k<tempnum[1];k++){
inorder [tempnum{0] +tempnum[1]-k-1] = tempnei[1] [k];

member [i] . CopyNeighbors (max,inorder) ;

1000000;
EMPTY;

mindistance

tempclosest

for(int j=0;j<max;j++){
tempdist = Distance(&(allpos[i]), &(allpos[*neighbors[j11));

if (tempdist < mindistance){
tempclosest = j;
mindistance = tempdist;
}
}
member [i] .SetClosest ((allpos[*neighbors[tempclosest]]) .x,
(allpos[*neighbors[tempclosest]]) .y);
}

79



void Herd::SetAreaOfDanger (){
int max=0;
int *neighbors[PREYNUM] ;
position allpos[PREYNUM] ;
position areapos[PREYNUM];
position tempareapos[2] [PREYNUM];
position tempnorm[2] [PREYNUM] ;
position temppos;
position inorder [PREYNUM] ;

int tempnum[2];

double t;

GetAllPosition(allpos);

for(int i=0;i<PREYNUM;i++){
old_areaofdanger[i] = areaofdanger[il;

areaofdanger[i] = 0;

member [i] .GetNeighbors (&max, neighbors);

if (max >= 3){
for(int j=1;j<max;j++){
FindCenter((allpos[*neighbors[j-111) .x, (allpos[*neighbors[j-111).y,
(allpos[*neighbors[j1]).x, (allpos[*neighbors[j1]1).y,
allpos[il.x, allpos[il.y,
&(areapos[j-1].x) ,&(areapos[j-1].y));
}

FindCenter((allpos[*neighbors[max~1]]).x,
(allpos[*neighbors[max-1]11).y,
(allpos[*neighbors[0]]1).x, (allpos[*neighbors[0]11).y,
allpos[i].x, allpos[i].y,
&(areapos[max-1].x) ,&(areapos [max-1].y));
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tempnum[0]=0;
tempnum[1]=0;

for(int j=0;j<max;j++){

if(allpos[il.y < areapos[jl.y){ // upper

tempareapos [0] [tempnum[0]].x = areapos[j].x;

tempareapos [0] [tempnum[0]].y = areapos[j].y;
NormToward(&allpos[i] ,&areapos[j],&tempnorm[0] [tempnum[0]]);
tempnum[0] ++;

}else{ // lower

tempareapos[1] [tempnum[1]].x

areapos[j].x;

tempareapos[1] [tempnum[1]].y = areapos[j].y;
NormToward (&allpos[i] ,&areapos[j],&tempnorm[1] [tempnum[11]);

tempnum[1] ++;

111111/ Sort  /////1111/7177177
for(int n=0;n < 2; n++){
for(int k=0;k<tempnum[n]-1;k++){
for (int m=k+1;m<tempnum[n] ;m++){
if (tempnorm[n] [k].x > tempnorm[n] [m].x){
temppos.x = tempareapos[n] [k].x;

temppos.y = tempareapos[n] [k].y;

tempareapos [n] [k] .x = tempareapos[n] [m] .x;

tempareapos [n] [k] .y = tempareapos[n] [m].y;

tempareapos [n] [m] .x = temppos.x;

tempareapos [n] [m] .y = temppos.y;

temppos.x = tempnorm[n] [k].x;

temppos.y = tempnorm[n] [k].y;

tempnorm[n] [k].x = tempnorm[n] [m].x;

tempnorm[n] [k] .y = tempnorm[n] [m].y;

tempnorm[n] [m] .x = temppos.x;

tempnorm[n] [m].y = temppos.y;



for(int k=0;k<tempnum[0] ;k++){
inorder[k].x = tempareapos[0] [k].x;
inorder[k] .y = tempareapos[0] [k].y;

}

for(int k=0;k<tempnum[1];k++){

il

inorder [tempnum[0]+tempnum[1] ~k-1] .x = tempareapos[1] [k].x;

inorder[tempnum[0] +tempnum[1]-k-1].y = tempareapos[1] [k].y;

1

for(int j=1;j<max;j++){
t =((inorder[jl).x - (inorder[j-1]).x)
* ((inorder[j]) .y + (inorder[j-1]).y) / 2.0;
areaofdanger[i] += tg
}
t =((inorder[0]) .x - (inorder[max-1]).x)
* ((inorder[0]).y + (inorder[max-1]).y) / 2.0;

areaofdanger[i] += t;

Yelse{
areaofdanger[i] = INFINITE;
}
}
printf("\nprey Area of Danger Difference between\n"

" 0ld and new one \n");

for(int i=0;i<PREYNUM;i++){

printf ("%2d %10.2f %10.2f\n", i, areaofdanger[i],

areaofdanger[i]-old_areaofdanger({il);

}
printf ("\n\n");
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void Herd::SetAllNeighbors(triangle *head){
for(int i=0;i<PREYNUM;i++){
member [i] .SetNeighbors(head) ;

void Herd::GetAllPosition(position *allpos){
for(int i=0;i<PREYNUM;i++){
member[i] .GetPosition(&allpos[il);

void Herd::GetAllOnestep(position *allpos){
for(int i=0;i<PREYNUM;i++){
member [i] .GetOnestep(&allpos[il);

void Herd::MoveAllPreyStatic(void){
double mindistance, tempdist;
double xx0, xx1, xx2, xx3, xx4;
double xa, xb, xc, xd, ya, yb, yc, yd;
double xva, xvb, xvc, xvd, yva, yvb, yvc, yvd;
int count, a, b, ¢, d, i, j, max, after, tempclosest;
int count_update;
int *neighbors[PREYNUM], updateneighbor [PREYNUM] ;
position allpos[PREYNUM];
position allonestep[PREYNUM];
int num_ans;
double smallest;

int eventnum=0;
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for(int i=0;i<PREYNUM;i++){
member[i] .Move();

}
PrintAl1Prey();

/************************************************************/

[/ /¥ kK kok ok Retriangulate sokokkokkokskkkokk [/

/************************************************************/

Fortune fort;
triangle trihead, *temptri;

trihead.next = NULL;

GetAllPosition(allpos);
fort.FortuneAlgo(allpos, &trihead);

if (trihead.next !=NULL){

temptri = trihead.next;

printf ("----————- retriangulation ~~------- \n");

SetAllNeighbors(&trihead) ;
SetA11Closest();
DelAl1Tri(&trihead);
SetAreaOfDanger();

void Herd::PrintAllPrey(void){
printf("\n");
for(int i=0;i<PREYNUM;i++){
member [i] .PrintPos();
}
printf("\n");
}



#ifdef MYOPENGL
void Herd::DisplayHerd(void){
int max;
position” allpos[PREYNUM] ;
position allonestep[PREYNUM];
int *neighbors[PREYNUM], updateneighbor [PREYNUM] ;

glClear (GL_COLOR_BUFFER_BIT) ; // clear the screen
glColor3£(0, 0, 1);

GetAllPosition(allpos);

// Points represents preys’ positions

glBegin(GL_PDINTS) ;

for(int i=0;i<PREYNUM;i++){
glVertex2d(allpos[i].x, allpos[i].y);

}

glEnd();

// Lines between neighbors
glColor3f(1, 0, 0);

for(int i=0;i<PREYNUM;i++){
member [i] .GetNeighbors (&max ,neighbors) ;

for(int j=0;j<max;j++){
glBegin(GL_LINES);
glVertex2d(allpos([il.x, allpos[il.y);
glVertex2d(allpos[*neighbors[j]].x, allpos[*neighbors[jl].y);
glEnd();

glFlush(); // send all output to display
}
#endif
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APPENDIX C (SOURCE CODES FOR ROOT CLASS)

In this section, root.hpp and root.cpp are listed, and they are for root class. The

original programs from J-P Moreau can be found on the web (Moreau, 2002).

root.hpp

#ifndef _ROOT_H
#define _ROOT_H

#include “"myheader.hpp”

class Root{

private:
double a[51[5], r[5];
int i,n;

double aa,b,c,d,ii,im,k,1,m,q,rr,s,sw;

public:
Root();
double f(double x);
void Root_2();
void Root_3();
void Root_4();
void CalcRoot(double x4, double x3, double x2, double x1, double x0,
int *num_ans, double *smallest);
};
#endif

86



87

root.cpp

#include "root.hpp"

Root::Root(){

double Root::f(double x){
return x * x * x + a[3]1[2] * x x x + a[3]1[1] * x + a[3][0];

}

/33K ek e o ke e o e o e o s e e ke ok ot ek e o ok e o e o ko ok ok ok ok sk ok ke ok
* This Subroutine calculates the roots of *
* X~2 + A(2,1)#X + A(2,0) =0 *
* W = Determinant of equation *

******************************************/

void Root::Root_2() {

double ql, g2, w;
w = a[2][1] * a[2][1] - 4 * a[2][0];
ql = -a[2][1] / 2.0;

if (w < 0) {
Q2 = sqrt(-w) / 2.0;
im = g2;
rf1] = q1; r[2] = qi;
}

else if (w==0) {
r[1] = qi; r[2] = q1; im = 0.0;
}
else if (w > 0) {
g2 = sqrt(w) / 2.0; im = 0.0;
r[1] = q1 + q2; r[2] = q1 - q2;
}



3k Ak sk sk o sk ok sk ok sk sk ok ko o ks ok sk o ko ook ok sk ok o Kok
* This subroutine calculates the roots of *
* X3 + A(3,2)*X"2 + A(3,1)*X + A(3,0) = 0 *
ek ek ok ok o sk ok e sk o ko sk o ok ek sk ok ok ok o sk ok ek sk sk ke ok /
void Root::Root_3() {
//Labels e100,e200,e500
double am, er, te, tt, xa, xb, xc, yi, y2;
// one root equals zero
if (a[31[0] == 0) {
xc = 0; goto eb00;
}
// looking for( maximum coefficient in fabsolute magnitude
am = fabs(a[3][0]1);
for (i = 1; i<4; i++) {
tt = fabs(al31[i]);
if (am < tt) am = tt;
}
//Define interval where a real root exists
// according to sign of A(3,0)
if (al31[01 > 0) {

aa = ~am - 1;
b =0;
goto e100;

el00:
// Searching for( xc = real root in interval (a,b)

//  (by Bisection method)

// Define segment (xa,xb) including the root
aa; xb = b; yi1 = f(aa); y2 = £(b);

Xa

er .000001;
if (y1 ==0) {

xc = aa; goto eb500;

It
o
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if (y2 == 0) {
xc = b; goto e500;
}
// xc : middle of segment
€200: xc = (xa + xb) / 2.0; te = f(xc);
if (te == 0) goto e500;
if ((xb - xa) < er) goto e500;
if (f(xa) * te > 0) {
xa = xc; goto e200;
}
xb = xc; goto €200;
// r[3] is a real root
e500: r[3] = xc;
if (sw == -1) return;
// Calculates the roots of remaining quadratic equation

// Define the equation coefficients

al[2]1[1] = a[3]1[2] + xc;
al21[0] = a[3]1[1] + al3]1[2] * xc + xc * xc;
Root_2();
return;
}

// Root search main subroutine
void Root::Root_4() {
// Labels: e100,e200,e300
// Normalization of coefficients
for (i = 0; i<m; i++) {
a[n][i] /= aln][nl;
}
// Branching according to degree n
if (n==2) {
Root_2();
return;
}
else if (n==3) {
Root_3();
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return;
}
else if (n==4) {
aa = al[4][3];
b = al[4]1[2];
al4][1];
d = a[4][0];
g=Db~- (3.0 % aa * aa / 8.0);
rr =c - (aa *b/ 2) + (aa * aa * aa / 8.0);
s=d-(aa*xc/ 4) + (aa ¥ aa * b / 16.0) -

(3 * aa * aa * aa * aa / 256.0);

C

a[31[2] = q / 2.0;
al31[1] = (@ * q - 4 * 8) / 16.0;
al31[0] = -(xxr *x rr / 64.0);

// Calculate a real root of this equation

if ((xr '=0) || (al3, 1] >= 0)) goto e100;

// Particular case when this equation is of 2nd order

a[2]1[1] = a[3]1[2]; al2]1[0] = a[3]1[1];

Root_2();

// One takes the positive root

rf3] = rlil;

goto e200;

// Calling Root_3 with sw=-1 to calculate one root only
el00: sw = -1;

Root_3();

// real root of above equation
e200: k = sqrt(r[31);

// Calculate L and M if k=0

if (k == 0) {

rr = sqrt(q * q - 4 * s); goto e300;

qg=q+ (4 *r[3]);
rr =rr / (2 * k);

e300: 1 = (g ~-rr) /2.0, m= (q+ rr) / 2.0;
// Solving two equations of degree 2
a[2]1[1] = 2 = k; a[2][0] = 1;
// 1st equation
Root_2();



APPENDIX D (SOURCE CODES FOR FORTUNE CLASS)

The files fourtune.hpp, fourtune.cpp, vdefs.h, edgelist.c, geometry.c,
heap.c, and memory.c are for fortune class. Those codes are from Steve J. Fortune, and

can be found (Brook, 1999).

fourtune.hpp

#ifndef _FORTUNEGLO_H
#define _FORTUNEGLO_H

#include "voromoi/vdefs.h"

#include "myheader.hpp"

extern int sorted, triangulate, plot, debug, nsites, siteidx ;
extern float xmin, xmax, ymin, ymax ;

extern Site * sites ;

extern Freelist sfl ;

/* main.c

extern int sorted, triangulate, plot, debug, nsites, siteidx ;
extern float xmin, xmax, ymin, ymax ;
extern Site * sites ;

extern Freelist sfl ;

int sorted, triangulate, plot, debug, nsites, siteidx ;
float xmin, xmax, ymin, ymax ;

Site * sites ;

Freelist sfl ;

*/
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af2][1] = x1;
af2]{0] = x0;
}else if(x1<~0.001 || x1 > 0.001){
*smallest = MAXNUM;
temp = x0 / x1;

if (temp >= 0){
*smallest = temp;
}
return;
Yelse{

return;

// calling root search main subroutine
Root_4Q);
// writing results
if (n==2) {
//case n=2
if (im == 0) {

answer [ (¥num_ans)++] = r[1];
answer [ (*num_ans)++] = r[2];
}
}
else if (n==3) {
//case n=3

answer [ (¥num_ans)++] = r[3];
if (im == 0) {

answer [ (*num_ans)++] = r[1];
answer [ (*num_ang)++] = r[2];
}
}
else if (n==4) {
//case n=4
if (im==0) {
answer [ (*num_ans)++] = r[1];



answer [ (*num_ans)++] = r[2];
}
if (ii==0) {
answer [ (*num_ang)++] = r[3];
answer [(*num_ans)++] = r[4];

*smallest = MAXNUM;
for(int i=0;i<*num_ans;i++){

if(answer[i]>¥b){
if (*xsmallest>answer[i]){

*smallest = answer[il;

}
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APPENDIX D (SOURCE CODES FOR FORTUNE CLASS)

The files fourtune.hpp, fourtune.cpp, vdefs.h, edgelist.c, geometry.c,
heap.c, and memory.c are for fortune class. Those codes are from Steve J. Fortune, and

can be found (Brook, 1999).

fourtune.hpp

#ifndef _FORTUNEGLO_H
#define _FORTUNEGLO_H

#include "voronoi/vdefs.h"

#include "myheader.hpp"

extern int sorted, triangulate, plot, debug, nsites, siteidx ;
extern float xmin, xmax, ymin, ymax ;

extern Site * sites ;

extern Freelist sfl ;

/* main.c

extern int sorted, triangulate, plot, debug, nsites, siteidx ;
extern float xmin, xmax, ymin, ymax ;
extern Site * sites ;

extern Freelist sfl ;

int sorted, triangulate, plot, debug, nsites, siteidx ;
float xmin, xmax, ymin, ymax ;

Site * gites ;

Freelist sfl ;

*/
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class Fortune{

private:

public:
Fortune();

int FortuneAlgo(position *allpos, triangle *head);

void readsites(position *allpos) ; /* from voronoi.c */
void voronoi(Site *(x*)(), triangle *head) ; /* from voronoi.c */
};
#endif

Jourtune.cpp

#include "fortune.hpp"
int sorted, triangulate, plot, debug, nsites, siteidx ;
float xmin, xmax, ymin, ymax ;

Site * sites ;

Freelist sfl ;

Site * readone(void) ;

Site * nextone(void) ;

Fortune: :Fortune(){

int Fortune::FortuneAlgo(position *allpos, triangle xhead){

Site *(*next) () ;

sorted = triangulate = plot = debug = 0 ;



triangulate = 1; /* A1l T need is triangulationx/
freeinit (&sfl, sizeof(Site)) ;

readsites(allpos) ;

next = nextone ;

siteidx = 0 ;

geominit () ;

voronoi(next, head) ;

return (0) ;

/*** sort sites on y, then x, coord *¥x/

int
scomp(const void * vsl, const void * vs2)
{

Point * sl

(Point *)vsl ;

Point * 82 (Point *)vs2 ;

if (sl->y < s2->y)

{
return (-1) ;
}

Cif (s1->y > s2->y)
{
return (1) ;
}

if (si->x < s2->x)

{
return (~1) ;
}

if (81->x > 82->x)
{
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return (1) ;
}
return (0) ;

}

/*** return a single in-storage site *xx*/

Site *
nextone(void)

{

Site * s ;

if (siteidx < nsites)

{
8 = &sites[siteidx++];
return (8) ;

}

else

{
return ((Site *)NULL) ;
}

/*** read all sites, sort, and compute xmin, xmax, ymin, ymax *¥%/

void
Fortune: :readsites(position *allpos)
{

int 1 ;

nsites = 0 ;

sites = (Site *) myalloc (PREYNUM * sizeof(Site));
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for(i=0; i<PREYNUM; i++){

sites[nsites].coord.x

allpos[i].x;

sites[nsites].coord.y = allpos([i].y;

sites[nsites].sitenbr = nsites ;

sites[nsites++].refcnt = 0 ;

gsort((void *)sites, nsites, sizeof(Site), scomp) ;

sites[0] .coord.x ;

xmin

xmax = sites[0].coord.x ;

for (i =1 ; i < nsites ; ++i)

{

if(sites[i].coord.x < xmin)
{
xmin = gites[i].coord.x ;
}

if (sites[i].coord.x > xmax)
{
xmax = gites[i].coord.x ;
}

}

ymin = sites[0].coord.y ;
ymax = sites[nsites-1].coord.y ;

}

J*xx read one site *¥x/

Site *
readone (void)
{

Site * s ;

s = (Site *)getfree(&sfl) ;
s->refcnt = 0

s->sitenbr = siteidx++ ;



if (scanf("%f %f", &(s->coord.x), &(s->coord.y)) == EOF)
{
return ((Site *)NULL ) ;
}

return (s) ;

}

extern Site * bottomsite ;

extern Halfedge * ELleftend, * ELrightend ;

/*** implicit parameters: nsites, sqrt_nsites, xmin, xmax, ymin, ymax,
: deltax, deltay (can all be estimates).
: Performance suffers if they are wrong; better to make nsites,
: deltax, and deltay too big than too small. (7?)

*kok /

void
Fortune: :voronoi(Site *(*nextsite)(void), triangle *head)
{
Site * newsite, * bot, * top, * temp, * p, * v ;
Point newintstar ;
int pm ;
Halfedge * 1lbnd, * rbnd, * 1lbnd, * rrbnd, * bisector ;
Edge * e ;

PQinitialize() ;
bottomsite = (*nextsite) () ;
out_site(bottomsite) ;
ELinitialize() ;
newsite = (*nextsite)() ;
while (1)
{
if (1PQempty())
{
newintstar = PQ_min() ;
}
if (newsite != (Site *)NULL && (PQempty()

|| newsite -> coord.y < newintstar.y
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|| (newsite—>coord.y == newintstar.y
4% newsite->coord.x < newintstar.x))) {
{
out_site(newsite) ;
}
1bnd = ELleftbnd(&(newsite->coord)) ;
rbnd = ELright(lbnd) ;
bot = rightreg(lbnd) ;
e = bisect(bot, newsite) ;
bisector = HEcreate(e, le) ;
ELinsert(1bnd, bisector) ;
p = intersect(lbnd, bisector) ;
if (p != (Site *)NULL)
{
PQdelete(1bnd) ;
PQinsert(ibnd, p, dist(p,newsite)) ;
}
1bnd = bisector ;
bisector = HEcreate(e, re) ;
ELinsert(1lbnd, bisector) ;
p = intersect(bisector, rbnd) ;
if (p != (Site *)NULL)

{
PQingsert(bisector, p, dist(p,newsite)) ;
}
newsite = (*nextsite) () ;
}
else if (!PQempty()) /% intersection is smallest */
{

1bnd = PQextractmin() ;
11bnd = ELleft(1lbnd) ;
rbnd = ELright (1bnd) ;
rrbnd = ELright(rbnd) ;
bot = leftreg(lbnd) ;
rightreg(rbnd) ;

top

// out_triple(bot, top, rightreg(lbnd)) ;

/*****************************************/

// bot->sitenbr, top->sitenbr, rightreg(lbnd)->sitenbr
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// These three numbers are indexes of triple

AddNextTri(head, bot~>gitenbr,
top->sitenbr, rightreg(lbnd)->sitenbr);

/e Aok sk s ks o sk o ok o ok sk o ks ke ke ke sk ko sk ok o
v = lbnd->vertex ;
makevertex(v) ;
endpoint (1bnd->ELedge, lbnd->ELpm, v);
endpoint (rbnd->ELedge, rbnd->ELpm, v) ;

ELdelete(lbnd) ;
PQdelete(rbnd) ;
ELdelete(rbnd) ;
pn = le ;
if (bot->coord.y > top->coord.y)
{
temp = bot ;
bot = top ;
top = temp ;
pn = re ;
}

e = bisect(bot, top) ;
bisector = HEcreate(e, pm) ;
ELinsert(11lbnd, bisector) ;
endpoint(e, re-pm, v) ;
deref (v) ;

p = intersect(llbnd, bisector) ;

if (p != (Site *) NULL)
{
PQdelete(11bnd) ;
PQinsert(11lbnd, p, dist(p,bot)) ;
}
p = intersect(bisector, rrbnd) ;
if (p != (Site *) NULL)
{
PQinsert(bisector, p, dist(p,bot)) ;



}
}
else
{
break ;
}

} // end of while

vdefs.h

#ifndef __VDEFS_H
#define __VDEFS_H

#ifndef NULL
#define NULL O
#endif

#define DELETED -2

typedef struct tagFreenode
{

struct tagFreenode * nextfree;

} Freenode ;

typedef struct tagFreelist
{

Freenode * head;
int nodesize;

} Freelist ;

typedef struct tagPoint

{
float x ;
float y ;
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} Point ;

/* structure used both for sites and for vertices */

typedef struct tagSite
{
Point coord ;
int sitenbr ;
int refcnt ;

} Site ;

typedef struct tagEdge
{
float a, b, ¢ ;
Site * epl[2] ;
Site * regl[2] ;
int edgenbr ;
} Edge ;

f#tdefine le O

#idefine re 1

typedef struct tagHalfedge
{
struct tagHalfedge * ELleft ;
struct tagHalfedge * ELright ;
Edge * ELedge ;
int ELrefcnt ;
char Elpm ;
Site * vertex ;
float ystar ;
struct tagHalfedge * PQnext ;
} Halfedge ;
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/* edgelist.c */

void ELinitialize(void) ;

Halfedge * HEcreate(Edge *, int) ;
void ELinsert(Halfedge *, Halfedge *) ;
Halfedge * ELgethash(int) ;

Halfedge * ELleftbnd(Point *) ;

void ELdelete(Halfedge *) ;

Halfedge * ELright(Halfedge *) ;
Halfedge * ELleft(Halfedge *) ;

Site * leftreg(Halfedge *) ;

Site * rightreg(Halfedge *) ;

extern int ELhashsize ;

extern Site * bottomsite ;

extern Freelist hfl ;

extern Halfedge * ELleftend, * ELrightend, **ELhash ;

/* geometry.c */

void geominit(void) ;

Edge * bisect(Site *, Site *) ;

Site * intersect(Halfedge *, Halfedge *) ;
int right_of (Halfedge *, Point *) ;

void endpoint(Edge *, int, Site *) ;

float dist(Site *, Site *) ;

void makevertex(Site *) ;

void deref(Site *) ;

void ref(Site %) ;

extern float deltax, deltay ;

extern int nsites, nedges, sqrt_nsites, nvertices ;

extern Freelist sfl, efl ;

/* heap.c */

void PQinsert(Halfedge *, Site *, float) ;
void PQdelete(Halfedge *) ;

int PQbucket(Halfedge *) ;

int PQempty(void) ;

Point PQ_min(void) ;

Halfedge * PQextractmin(void) ;

void PQinitialize(void) ;

extern int PQmin, PQcount, PQhashsize ;
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extern Halfedge * PQhash ;

/* main.c */

extern int sorted, triangulate, plot, debug, nsites, siteidx ;
extern float xmin, xmax, ymin, ymax ;

extern Site * sites ;

extern Freelist sfl ;

/* memory.c */

void freeinit(Freelist *, int) ;

char *getfree(Freelist *) ;

void makefree(Freenode *, Freelist *) ;

char *myalloc(unsigned) ;

#tendif

edgelist.c

J/¥%x EDGELIST.C *%*/

#include "vdefs.h"

int ELhashsize ;

Site * bottomsite ;

Freelist hfl ;

Halfedge * ELleftend, * ELrightend, **ELhash ;

int ntry, totalsearch ;

void
ELinitialize(void)
{

int i ;

freeinit (&hfl, sizeof (Halfedge)) ;

ELhashsize = 2 * sqrt_nsites ;



ELhash = (Halfedge **)myalloc( sizeof (*ELhash) * ELhashsize) ;
for (1 = 0 ; i < ELhashsize ; i++)

{

ELhash[i] = (Halfedge *)NULL ;

}

ELleftend = HEcreate((Edge *)NULL, 0) ;
ELrightend = HEcreate((Edge *)NULL, 0) ;
ELleftend->ELleft = (Halfedge *)NULL ;
ELleftend->ELright = ELrightend ;
ELrightend->ELleft = ELleftend ;
ELrightend->ELright = (Halfedge *)NULL ;
ELhash[0] = ELleftend ;
ELhash[ELhashsize-1] = ELrightend ;

}

Halfedge *
HEcreate(Edge * e, int pm)
{

Halfedge * answer ;

answer = (Halfedge *)getfree(&hfl) ;
answer->ELedge = e ;

answer—->ELpm = pm ;

(Halfedge *)NULL ;
(Site *)NULL ;

answer->PQnext

answer—->vertex
answer->ELrefcnt = 0 ;
return (answer) ;

1

void

ELinsert(Halfedge * 1lb, Halfedge * newh)
{
newvh->ELleft = 1b ;
newh->ELright = 1b->ELright ;
(1b->ELright)->ELleft = newh ;
1b->ELright = newh ;
}

/* Get entry from hash table, pruning any deleted nodes */
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Halfedge *
ELgethash(int b)

{

Halfedge * he ;

if ((b < 0) || (b >= ELhashsize))
{
return ((Halfedge *)NULL) ;
}
he = ELhash[b] ;
if ((he == (Halfedge *)NULL) || (he->ELedge !'= (Edge *)DELETED))
{
return (he) ;
}
/* Hash table points to deleted half edge. Patch as necessary. */
ELhash[b] = (Halfedge *)NULL ;
if ((--(he->ELrefcnt)) == 0)
{
makefree((Freenode *)he, (Freelist *)&hfl) ;
}
return ((Halfedge *)NULL) ;
}

Halfedge *
ELleftbnd(Point * p)
{
int i, bucket ;
Halfedge * he ;

/* Use hash table to get close to desired halfedge */
bucket = (int) ((p~>x - xmin) / deltax * ELhashsize) ;
if (bucket < 0)

{
bucket = 0 ;
}
if (bucket >= ELhashsize)
{

bucket = ELhashsize - 1 ;



}
he = ELgethash(bucket) ;
if (he == (Halfedge *)NULL)

{
for (i =1 ;1 ; i++)
{
if ((he = ELgethash(bucket-i)) != (Halfedge *)NULL)
{
break ;
}
if ((he = ELgethash(bucket+i)) != (Halfedge *)NULL)
{
break ;
}
}
totalsearch += i ;
}
ntry++ ;

/* Now search linear list of halfedges for the corect one */
if (he == ELleftend || (he != ELrightend && right_of(he,p)))
{
do {
he = he->ELright ;
} while (he != ELrightend && right_of (he,p)) ;
he = he->ELleft ;

}
else
{
do {
he = he->ELleft ;
} while (he != ELleftend && !'right_of(he,p)) ;
}

/*** Update hash table and reference counts ***/
if ((bucket > 0) && (bucket < ELhashsize-1))
{
if (ELhash[bucket] != (Halfedge *)NULL)
{
(ELhash [bucket] ->ELrefcnt) -~ ;
1
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ELhash[bucket] = he ;
(ELhash [bucket]->ELrefcnt)++ ;
}

return (he) ;

}

/**x This delete routine can’t reclaim node, since pointers from hash

: table may be present.

sokok f

void

ELdelete(Halfedge * he)
{
(he->ELleft)->ELright = he->ELright ;
(he->ELright)~->ELleft = he->ELleft ;
he->ELedge = (Edge *)DELETED ;
}

Halfedge *

ELright (Halfedge * he)
{
return (he->ELright) ;
}

Halfedge *

ELleft (Halfedge * he)
{
return (he->ELleft) ;
}

Site *
leftreg(Halfedge * he)
{
if (he->ELedge == (Edge *)NULL)
{
return(bottomsite) ;

}

return (he->ELpm == le ? he->ELedge->reglle] :

he->ELedge->reglrel) ;
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Site *

rightreg(Halfedge * he)

{

if (he->ELedge == (Edge *)NULL)
{
return(bottomsite) ;
}

return (he->ELpm == le ? he->ELedge->regl[re]
he->ELedge->regllel]) ;

geometry.c

/*xx GEOMETRY.C *x*/

#include <math.h>

#include "vdefs.h"

float deltax, deltay ;
int nedges, sqrt_nsites, nvertices ;

Freelist efl ;

void

geominit (void)
{
freeinit(&efl, sizeof (Edge)) ;
nvertices = nedges = 0 ;

sqrt_nsites = (int) sqrt(nsites+4) ;

deltay = ymax - ymin ;
deltax = xmax - xmin ;
}

Edge *

bisect(Site * s1, Site * s2)
{
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float dx, dy, adx, ady ;
Edge * newedge ;

newedge = (Edge *)getfree(&efl) ;

newedge->regl0] = s1 ;
newedge->reg[1] = s2 ;
ref(sl) ;
ref(s2) ;

nevedge->ep[0] = newedge->ep[1] = (Site *)NULL ;

dx = s2->coord.x - sl->coord.x ;

dy = s2->coord.y - si->coord.y ;

adx = dx>0 ? dx : -dx ;

ady = dy>0 ? dy : —-dy ;

newedge->c = sl->coord.x * dx + sl->coord.y * dy + (dx*dx +
dy*dy) * 0.5 ;

if (adx > ady)

{

newedge->a = 1.0 ;
newedge->b = dy/dx ;
newedge->c /= dx ;
}

else
{
newedge->b = 1.0 ;
newedge->a = dx/dy ;
newedge->c /= dy ;

}
newvedge->edgenbr = nedges ;
out_bisector(newedge) ;
nedges++ ;
return (newedge) ;

}

Site *
intersect (Halfedge * ell, Halfedge * el2)
{
Edge * el, * e2, * e ;
Halfedge * el ;
float d, xint, yint ;
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int right_of_site ;

Site * v ;

el = ell->ELedge ;
e2 = el2->ELedge ;
if ((el == (Edge*)NULL) || (e2 == (Edge*)NULL))
{
return ((Site *)NULL) ;
}
if (el->regll] == e2->reg[il])
{
return ((Site *)NULL) ;
}
d = (el->a * e2->b) - (el->b * e2->a) ;
if ((-1.0e-10 < d) && (d < 1.0e-10))

{

return ((Site *)NULL) ;

}
xint = (el->c * e2->b - e2->c * el->b) / d ;
yint = (e2->c * el->a - el->c * e2->a) / d ;

if ((el->regli]l->coord.y < e2->regl[il->coord.y) ||
(e1->reg[1]->coord.y == e2->reg[1]l->coord.y &&

el->regl1]->coord.x < e2->regl[i]l->coord.x))

{

el = ell ;
e =el ;

}

else

{

el = el2 ;
e = e2 ;

}

right_of_site = (xint >= e->reg[1]->coord.x) ;
if ((right_of_site && (el->ELpm == le)) ||
('right_of_site && (el->ELpm == re)))
{
return ((Site *)NULL) ;

b
v = (Site *)getfree(&sfl) ;
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v->refcnt = 0 ;

v->coord.x = xint ;

v->coord.y = yint ;

return (v) ;

}

/*** returns 1 if p is to right of halfedge e *¥x/

int
right_of (Halfedge * el, Point * p)
{
Edge * e ;
Site * topsite ;
int right_of_site, above, fast ;

float dxp, dyp, dxs, t1, t2, t3, yl ;

e = el->ELedge ;
topsite = e->regli] ;
right_of_site = (p->x > topsite->coord.x) ;
if (right_of_site &% (el->ELpm == le))
{
return (1) ;
}
if(!right_of_site && (el->ELpm
{
return (0) ;
}
if (e->a == 1.0)
{
dyp
dxp = p->x - topsite->coord.x ;

i
]

re))

p->y - topsite->coord.y ;

fast = 0 ;
if ((!lright_of_site & (e->b < 0.0)) ||
(right_of_site & (e->b >= 0.0)))
{
fast = above = (dyp >= e->bxdxp) ;
}
else

{
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above = ((p->x + p->y * e->b) > (e->c)) ;
if (e->b < 0.0)
{
above = labove ;
}
if (labove)
{
fast = 1 ;
}
}
if (!fast)
{
dxs = topsite->coord.x - (e->reg[0])->coord.x ;
above = (e->b * (dxp¥dxp - dyp*dyp))
<
(dxs * dyp * (1.0 + 2.0 * dxp /
dxs + e->b * e->b)) ;
if (e->b < 0.0)

{
above = !above ;
}
}
}
else /¥¥* e->b == 1.0 *xx*/
{
yl = e->c - e~>a * p->x ;

tl = p->y - y1 ;

t2 = p->x - topsite->coord.x ;

t3 = yl - topsite->coord.y ;

above = ((t1xt1) > ((£2 * t2) + (t3 * t3))) ;
}

return (el->ELpm == le 7 above : !above) ;

}

void

endpoint (Edge * e, int lr, Site * s)
{
e->ep[lr] = s ;
ref(s) ;
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if (e->eplre-1r] == (Site *)NULL)
{
return ;
}
out_ep(e) ;
deref (e->regllel) ;
deref (e->reglrel) ;
makefree ((Freenode *)e, (Freelist *) &efl) ;
}

float

dist(Site * s, Site * t)
{
float dx,dy ;

dx = s->coord.x - t->coord.x ;
dy = s->coord.y - t->coord.y ;
return (sqrt(dx*dx + dy*dy)) ;
}

void

makevertex (Site * v)
{
v->sitenbr = nvertices++ ;
out_vertex(v) ;

}

void

deref (Site * v)

{
if (--(v->refcnt) == 0 )
{
makefree((Freenode *)v, (Freelist *)&sfl) ;
}
}
void

ref (Site * v)
{
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++(v->refcnt) ;

}

heap.c

/*xx HEAP.C %%/

#tinclude "vdefs.h"

int PQmin, PQcount, PQhashsize ;
Halfedge * PQhash ;

void

PQinsert(Halfedge * he, Site * v, float offset)
{
Halfedge * last, * next ;

he->vertex = v ;
ref(v) ;
he->ystar = v->coord.y + offset ;
last = &PQhash[ PQbucket(he)] ;
while ((next = last->PQnext) != (Halfedge *)NULL &&
(he->ystar > next->ystar ||
(he->ystar == next->ystar &&
v->coord.x > next->vertex->coord.x)))
{
last = next ;
}
he->PQnext = last->PQnext ;
last->PQnext = he ;
PQcount++ ;

}

void
PQdelete (Halfedge * he)
{



Halfedge * last;

if(he -> vertex != (Site *) NULL)
{
last = &PQhash[PQbucket (he)] ;
while (last -> PQunext != he)

{
last = last->PQnext ;
}
last->PQnext = he->PQnext;
PQcount-- ;

deref (he->vertex) ;
he->vertex = (Site *)NULL ;
}

int

PQbucket (Halfedge * he)
{
int bucket ;

if (he->ystar < ymin) bucket = 0;
else if (he->ystar >= ymax) bucket = PQhashsize-1;
else
bucket = (int) ((he->ystar - ymin)/deltay * PQhashsize);
if (bucket < 0)

{
bucket = 0 ;
}
if (bucket >= PQhashsize)
{
bucket = PQhashsize-1 ;
}
if (bucket < PQmin)
{
PQmin = bucket ;
}

return (bucket);
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}
int
PQempty(void)
{
return (PQcount == 0) ;
}
Point
PQ_min(void)
{
Point answer ;
while (PQhash[PQmin].PQnext == (Halfedge *)NULL)
{
++PQmin ;
}
answer.x = PQhash[PQmin] .PQnext->vertex->coord.x ;
answer.y = PQhash[PQmin] .PQnext->ystar ;
return (answer) ;
}
Halfedge *
PQextractmin(void)
{
Halfedge * curr ;
curr = PQhash[PQmin] .PQnext ;
PQhash[PQmin] .PQnext = curr->PQnext ;
PQcount—- ;
return (curr) ;
}
void
PQinitialize(void)
{

int i ;
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PQcount = PQmin = 0 ;
PQhashsize = 4 * sqrt_nsites ;
PQhash = (Halfedge *)myalloc(PQhashsize * sizeof *PQhash) ;

for (i = 0 ; i < PQhashsize; i++)

{
PQhash[i] .PQnext = (Halfedge *)NULL ;
}
}
memory.c

/%*%* MEMORY.C #*%x*/

#include <stdio.h>
#include <stdlib.h> /* malloc(), exit() */

#include "vdefs.h"

extern int sqrt_nsites, siteidx ;

void

freeinit (Freelist * f1, int size)
{
fl->head = (Freenode *)NULL ;
fl1->nodesize = size ;

}

char *
getfree(Freelist * fl1)
{
int i ;
Freenode * t ;
if (f1->head == (Freenode *)NULL)
{
t = (Freenode *) myalloc(sqrt_nsites * fl->nodesize) ;
for(i = 0 ; i < sqrt_nsites ; i++)

{
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makefree ((Freenode *) ((char *)t+i*fl->nodesize), fl) ;
}
}
t = fl->head ;
fl->head = (f1->head)->nextfree ;
return ((char *)t) ;

}

void

makefree(Freenode * curr, Freelist * f1)
{
curr->nextfree = f1->head ;
fl->head = curr ;

}

int total_alloc ;

char *
myalloc(unsigned n)
{
char * t ;
if ((t=(char *)malloc(n)) == (char *) 0)
{
fprintf (stderr,
"Insufficient memory processing site %d (%d bytes in use)\n",
siteidx, total_alloc) ;
exit(0) ;
}
total_alloc += n ;
return (t) ;

}



APPENDIX E (SOURCE CODES FOR MAIN FUNCTION)

In this section, kvoronoi.cpp and svoronoi.cpp are listed. The file kvoronoi.cpp
includes the main () function for kinetic Voronoi algorithm and svoronoi.cpp includes

the main () function for static Voronoi algorithm

kvoronoi.cpp

#include <iostream.h>

#ifdef MYOPENGL
#include <GL/gl.h>
#include <GL/glu.h>
#include <GL/glut.h>
#endif

#include <sys/time.h>
#include <time.h>
#include <unistd.h>

#include "herd.hpp"

Herd herd_A;

int loop_num = 0;

#ifdef MYOPENGL

/ /<<<L<LLLLLLLLLLLLLLLLLLLKL myInit >>>>3>3>>3553555555>

void myInit(void)

{
glClearColor(1.0,1.0,1.0,0.0); // set white background color
glColor3f(0.0f, 0.0f, 0.0f); // set the drawing color
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glPointSize(4.0);

glMatrixMode (GL_PROJECTION) ;
glLoadIdentity();

gluOrtho2D(0.0, 200.0, 0.0, 200.0);

//<<<<LLLLLLLLLLLLLLLLLLLL myDisplay >O0550>>55>55555>
void myDisplay(void)
{
herd_A.DisplayHerd();
}

void myIdle(void){
sleep(3);
loop._num++;
if (loop_num>20) exit(0);

herd_A.MoveAllPrey();
glutPostRedisplay();
}

/ /<<<LLLLLLLLLLLLKLLLLLLLK keyboard >>>>>>55>55555>5>5>>
void keyboard(unsigned char key, int x, int y)
{

switch(key) {

case 27:

case ’q’:

exit (0);

}

glutPostRedisplay();
}
#endif
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int main(int argc, char¥* argv){
int i, j, movecount, count;

position allpos[PREYNUM];

#ifdef MYOPENGL

glutInit(&argc, argv); // initialize the toolkit
glutInitDisplayMode (GLUT_SINGLE | GLUT_RGB); // set display mode
glutInitWindowSize (200,200) ; // set window size

glutInitWindowPosition(100, 100); // set window position on screen
glutCreateWindow("Simulation for Selfish Herd");
glutKeyboardFunc (keyboard) ;

glutDisplayFunc (myDisplay) ; // register redraw function
glutIdleFunc(myIdle);
myInit();
glutMainLoop(); // go into a perpetual loop
#endif

#ifndef MYOPENGL
struct timeval tvl,tv2;
double diff_time[20];

while(1){
loop_num+t+;
if (loop_num>20){
printf ("End of simulation\n");
printf ("Time\n");
for(int i=0;i<20;i++){
printf("%12.3f \n", diff_time[il);
}
exit (0);
}
gettimeofday (&tv2,NULL);
herd_A.MoveAllPrey();
gettimeofday (&tvi,NULL);
diff_time[loop_num-1] = (tvl.tv_sec-tv2.tv_sec)*1000000
+(tvl.tv_usec-tv2.tv_usec);
}
#endif
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8V0TONO%. CPP

#include <iostream.h>

#ifdef MYOPENGL
#include <GL/gl.h>
#include <GL/glu.h>
#include <GL/glut.h>
#endif

#include <sys/time.h>
#include <time.h>
#include <unistd.h>

#include "herdstatic.hpp”

Herd herd_A;

int loop_num = 0;

#ifdef MYOPENGL

/ /<<<LLLLLLLLLLLLLLLLLLLL myTnit DO3>5D05355555>55555>

void myInit(void)

{
glClearColor(1.0,1.0,1.0,0.0); // set white background color
glColor3f (0.0f, 0.0f, 0.0f); // set the drawing color
glPointSize (4.0);
glMatrixMode (GL_PROJECTION) ;
glloadIdentity();
gluOrtho2D(0.0, 200.0, 0.0, 200.0);



/ /<<<<KLLLLLLLLLLLLLLLLKLKLKLL myDisplay >>>>>>5>5>55>>5>>
void myDisplay(void)
{
herd_A.DisplayHerd();
}

void myIdle(void){
sleep(3);
loop_num++;

if (Loop_num>20) exit(0);

herd_A.MoveAllPreyStatic();
glutPostRedisplay();

//<<<<LLLLLLLLLLLLLLLLLLLK keyboard >>55>5>555>555>5>5>>5>
void keyboard(unsigned char key, int x, int y)
{

switch(key) {

case 27:

case ’qQ’:

exit(0);
}
glutPostRedisplay();

}
#endif

int main(int argc, char** argv){
int i, j, movecount, count;
position allpos[PREYNUM] ;

#ifdef MYOPENGL
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glutInit(&argc, argv); // initialize the toolkit
glutInitDisplayMode (GLUT_SINGLE | GLUT_RGB); // set display mode
glutInitWindowSize (200,200) ; // set window size

glutInitWindowPosition(100, 100); // set window position on screen
glutCreateWindow("Simulation for Selfish Herd");
glutKeyboardFunc (keyboard) ;

glutDisplayFunc (myDisplay); // register redraw function
glutIdleFunc(myIdle);
myInit();
glutMainLoop(); // go into a perpetual loop
#endif

#ifndef MYOPENGL
struct timeval tvi,tv2;
double diff_time[20];

while(1){
loop_num++;
if (Loop_num>20){
printf("End of simulation\n");
printf ("Time\n");
for(int i=0;i<20;i++){
printf("%12.3f \n", diff_time[il);
}
exit (0);
}
gettimeofday (&tv2,NULL) ;
herd_A.MoveAllPreyStatic();
gettimeofday (&tv1i,NULL);
diff_time[loop_num-1] = (tvl.tv_sec-tv2.tv_sec)*1000000
+(tvl.tv_usec-tv2.tv_usec);
}
#endif
}



APPENDIX F (OTHER SOURCE CODES)

The source codes myheader.hpp and myheader . cpp are listed. Global functions or

variables are defined in the files.

myheader.hpp

#ifndef _MYHEADER_H
#define _MYHEADER_H

#include <time.h>
#include <stdio.h>
#include <stdlib.h>
#include <math.h>

#include <iostream.h>

#define PREYNUM 1000
#define TRUE 1

#define FALSE 0O

#define EMPTY -2

#define MAXNUM 100000
#define INFINITE 1000000

typedef struct myposition{
double x;
double y;

}position;

typedef struct mytriangle{
int bot;
int top;
int right;
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struct mytriangle *next;

}triangle;

typedef struct myeventque{
int trianglel[3], triangle2[3];
double time;
struct myeventque *next;

}eventque;

int Randomnum(void) ;
double Distance(position *from, position *to);

void NormToward(position *from, position *to, position *one);

void AddNextTri(triangle *head, int bot, int top, int right);
int DelNextTri(triangle *head);
void DelAllTri(triangle *head);

void AddInOrderEvent(eventque *head, int al, int a2, int a3,
int bl, int b2, int b3, double time);
void AddNextEvent(eventque *head, int al, int a2, int a3,
int bl, int b2, int b3, double time);
int DelNextEvent(eventque *head);
void DelAllEvent (eventque *head) ;

void FindCenter(double xa, double ya, double xb, double yb,
double xc, double yc, double *x, double *y);

/***********************************************/

/* Functions To Find coefficient */

/***********************************************/

double coefficient_t_4(double xa, double xb, double xc, double xd,
double ya, double yb, double yc, double yd,
double xva, double xvb, double xvc, double xvd,

double yva, double yvb, double yvc, double yvd);
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double coefficient_t_3(double xa, double xb, double xc, double xd,
double ya, double yb, double yc, double yd,
double xva, double xvb, double xvc, double xvd,
double yva, double yvb, double yvc, double yvd);

double coefficient_t_2(double xa, double xb, double xc, double xd,
double ya, double yb, double yc, double yd,
double xva, double xvb, double xvc, double xvd,
double yva, double yvb, double yvc, double yvd);

double coefficient_t_1(double xa, double xb, double “xc, double xd,
double ya, double yb, double yc, double yd,
double xva, double xvb, double xvc, double xvd,
double yva, double yvb, double yvc, double yvd);

double coefficient_t_0(double xa, double xb, double xc, double xd,
double ya, double yb, double yc, double yd,
double xva, double xvb, double xvc, double xvd,

double yva, double yvb, double yvc, double yvd);

#endif

myheader.cpp

#include "myheader.hpp"

[x—== - */
/*- randomnum() will generate random number. -*/
[ A e e e e e e e e e */

int Randomnum(void){
// srand(time(NULL));

srand (rand());

return(rand());



/*- Distance(position *from, position *to)  -*/
/*~ calculates distance from position "from" -*/
/*- to position “"to". —%/

/%= S x/

double Distance(position *from, position *to){

double xx, yy;

i

xx = (to->x - from->x);

yy

(to->y - from->y);

return sqrt ( (xx * xx) + (yy * yy) );

}

e e e e e e e e e e e */
/*- NormToward(position *from, position *to, position *one) -*/
/¥~ calculates structure position "one" which includes x ~-%x/
/*- and y of each move. -*/
[ K ——— B e L */

void NormToward(position *from, position *to, position *one){

double dis;

dis = Distance(from, to);

one->x (to->x - from->x) / dis;

one->y = (to->y - from->y) / dis;

void AddNextTri(triangle *head, int bot, int top, int right){

triangle *temp, *newtri;

temp = head;

newtri = (triangle *)malloc(sizeof (triangle));

]

newtri->bot bot;

newtri->top = top;
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newtri->right = right;

newtri->next = temp->next;

temp->next = newtri;

1

int DelNextTri(triangle *head){

triangle *temp = head;

if (temp->next !=NULL) {
// printf("Delete Triangle next.\n");
temp = temp->next;
head->next = temp->next;
delete temp;
return TRUE;
}
return FALSE;

void DelAllTri(triangle *head){
while (DelNextTriChead));

void AddInOrderEvent(eventque *head, int al, int a2, int a3,
int bi, int b2, int b3, double time){

eventque *temp = head;

// if temp->next.time < time

while(temp->next != NULL &% temp->next->time < time){
temp = temp->next;

}

AddNextEvent (temp, al, a2, a3, bi, b2, b3, time);
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void AddNextEvent(eventque *head, int al, int a2, int a3,
int b1, int b2, int b3, double time){

eventque *temp, *newevent;

temp = head;

newevent = (eventque *)malloc(sizeof (eventque));

newevent->trianglei[0] = al;
newevent->trianglei[1i] = a2;
newevent->trianglel[2] = a3;
newevent->triangle2[0] = bl;
newevent->triangle2[1] = b2;
newevent->triangle2[2] = b3;

newevent->time = time;

newevent->next = temp->next;

temp->next = newevent;

int DelNextEvent (eventque *head){

eventque *temp = head;

if (temp->next !=NULL){
temp = temp->next;
head->next = temp->next;
delete temp;
return TRUE;

}
return FALSE;
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void DelAllEvent (eventque *head){
while(DelNextEvent (head));
}

void FindCenter(double xa, double ya, double xb, double yb,
double xc, double yc, double *x, double *y){
double temp;

// if(xa-xb > -0.5 && xa-xb < 0.5){
if(xa-xb > -0.01 && xa-xb < 0.01){
// if(xa==xb){
if(ya-yc > -0.01 && ya-yc < 0.01){
// if(ya==yc){
// ========== First case =====sz=== [/
(*x) = (xa + xc)/2.0;
(xy) = (ya + yb)/2.0;

// ========== Second cagse ========== //
(xy) = (ya + yb)/2.0;
(*¥x) = ((*y)-(ya+yc)/2.0)*((-yc+ya)/(xc-xa)) + (xa+xc)/2.0;

}else{
if(ya-yb > -0.01 && ya-yb < 0.01){
// if(ya==yb){
if(xa-xc > -0.01 && xa-xc < 0.01){
// if(xa==xc){
// ========== Third case =======s=== [/
(*x) = (xa + xb)/2.0;
(xy) = (ya + yc)/2.0;
}else{
// ========== Fourth case ========== //
(¥x) = (xa + xb)/2.0;
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(xy) = ((*x)-(xa+txc)/2.0)*((-xc+xa)/(yc-ya))+(yatyc)/2.0;

Fifth case
// xal=xb && ya!=yb && xa!=xc && ya!=yc

(#x) = (xc*xc-(xa*xa))/(2.0x(yc-ya))
-(xb*xb-(xa*xa))/(2.0*(yb-ya)) +(yc-yb)/2.0;
temp = (xc-xa)/(yc-ya)-(xb-xa)/(yb-ya);
(*x) /= temp;

(*xy) = ((*x)-(xat+xc)/2.0)*((-xc+xa)/(yc-ya))+(yatyc)/2.0;

/*********************************

CForm[Coefficient[Ans, t, 4]]

**********************************/

double coefficient_t_4(double xa, double xb, double xc, double xd,
double ya, double yb, double yc, double yd,
double xva, double xvb, double xvc, double xvd,

double yva, double yvb, double yvc, double yvd){

return
xvb*xvb*xvckyva — xvbkxvekxvckyva - xvbxxvb*xvdkyva + xvckxvckxvdxyva +
xvb*xvd*xvd*yva — xvckxvdsxvdiyva - xvakxvaxxvcxyvb + xvakxvcxxvcxyvb +
xva¥xvarxvd*yvb - xvckxvekxvdxyvb - xvasxvd*xvd*yvb + xvcikxvd*xvdsyvb -
xXvckyvaxyvaxyvb + xvdxyvaxyvaxyvb + xvckyva*yvb*yvb - xvd*yvaxyvb*yvb +
Xva¥xva*xvb*yvc — xva*xvb*xvbkyvc - xvaixvakrxvd*yvc + xvbixvb*xvd¥yvc +
xva*xvd*xvd*yvc - xvbkxvd*xvd*yvc + xvb*yvakryvaryvc - xvd¥yvaxyvakryve -



xva*xyvb*yvb*yvc
xvakxyvb*yvckxyve
xvakrxvakrxveryvd
xvb*yvaxyvaxyvd

xva*yvexyve*yvd

+

+

xvd*yvb*yvb*yvc
xvd*yvbkyvckyve
xvb*xvb*xvckyvd
xvekyvakyvakryvd

xvb¥yvcxyvekxyvd

+

+

xvbxyva*yvcxyve
xva*xva*xvb*yvd
Xvakxvekxvekyvd
xvaxyvbyvb*yvd
xvb*yvaxyvd*yvd

+
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xvd*yvaxyvc*yvce
xva*xxvb*xvb*yvd
xvb*xvekxxvekyvd
xvexyvbkxyvbxyvd

xvexyvakryvdryvd

+

+

+

xvaxyvb*yvd*yvd + xvckyvb*yvd*yvd + xvakyvckyvd*yvd - xvb*yvckxyvd*yvd;

/*********************************

CForm[Coefficient[Ans, t, 3]]

**********************************/

double coefficient_t_3(double xa, double xb, double xc, double xd,
double ya, double yb, double yc, double yd,
double xva, double xvb, double xvc, double xvd,

double yva, double yvb, double yvc, double yvd){

xvc*yaxyvb*yvb — xvdxyaxyvb*yvb - xvakxyckxyvb*yvb + xvd*yc*yvb*yvb +

xvaxyd*yvb*yvb - xvckyd*xyvb*yvb + xckyvaxyvbxyvb - xd*yvaxyvb*yvb +

return
xvb*xvb*xvc*ya ~ Xvb*Xvckxvekya =~ Xvb*xvb*xvdkya + xvckxverxvdirya +
xvb¥xvd*xvd*ya - xvc*xvd*xvd*ya - xvakxvakrxvckyb + xvaxxvckxvckyb +
xvakxva*xvd*yb - xvckxvexxvdryb - xvaxxvdirxvdryb + xvekxvdsxvdryb +
xva*xva*xvb*yc — xva*xvb*xvb*yc - xvakxvakrxvd*yc + xvb*xvb*xvdryc +
xva*xvd*xvd*yc — xvb*xvdrxvd*yc - xvakxva*xvb*yd + xvaxxvb*xvbkyd +
xva*xva*xvckyd — xvb*xvbkxvckyd - xvaxxvckxvekyd + xvbkxvckxvekyd +
xc*xvb*xvb*yva — xd*xvbkxvb*yva + 2¥xb*xvb*xvckyva - 2*xc*kxvb*xvcryva -
xb¥xvcxxvekyva + xdkxvekxvekyva — 2¥xb*xvb*xvdkyva + 2%xd*xvbixvdryva +
2*xckxvekxvdryva —~ 2xxdixvekxvdxyva + xbkxvd*xvdi*yva - xckxvdxxvd¥yva -
xvc*yb¥yvakxyva + xvdsyb*yvaxyva + xvbkyckyvaxyva - xvd*yckyvaxyva -
xvb*yd*yva*yva + xvcxydryvakyva — xcxxvakrxvaxyvb + xd*xvakxvaxyvb -
2*xa*xXVa*XVC*yvh + 2*xCckxXva*xvckyvb + xaxxvckxvexyvb - xdkxvekrxvckyvb +
2*xa*xva*xvd*yvb - 2¥xd*xvaixvd*yvb - 2¥xc*xvcixvd*yvb
+ 2*xd*xvcxxvd*yvb -
xakxvd*xvd*yvb + xckxvd*xvd*yvb - 2*xvckyaxyvakxyvb + 2kxvd*yakyvasyvb +
2*xvc*yb¥xyva*yvb - 2kxvd*yb*yvaxyvb - xcxyvaxyvaxyvb + xdxyvakxyvakyvb +
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xb*xva*xva*yvc - xdrxvakxva*yvc + 2¥xaxxvarxvb*yvc — 2%xb*xva¥xvb*yvc

+

xaxxvb*xvb*yvc + xd*xvb*xvb*yvc - 2*xa*xvaxxvdxyvc + 2*xd*xvaxxvdiryvc

+

2%xbk*xvb*xvd*yve - 2%xd*xvb*xvd*yvc + xakxvdirxvd¥yvc - xb¥xvdrxvd*yvc
2xxvb¥ya*xyvaryvc ~ 2*xvd*yaxyvakryvc ~ 2¥xvbkyckyvaxyvc

+ 2¥xvd¥yckyvaryvc +

+

xb*yva*yvaxyvc - xdxyvakxyvaryvc - 2*xvaxyb¥yvbkyvc + 2#xvdiybiyvbryvc

2*xva*yckyvbxyvc - 2%xvd*yc*yvb*yvc - xaxyvbkyvb*yvc + xd¥yvb*yvb*yvc
xvb¥yaxyvck*yve + xvdikyaxyvckyve + xvaxyb*yvckyve — xvd*yb*yvckyve -
xvaxyd*yvciyve + xvbkyd*yvckyvec - xbxyvakxyvcxyve + xdxyvakyvekxyve +
xa*yvb*yvckyve — xd*yvb*yvckyve - xb*xvaxxvaryvd + xckxvakxvakyvd -
2xxa*xva*xvb¥yvd + 2#xb*xvarxvb*yvd + xa*xvb*xvb*yvd - xc*xvb*xvb*yvd +
2%xa*xva*xveryvd — 2¥xckxvakxvcekyvd - 2kxbxxvb*xvckyvd

+ 2xxc*xvb*xvckyvd -
xa*xvekxvexyvd + xbxxvekxvekyvd - 2kxvbxyaryvakryvd + 2%xvckyaxyvakyvd +
2*xvb*yd*yvaryvd - 2*xvcryd*yvakryvd - xb¥yvaryvakryvd + xckyvaxyvaxyvd +
2*xva*yb*yvb¥yvd - 2*xvc*yb*yvb*yvd - 2*xvaxydsyvb*yvd
+ 2kxvexydxyvbxyvd +
xa*yvb*yvb*yvd - xckyvb*yvb*yvd - 2#xvaxyckyvckyvd + 2*kxvb*yckyvckyvd +
2*xvaxyd*yvckxyvd - 2*kxvbikyd*yvcxyvd - xaxyvexyvekyvd + xbxyvceryvekyvd +
xvb*ya*yvd*yvd — xvckyaxyvd*yvd - xvarybkxyvd*yvd + xvckybkxyvdryvd +
xvaxycxyvd*yvd - xvb*yc*yvd*yvd + xb*yvaxyvd*yvd - xcxyvaxyvdkryvd -

xa*yvb*yvd*yvd + xcxyvbxyvd*yvd + xaryvcxyvdryvd - xbixyvckyvdiyvd;

/*********************************

CForm[Coefficient[Ans, t, 2]]

**********************************/

double coefficient_t_2(double xa, double xb, double xc, double xd,
double ya, double yb, double yc, double yd,
double xva, double xvb, double xvc, double xvd,

double yva, double yvb, double yvc, double yvd){

return
xc*xxvb*xvb*ya - xd*xvbixvbkya + 2*xb*xvb*xvckya - 2kxckxvb¥xvckya -

xb*xvekxvekxya + xdkxvexxvekya — 2%xbkxvbxxvd*ya + 2kxd*xvb*xvd*ya +



2*xxc*xvekxvd*ya
xckxvakxvakyb +
Xa¥XVC*XVC*yb -
2*xckxvekxvd*yb
xb*xvakxva*yc -
xa*xvb*xvb*yc +
2*xb*xvb*xvdiyc
xb¥xva*xva*yd +
xa*xvb*xvb*yd -
2*xb*xvb*xvc*yd
2#xb*xc*xvb*yva
xb*xb*xvckyva -
xb*xb*xvd*yva +
2*xvckyaxyb*yva
2*xvb*ya*ycxyva
2*xvb*yakyd*yva
xckybkyvakryva +
xb*yd*yvaxyva +
2¥xa*xd*xva*yvb
2¥xc*xd*xXVC*yVb
2#*xa*xd*xvd*yvb

2¥xvekyaxybxyvb

- 2xxd*xvckxvdkya + xb*xvd¥xvd*ya
xd*xva*xva*yb - 2*xakxva*xvckyb +
xd*xvckxvekyb + 2*xakxvakxvdiyb -
+ 2*xd*xvcxxvd*yb - xa*xvd*xvd*yb
xd*xva*xvakyc + 2kxaxxvakxvb*yc -
xd*xvb*xvb*yc - 2*xa*xvakxvd*yc +
—- 2*xd*xvb*xvd¥yc + xa*xvdrxvd*yc
xc*xvakxvakyd - 2kxaxxvarxvbryd +
xc*xvb¥xvb*yd + 2*xa*xvaxxvckyd -
+ 2¥xc*xvb¥xvckyd — xa*xvckxvcexyd
- xc*xc*xvb*yva - 2*xb*xd*xvb*yva
2xxbixckxvekyva + 2kxckxd*xveryva
xc*xc*xvd*yva + 2xxb*xd*xvd*yva -
+ 2*xxvd*ya*yb*yva + xvcxybxyb*yva
- 2%xvd¥yaxyckyva - xvbiyckrycxyva

+ 2xxvcxyaxydxyva + xvbxyd*yd*yva

- xckxvdrxvdiya
2kxckxvakxvckyb
2xxd*xva*xvd*yb
+ xckxvd*xvd*yb
2xxb*xva*xvb*yc
2*xd*xvakxvd*yc
- xb*xvd*xvd*yc
2xxb*xva*xvb*yd
2*xcxxvaxxveryd
+ xb*xvckxveryd
+ xd*xd*xvb*yva
~ xd*xd*xvckyva
2%xcxxd¥xvd*yva
- xvd*yb*yb*yva
+ xvdkyckycxyva

= xvckxyd*yd*xyva

xd*yb*yvakyva + xbkyc*yvakyva - xdxyc*yvakyva -

xcxyd*yvaxyva - 2*xarxcxxvaxyvb +
- xd*xd*xva*yvb - xakxa*xvckyvb +
+ xd*xd*xvcxyvb + xa*xarxvdxyvb -

+ 2kxc*xd*xvd*yvb - xvckyakyaxyvb

xc*xckxva*yvb +
2%kxa*xc*xvVeryvb
xckxckxvd*yvb -

+ xvd*ya*ya*yvb

- 2*xvdxya*yb*yvb - 2kxvakybkyckyvb

+ 2xxvd*yb*yc*yvb +

xva*ycxyckxyvb -~
xva*yd*yd*yvb +
2¥xc*ybkxyvaxyvb
xa*ycxyvb*yvb +
2¥xa*xb*xva*yvc
xa*xxa*xvb*yve -
xa*xaxxvd*yve +
xvb*ya*yaxyvc -

2*xvb*ya*yc*yvc

xvd*yc*yckxyvb + 2kxvakxyb*yd*yvb - 2%xvcxyb*yd*yvb
xvexyd*yd*yvb - 2%xckyaxyvaxyvb + 2*xd*yaxyva*yvb
- 2*xd*yb*yva*yvb + xc*yaryvb*yvb - xd*ya*yvb*yvb
xd*yc*yvbkxyvb + xa*ydxyvb*yvb - xckxyd*yvb*yvb +

- xb*xb*xva*yvc —~ 2*xa¥xdxxvaxyvc + xd*xd*xvaxyvc
2¥xaxxb*xvb*yve + 2*xb¥xd*xvb*yvc - xd¥*xd*xvb*yvc
xb*xb*xvd*yve + 2*xa*xdixvdryvc - 2*xb*xd*xvd¥yvc
xvd*ya*ya*yvc — xvaxyb*yb*yvc + xvdiyb¥ybxyve -

+ 2kxvd*ya*yckxyve + 2*xvaxyb*yckyvc

- 2*xxvd*yb*yc*yvc -

2¥xvakxycxyd*yve

2¥xb*ya*yvaryvce

+ 2*xxvbiyc*yd*yvc + xvaxydydkyve - xvbkydkyd*yvc

- 2¥xd¥ya*xyvakyvc - 2¥xb¥yckyvakyvc

+ 2%xd*yc*yva*yvc - 2kxa*xybkyvbxyvc + 2%xd*yb*yvb*yvc +

2¥xa*xyckyvb*yvc
xbxyakryvckyve +

xaxyd*yvcxyve +

- 2¥xd*yc*yvbxyve -
xd*yaxyvckyve + xa*xyb*yvckyvc - xd*yb¥yvckyve -

xb*ydkyvekyve - 2*xa*xb*xva*yvd + xb*xb*xvaxyvd +
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2*xa*xc*xvak*yvd — xc*xcxxvaryvd - xa*xa*xvbryvd + 2*xakxb*xvb*yvd -

2*xb*xc*xvb*yvd + xckxc*xvb*yvd + xakxxa*xvcxyvd - xb*xbkxvc*yvd -

2*xa*xc*xvekyvd + 2%xbrxckxvckyvd - xvbiyaxyaryvd + xvckyakyaxyvd +

xva*yb*yb*yvd - xvckyb*yb*yvd - xvakyckyckyvd + xvbiyckyckyvd +

2*xvb*ya*yd*yvd — 2*xvckyakyd+*yvd -~ 2%xvaxybk*yd*yvd + 2¥xvcxyb*yd*yvd +
2xxvaxyckxyd¥yvd — 2%xvbxyc*ydkyvd — 2*xbkyakyvaxyvd + 2*kxcxyakyvaryvd +
2xxb¥yd*yvaxyvd — 2*xckxydryvaxyvd + 2*xaxyb*yvbx*yvd - 2*xc*yb*yvb*yvd -

2*xa*xyd*yvbkyvd + 2kxckyd*yvb*yvd - 2kxaxyc*yvckyvd
2*xa*yd¥yvcryvd — 2*xb*ydryvckyvd + xbkyaxyvd*yvd -

+ 2xxb*yc*yvckyvd +

xckyakryvd*yvd -

xa*yb*yvd*yvd + xc*ybkyvdkyvd + xakycxyvd*yvd - xbxyc*yvd*yvd;

/*********************************

CForm[Coefficient[Ans, t, 1]1]

stk s e o e e e ok sk ok o sk sk ok sk sk ok ke ok ok sk sk ke ek ek ok ok o e ok /

double coefficient_t_1(double xa, double xb, double xc, double xd,

double ya, double yb, double yc, double yd,

double xva, double xvb, double xvc, double xvd,

double yva, double yvb, double yvc, double yvd){

return

2*xb*xc*xvbkya
xb*xb*xvc*ya -
xb*xb*xvd*ya +
2*xa*xc*xva*yb
xa*xa*xvckyb +
xa*xa*xvd*yb -
xvekyakryaxyb +
2*xa*xb¥xvakyc
xa*xa*xvb*yc -
xa*xxa*xvdkyc +
xvb*ya*ya*yc -
xvb*yakxyckyc +

2*xa¥xb*xvaxyd

- XC*xXC*xXVb*ya
2¥xb*xc¥*xVCHya
xckxckxvdkya +
+ xckxc*xvaxyb
2¥xa*xckxvexyb
xc*xcxxvd*yb -
xvd*yaxya*yb +
- xb¥xb*xva*yc
2¥xa*xb*xvb*yc
xb*xb*xvd*yc +
xvd*yakxyaxyc -
xvd*ya*yckyc +

+ xb*xb*xvaryd

- 2*%xb*xd*xvb*ya + xd*xd*xvb*ya
+ 2*xc*xd*xveckya - xd*xd¥xvckya
2*xb*xd*xvd*ya — 2*xcrxd*xvd*ya
+ 2*xaxxd*xva*yb - xd*xd¥xvaxyb
- 2*xc*xd*xvckyb + xd*xd*xvc*yb
2xxakxd*xvd*yb + 2kxc*xd*xvd*yb
xvc*ya*yb*yb — xvd¥yaxyb*yb +

- 2¥xaxxdixva*yc + xd*xd*xvayc
+ 2*xb*xd*xvb*yc - xd*xd*xvb*yc
2xxaxxdrxvd*yc - 2%xbixd*xvd*yc
xva*yb*yb*yc + xvd*yb*ybxyc -

xva*yb*yckxyc ~ xvd*yb*yc*yc -

+ 2*xa*xc*xva*yd - xckxc*xvaxyd



xaxxaxxvb*yd +
xaxxaxxvekxyd -
xvb*yakyaxyd +

xvaxyckxycxyd +

2*xxa*xb*xvb*yd
xb*xb*xvc*yd -
xvckyakyaryd +

xvb*yc*yc*xyd +

~- 2*xb*xc*xvb*yd + xckxckxvb*yd

2xxaxxckxveryd + 2kxbixcikxveryd

xva*ybxyb*yd

xvb*yaryd*yd

xvc*yb*ybkyd

1

xvexyakxydkyd

+
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xva*yb*yd*yd + xvckyb*ydtyd + xvakryckydiyd - xvbkyckyd*yd +

xb*xb*xc*yva — xb*xc*xckyva -~ xbx*xb*xd*yva + xc*xckxd*yva +

+

xb*xd*xd*yva - xckxd*xd¥yva - 2*xcxyakybk*yva + 2*xd¥yaxyb*yva

xc*yb*yb¥*yva — xd*yb*yb¥yva + 2%xb*yakyc*yva - 2*xd¥yakyc*yva

+

xb*yckyckyva + xdkyckyckyva — 2*xbxyakydryva + 2*xc*yakxyd*yva

xb*yd*yd*yva - xckyd*ydkyva - xarxaxxcxyvb + xakxckxckyvb +
xa*xa*xd*yvb - xckxc*xd*yvb - xa*xd*xd*yvb + xckxd*xd*yvb -
xc*ya¥yaxyvb + xdkya*yaxyvb + 2kxckyakxybxyvb - 2*xd*ya*yb*yvb -

2*xa*yb*yc*yvb + 2*xd*yb*yc*yvb + xaxycxyc*yvb - xd*yckyc*yvb +

+

2xxaxyb*yd*yvb - 2*xciyb*yd*yvb - xa*yd*yd*yvb + xc*yd*yd*yvb
xa*xa*xb*yvc - xaxxb¥xb*yvc - xa¥xaxxd*yvc + xb*xb¥xd*xyvc +
xaxxd*xd*yve - xb*xd*xd*yvc + xb*yakxyakryvc - xdkyakyakxyve -
xa*xybxyb*yvc + xd*yb*yb*yvc - 2*xb*ya*yckyvc + 2¥xd*yaxycxyvc +
2xxa*ybxyc¥yve - 2*xd*yb*yckyvc - 2*xa*yckyd*yvc + 2%xb*ycxyd*yvc +
xa*yd*xyd*yvc - xb*yd*yd*yvc - xa*xakxb*yvd + xa*xb*xb*yvd +
xa*xa*xc*yvd - xb*xb*xckyvd - xa*xckxckyvd + xb*xc*xckyvd -
xbxya*ya*yvd + xckyarya*yvd + xa*yb*yb*yvd - xcxyb*yb*yvd -
xakxycxyc*yvd + xb*yckycryvd + 2xxbiyarydsyvd - 2*xckyakydsyvd -
2xxa*ybkydryvd + 2*xcxyb*yd*yvd + 2*xakyckyd*yvd - 2xxb¥yc*yd¥yvd;

/*********************************

CForm[Coefficient[Ans; t, 0]]

**********************************/

double coefficient_t_0(double xa, double xb, double xc, double xd,
double ya, double yb, double yc, double yd,
double xva, double xvb, double xvc, double xvd,

double yva, double yvb, double yvc, double yvd){

return
xb*xb*xc*ya - xb*xc*xc*ya - xb*xb*xd*ya + xc*xc*xd*ya + xb*xd*xd*ya -

xc¥xd*xd¥*ya - xa*xa*xc¥yb + xakxckxc*yb + xaxxa*xd*yb — xc*xckxd*yb -



xa*xd*xd*yb
xd*ya*yb*yb
xa*xd*xd*yc
xd*yb*yb*yc
xa*xa*xxb*yd
xb*xc*xckyd
xakycxyc*xyd
xc*yb*yd*yd

xc*kxd*xd*yb
xa*xa*xb*yc
xb*xd*xd*yc

xb*ya*yckyc

+

+

xa*xb*xb*xyd +

xb*ya*ya*yd +

xbkxycxyckyd +

xa*yckyd*yd -

xckyaxyaxyb
xa*xb*xb*xyc
xb*ya¥ya*yc
xd*ya*yc*yc
xa*xa*xckyd
xckyakryakryd
xb*ya*yd*yd
Xb*yckyd*yd;

+

+

xd*ya*ya*yb
xakxxakrxd*yc
xd*yakyakyc
xaxyb*yckyc
xb*xb*xc*yd
xa*xyb*yb*yd
xciyaxyd¥yd

xc*ya*yb*yb
xb*xb*xd*yc
xa*yb*yb*yc
xd*yb*yc*yc
xa*xc*xc*yd
xc*xyb*yb*yd
xa*yb¥yd*yd
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APPENDIX G (MAKEFILE)

The fileMakefile is listed in this section. When a simulation with graphics needs to

be executed, “OPENGL=-DMYOQOPENGL” is reuired in this file.

Makefile

CC = gt++ ~ansi -Wno-deprecated

LIBS = =-1GLU -1GL -1m -1lglut -L/usr/X11R6/1ib -L/usr/1ib/X11 -1Xi -1Xmu

VOR=voronoi/edgelist.c voronoi/geometry.c voronoi/heap.c voronoi/memory.c

voronoi/output.c fortune.cpp

0BJ=prey.o herd.o myheader.o fortune.o edgelist.o geometry.o

heap .0 memory.o output.o root.o

S0BJ=prey.o herdstatic.o myheader.o fortune.o edgelist.o geometry.o

heap.o memory.o output.o

OPENGL=

#-DMYOPENGL

all: kinetic static

static: $(SOBJ)
$(cC) $(S0BJ) $(OPENGL) svoronoi.cpp -pg -0 svoronoi $(LIBS)

kinetic: $(0BJ)
$(CC) $(0BJ) $(OPENGL) kvoronoi.cpp -pg -o kvoronoi $(LIBS)
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prey.o: prey.cpp prey.hpp myheader.hpp
$(CC) -pg ~c prey.cpp

myheader.o: myheader.cpp myheader.hpp
$(CC) -pg —c myheader.cpp

herd.o: herd.cpp herd.hpp prey.hpp myheader.hpp

$(CC) -pg $(OPENGL) -c herd.cpp

herdstatic.o: herdstatic.cpp herdstatic.hpp prey.hpp myheader.hpp
$(CC) -pg $(OPENGL) -c herdstatic.cpp

fortune.o: $(VOR) voronoi/vdefs.h fortune.hpp
$(CC) -pg -c $(VOR)

root.o: myheader.hpp root.hpp root.cpp
$(CC) -pg -c root.cpp
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