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Abstract
Desirable difficulty in a game level is achieved by varying geometry of arena or placement
of guards/obstacles inside it. Designing such levels requires a rigorous Design-Test cycle,
for which the testing can be automated using Pathfinding algorithms. In this thesis, we
propose an algorithm for roadmap generation for a player using a modified Medial skeleton
of a 3D representation (2D spatial & 1D time) of a Stealth game level with elements that
change over time. We define performance metrics and compare the paths obtained using
our approach with those using Rapidly exploring Random Trees, on three different game
levels. The paths obtained this way are more realistic (human-like), i.e. close to the center
of walking area of the arena, keeping them at safe distances from obstacles and boundaries
unlike other pathfinding algorithms that are “shortest-path" centric approaches.
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Abrégé
Le niveau de difficulté voulu dans un niveau de jeu est obtenu en variant la forme d’une
aire de jeu ou le placement des obstacles et des adversaires dans celle-ci. La conception
de niveaux requiert un cycle rigoureux de design suivi de tests, et ces tests peuvent être
automatisés en utilisant des algorithmes de recherche de chemins. Dans ce mémoire, nous
présentons un algorithme de génération de chemins pour le joueur appliqué à un niveau d’un
jeu d’infiltration avec éléments dynamiques. Cet algorithme utilise une version modifiée du
squelette de forme (basé sur l’axe médian) d’une représentation tridimensionnelle, dont les
deux premières sont spatiales et la troisième temporelle. Nous présentons des métriques
de performance et comparons, sur trois niveaux de jeu différents, les chemins obtenus
par notre approche à ceux utilisant des arbres aléatoires d’exploration rapide (RapidlyExploring Random Trees). Les chemins obtenus de la sorte sont plus réalistes (similaires
à ceux générés par des joueurs humains). Contrairement aux chemins générés par des
algorithmes de recherche de chemin basés sur la plus courte distance, ceux générés avec
notre méthode sont plus près du centre des zones piétonnes de l’aire de jeu, ce qui les
maintient à une distance sécuritaire des obstacles et des frontières.
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Chapter 1
Introduction
Stealth games are becoming increasingly popular with the current generation. To complete
a stage in a stealth game, where combat is disallowed, the aim of the player is to move from
one place to another to complete objectives. These objectives include avoiding detection
from obstacles and Non Player Characters (NPCs), for example, guards and cameras. A
pure example of this genre exist in Thief series. Designing such scenarios is complex,
as it involves placement of several such obstacles in a manner to maintain some level of
difficulty while ensuring that a feasible solution exists. The difficulty level can be controlled
by increasing the number of objects or making player movement past them challenging, by
providing a smaller window of passage.
Such game levels can be designed manually by game-artists, followed by alpha/beta
testing by expert human testers for verifying the difficulty levels. This is expensive and
time consuming. Moreover, determining mobility patterns of guards and cameras can be
tricky for human designers, as it will be hard for them to accurately determine the size of
window of movement for the player. This has lead to emergence of pathfinding algorithms to
solve this problem automatically. Several techniques, such as Visibility graphs, Navigations
meshes, and other probabilistic approaches, have come up recently for 2D arenas which work
on static game levels.
Visibility graphs go around the corners of obstacles, touching them, to reach the goal
within shortest possible distance. Navigation mesh is a set of A* paths that connect the
decomposed spaces of the arena floor plan. Other approaches like RRTs (Rapidly exploring
Random Trees) are probability based, where points are generated in space randomly, and
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are connected together to yield a path from start to goal. Extending these approaches to
handle movements inside a dynamic arena is tricky, and often not feasible, like in case of
Navigation meshes.
In this thesis, we will exploit the property of a skeleton of an enclosed body that
internally runs through all the parts of the body, avoiding the holes, and staying equidistant
from the boundary surfaces of the body. So, if we follow the skeleton to move around the
body, unlike visibility graphs, it would not give us the most optimal path, but the movement
behaviour will be realistic enough to closely resemble a human’s movement. Brogan and
Johnson [10] as well as Geraerts and Overmars [19] study human movement behaviour
in path-finding, and finds that a human player stays away from the walls, corners and
obstacles as far as possible. So in an bounded area, it tends to walk close to the center of
the area.
To deal with dynamic arenas, we extend the 2D arena into 3D to look over movements
inside it over time. For example, if a triangular obstacle/guard is moving forward with
time in x-y plane, then considering the z coordinate as time, with increasing time value
this triangular shape will appear like a prism as it moves forward, as shown in figure 3.1b.
Similarly, rest of the objects in the arena are stretched in time dimension. Since, the
player must not access the area covered by these obstacles in 2D, and should remain inside
the arena’s area, extending them to 3D will imply that the player cannot enter inside the
volumes occupied by these stretched obstacles and should always move inside the volume
of the whole arena. Thus the obstacles act as a hole inside a body constituted by the arena
boundaries, and covered from top and bottom.
We propose and investigate this approach of stacking together the dynamic configurations of arena as stacks of time stamps and then using Medial skeletons inside the body
formed by these time-stamped configuration layers. Since the skeleton will always avoid
the holes inside a body, the player will never collide with those holes, while staying inside
the arena and being able to move to all reachable parts of it, as shown for a 2D arena in
figure 1.1. We assume that the arena and it’s obstacles can be formed using polygons in
2D.
We verify our approach analyze performance on three game level designs. Two of them
are non-trivial synthetic cases, and the third test is a more involved and complex level
design from Metal Gear Solid (MGS) (Konami Digital Entertainment 1998), used to show
that our approach works even for more complex scenarios. Our design is integrated into the
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Fig. 1.1: A 2D arena with a guard inside it. The field of view of guard acts as a triangular
hole inside the arena. The Medial skeleton goes all around the arena, and avoids the holes
(i.e. the FoV of guard) in it. This strategy of moving along the Medial skeleton can be
applied in 3D structures also, which motivates our approach of extending a 2D arena into
3D, where the third dimension corresponds to time.
Unity3D game development framework allowing us to analyze in an industry-scale game
level context by representing complicated space and enemy configurations.
Specific contributions include:
• Deep exploration of using a 3D Medial skeleton as a roadmap structure for compactly
representing a range of “human-like" paths in a stealth game level.
• Our design includes several non-trivial changes to a naive skeleton generator to make
the resulting graph suitable for pathing in a level. This includes:
– Converting the infinite time model of a stealth game level into a bounded space
volume model suitable for Medial axis calculation

1 Introduction

4

– Making the skeletal mesh represent a graph composed of realistic movements
and feasible paths.
– Additional connections are added to the existing mesh to avoid going to corners.
• Verification of results:
– Metric function verify how “human-like" the paths are in terms of how close they
are to obstacles.
– Comparison of paths obtained with those using RRTs (Rapidly exploring Random Trees).
Our thesis has 6 more chapters, the organization of which is as follows:
• Chapter 2 provides the background the related work concerning pathfinding algorithms for game arenas. It basically discusses three techniques: Visibility graphs,
Navigations meshes, and a probabilistic approach.
• Chapter 3 introduces a way to represent a dynamically varying arena, with different
behaviour guard movements. It discusses the representation as layers of time slices,
and using them to constitute an enclosed 3D body, that would be suitable for running
Medial skeleton algorithm.
• Chapter 4 talks in detail about generation of Medial skeletons for 2D and 3D bodies. Usage of an implementation for calculating an approximate Medial skeleton is
discussed in terms of its parameter settings, and its accuracy.
• Chapter 5 is about applying post-processing steps on the raw Medial skeletal mesh to
make it useful for path generation. This involves removing unfeasible edges, undesirable vertices, and connecting very closely placed vertices, to make traversal simpler
and less aberrated.
• Chapter 6 shows a number of experiments on multiple testing levels. Performance
metrics is defined to show results on these experiments. Tests are performed to decide
on parameters of the algorithm. Comparisons are made with RRT to discuss various
aspects of the algorithm.

1 Introduction

5

• Chapter 7 gives a conclusion on our topic based on the results from our experiments.
We also discuss a limitation of the work and its possible solution for future work.
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Chapter 2
Background and Related Work
Stealth problems can be defined as tasks where player has to move from a start position
to an ending position, while avoiding Non-Player Character’s (NPC) Field of View (FoV).
Such problem are not only common for stealth genre games like Thief or Mark of the
Ninja, but such scenarios can be introduced in stealth games involving combat too, like
Metal Gear Solid where a player tries to avoid enemies as much as possible, and there
exist solutions to the game without engaging with the enemy; it however can engage in a
combat if detected. Once the combat is finished, the player can again follow the same goal
of moving stealthily.
Such game levels require careful designing, placement of obstacles and enemies, deciding
their behaviour, and other factors that affect visibility and stealth (for example, light,
shadow, sound, that might affect the field of view of enemy) [44]. Our exploration of
stealth games spans over most of these aspects, covering, but not limited to the arena’s
shape, placement of guards/cameras/obstacles that can be dynamic or static. The FoVs
associated with these guards/cameras can also be moved inside the arena using rotational
and translational transformations. However, the geometry of the FoVs has to remain the
same, once decided for a guard/camera. Guards are made to move along a repeating, predetermined path (patrol route). Since the guard is considered as a point obstacle, their
movements are basically represented by the movement of their FoVs. Rotating guards can
also be considered as cameras.
Testing the quality of these levels designed typically involves manual gameplay to determine the difficulty of levels. For designing a desired difficulty game level, a cycle of
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designing-testing is looped. There have been developed quite a different number of ways of
testing the newly designed game levels for their solvability, difficulty, and correctness, as
discussed below.

2.1 Manual testing using human players:
The most expensive and time consuming way is to manually design a level using artists and
then test it using game-testers, make appropriate changes based on their feedback, and then
retest it. This design-test cycle often gets repeated to ensure the game level is solvable, and
until a satisfactory level of difficulty is achieved. This method heavily relies on the quality
and number of testers used. If the human game testers are too good, they will probably
find it easier to solve a game level, than a novice. On the contrary, a good stealth player
will have better observation and sneaking skills, while his combat skills might not be good;
so while testing a game that is a combination of stealth movements and combat scenarios,
in case of detection, human game testers might give mixed feedback because of difficulty
of combat.
This has led to development of testing solutions, to replace manual testing, using
pathfinding algorithms that could mimic the movement of a player and could achieve its
goals starting from a position and reaching a destination location. We discuss some of these
approaches below.

2.2 Pathfinding with Visibility Graphs
The idea is to generate shortest-path roadmap, also called reduced visibility graph (Latombe
[30]). The player will be allowed to go around the corners of obstacles, touching or “grazing”
(but not penetrate) them to reach the goal within shortest distance possible. This idea was
first introduced by Nilsson [36] and was probably the first example of a motion planning
algorithm.
A Visibility graph, G, is constructed as follows:
• Vertices of G – Reflex Vertices: A polygon vertex for which the interior angle
is greater than π, assuming that everything in an arena can be represented using
polygons. A convex polygon will have all of its vertices as reflex vertices.
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• Edges of G: Can be formed using two different sources. First are those obtained
by connecting two consecutive reflex vertices which form an edge of the polygon (of
either obstacle or arena). Second are bitangent edges formed using bitangent lines. A
bitangent line connects two non-consecutive reflex vertices visible to each other, such
that the line does not penetrate the interior of obstacles at either of these vertices
when extended. For example, in Figure 2.1, l1 is a bitangent line, while l2 is not.

Fig. 2.1: A bitangent line l1 connecting two reflex vertices, a and t, mutually visible to
each other. The extension of the line should not poke the obstacle’s interior at any of these
reflex vertices, unlike line l2 .
Figure 2.2 shows an example of Visibility Graph of an arena, where green areas are not
included in the walkable area of arena. A graph search algorithm like Dijkstra’s algorithm
can be used to find the solution path from source to destination.
The bitangent-line test, which is a check for connecting two non-adjacent reflex vertices
using bitangent-edge, when performed naively, requires O(n3 ) time, n = number of reflex
vertices. The O(n2 ) pairs of reflex vertices are checked to ensure that no other O(n)
edges prevent their mutual visibility. The plane-sweep algorithm, is an optimization over
this. It throws a ray starting from θ = 0 to check if a ray touches a reflex vertex to form a
bitangent line. This will take O(n log n) time, and for n reflex vertices,the complexity will be
O(n2 log n). Further improvements can bring the complexity down to O(n log n+m), where
m is the total number of edges in the polygon representation of arena and its obstacles[20].
As we can see in Figure 2.2, the roadmap obtained “touches” the obstacles at the reflex
vertices. Therefore, to use the computed paths in traversing the arena, the area of the player
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Fig. 2.2: Visibility Graph of an arena constituted of bitangent edges (in cyan color) and
edges between consecutive reflex vertices of obstacles (in magenta color). Green areas
represent the obstacles inside the arena. The source and destinations are connected to all
visible roadmap vertices and a graph search is performed.
needs to be considered, and adjustments need to be made to avoid the player penetrating
the interior of obstacles because of its width. This can be done by expanding the polygon
boundaries of obstacles by max_diameter
distance in direction perpendicular to the edge of
2
the polygon. This approach is complex to implement, because after shifting each edge, new
vertices have to be found, but once the adjustments are made, the above algorithm can
just be followed to get shortest path. Another approach to make adjustments will be to
make approximated changes on the normal shortest path obtained by keeping the player
max_distance
distance away from the reflex vertices. This approach can create problems when
2
the passage is small in some directions around the reflex vertex, but not in other directions.

2.3 Pathfinding with Navigation Mesh
Instead of “touching” the obstacles looking for shortest-path roadmap, we split the walkable
areas of a game arena, treating them as connected nodes and then walking on them using a
searching algorithm. Navigation mesh is a decomposition of the floor of arena into convex
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polygons that can be used as walkable pathways [7]. An AI player can simply walk through
the entire map by moving through the centers of the polygons. Convexity of polygons used
in a Navigation mesh ensures that there is always a straight line pathway allowing the
agent to walk-through from any point to any other point [51].
A NavMesh can be created manually, automatically or some combination of the two.
A level designer may manually draw the polygons of the NavMesh, which can be labor
intensive. Algorithms have been designed for autonomous generation of NavMeshes. Brand
[9] discusses a Boundary Representation (B-rep or BREP) algorithm, to remove unreachable
areas in a game level. Hale [23] introduced an ‘Space Filling Volume’ approach can be to
drop points inside the free space in the arena and expand a volume radially around them,
just like marshmallows kept inside microwave. They fill the space of the arena, and follow
the boundaries of the obstacles inside.
Pathfinding on a NavMesh can be done using A* searching algorithm. A* algorithm
uses node state maps to reach from an initial node to a final node. This state map consists
of the spaces formed during decomposition. Transition from one state to another is achieved
by moving from the center of one triangle to the center of other adjacent triangle through
the mid-point of the edge connecting the two triangles. Each triangle has three child states
that the AI player can transition to starting from a node, each corresponding to an edge
of a triangle. The cost of transition from one state to another is defined as the Euclidean
Distance between the centers of the two triangles. Sum of the distances of all the states
transitioned between the start node and the destination node is total cost of running the
algorithm.
Figure 2.3 shows an example of a game level, represented using a navigation mesh, and
the result of the A* search. The resulting path can be modified to make it more smooth
and realistic using various techniques [27, 38].
There are many disadvantages associated with Navigation Mesh:
• A Navigation Mesh is robust and simple to implement. There exist some efficient
ways to generate NavMeshes autonomously. For example, Lake and Hale [29] discuss
growth based techniques that fill the arena efficiently. However, when many triangles
are used for fine granularity, pathfinding on NavMesh becomes inefficient, because
of a large number of state spaces to be considered by the A* algorithm, where each
triangle corresponds to a state space .
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Fig. 2.3: An example of Navigation Mesh of a game level, with green triangles representing
the resulting path of the A* search from start to goal node. The blue gradient colored
polygons represent obstacles in the arena. [28]
• Navigation Mesh can only be obtained for a static game level, so they are unable
to deal with dynamic levels. This issue can be dealt using a similar approach of
extending arena in a third dimension of time, and then obtaining Navigation Mesh
for each of the time-stamped layers of arena, while ensuring connectivity via a shared
edge and two common vertices between the NavMesh layers. However, this will require
generation of many NavMeshes. Thus, it is an expensive approach in terms of CPU
and memory requirements.
• Ignoring the width of the player is another disadvantage of path generation using
NavMesh. Since the shortest path searching like A* on a NavMesh may yield points
on path that are close to boundaries of obstacles, there has to be considered an offset
calculation to deal with the width of the player, instead of treating him like a point
object. This is necessary to avoid intrusions of player inside enemy FoV or inside an
obstacle because of fat nature of a player.

2 Background and Related Work

12

2.4 Probabilistic roadmap generation
Probabilistic roadmaps allow for development of geometrically independent models. No
assumptions are made on the geometry of the obstacles rather a collision detection algorithm
is used to detect obstacles based on a sampling scheme. LaValle [33, Chapter 5] discusses
incremental sampling and searching approaches, that became popular as they do not require
parameter tuning and still yield good performance. For example, Rapidly Exploring Dense
Trees (RDTs) incrementally construct a search tree that densely covers the space. A
sequence of samples, that cover the space, are used in the incremental construction of the
tree. Rapidly Exploring Random Trees (RRTs), introduced originally by [32], uses a random
sequence of samples.
We use RRTs as baseline algorithm for comparison with our approach. We compare
some aspects of pathfinding algorithms, defined by performance metrics in chapter 6. We
discuss RRTs in more detail, and explain their implementation. We also discuss the kind
of paths generated by RRTs that produce meshy, non-optimal and non-realistic paths (in
the sense that they would not be generated by a realistic human player).
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Chapter 3
Arena formation and representation
In this chapter we present a way to represent a dynamically changing arena, along with the
movement of obstacles inside, i.e., a way to represent guards and camera movements. We
then discuss an approach to generate this representation, for different examples of arenas,
and different behaviors of guard movement.

3.1 Map formation as layer of time stamps
We extend the 2D representation of a dynamic arena into 3-dimensions, with time as
the third dimension. Thus, a static object in the form of a rectangle in the arena will get
extended to a cuboid in 3D, while a moving rectangular object will become a parallelepiped.
Similarly, a static enemy guard with triangular field-of-view (FoV) will appear like a prism
in 3D as shown in figure 3.1a, while a moving one will be an oblique-triangular prism, as
shown in figure 3.1b. If the guard is rotating without moving, such that his field of view
rotates with time, the extended 3D structure will look like figure 3.1c, whose walls are
part of a hyperbolic paraboloid’s1 surface. Other non-trivial movements will lead to more
complex shapes in 3D, making it difficult for us to represent them. Moreover, the speed of
rotation or translation may vary, leading to non-uniform 3D structures.

1

Hyperbolic Paraboloid is a doubly ruled surface of two families of skew lines, which are parallel to a
plane but not parallel to each other.
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(a)

(b)

(c)

Fig. 3.1: Guard A in red with its Field of View represented in yellow by triangle ABC,
remains static in 3.1a, moves forward parallel to x-y plane in 3.1b, and rotates on plane
X-Y in 3.1c. A0 is the new position of guard after some time interval, and A0 B 0 C 0 is its
new FoV
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To simplify this problem of constructing 3D extended structures of guard movements,
we divide each such structure into slabs using layers. Since the third dimension is the timedimension, these layers will correspond to different time stamps. Thus for every polygon
present in the arena, there will be corresponding polygons in each time stamped layer. We
have a basic assumption2 that the number of polygons and the shape of these polygons
will remain the same. Also, they will contain the same number of vertices and edges in
each layer. Thus, the position of each vertex point pi on the polygons in the arena can be
represented as pi,t at time t. Their positions are taken for each time stamp after a regular
time interval of ∆t, yielding a set of points {pi,t0 , pi,t0 +∆t , pi,t0 +∆2t . . .} for each pi on the
polygon. More clearly, for the arena formed by the set of points p0 , p1 , p2 , p3 , . . . , pn lying
on the polygons at time t = t0 , their positions are:
t = t0 : {p0 , p1 , p2 , p3 , . . . , pn }
t = t0 + ∆t : {p0,∆t , p1,∆t , p2,∆t , p3,∆t , . . . , pn,∆t }
t = t0 + ∆2t : {p0,∆2t , p1,∆2t , p2,∆2t , p3,∆2t , . . . , pn,∆2t }
t = t0 + ∆3t : {p0,∆3t , p1,∆3t , p2,∆3t , p3,∆3t , . . . , pn,∆3t }
...
and so on, as shown in Figure 3.2
For t0 + ∆(n − 1)t = tprev < t0 < t0 + ∆nt = tnext , the position of a point pi at time t0
can be found by using linear interpolation, as follows:
pnext − p0
p0 − pprev
=
,
t0 − tprev
tnext − t0
where
p0 = pi,t0 = position of point at time t0 ,
pprev = pi,tprev = position of point at prev time stamp layer
pnext = pi,tnext = position of point at next time stamp layer
These are assumed as layers lt0 , lt0 +∆t , lt0 +∆2t , lt0 +∆3t ,. . . (or simply l0 , l1 , l2 , l3 , l4 , . . .) of
2D polygon representations of the arena corresponding to consecutive time stamps, stacked
on top of each other. Since these layers are like divisions of a 3D body, therefore each
point on the polygons at time-stamp layer t0 is connected to its respective point in the
2

This assumption is a limitation of our work that we will discuss about it in chapter 7 on Future work
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time-stamp layer t0 + ∆t, i.e. in the layer above it, and in the time stamp layer t0 − ∆t, i.e.,
in the layer below it. These connecting edges in-between two layers, alongwith the edges
of the polygons in these two layers, will form quadrilaterals, as can be seen in Figure 3.2.
These quadrilateral will look like a wall around the boundaries of the arena, thus enclosing
it from the sides. A similar wall will also get created around obstacles also, as can be seen
in Figure 3.3 . It looks like a 3-dimensional body, with boundaries around and inside it,
but open from top and bottom.

Fig. 3.2: A 2D static arena in the form of a polygon l0 extended in time-dimension, with
other layers l1 , l2 . . . of polygon (represented in red color) stacked on top of it at a vertical
distance of ∆t, 2∆t . . ., and so on. These points on the polygon in each of these layers
represent the position of the respective point at time t. The light blue walls stand around
the boundary of the arena. There are no obstacles inside the arena.

3.2 Generating the 3-dimensional mesh of body of arena
Unity3D requires a mesh of triangles to build any object. To generate this kind of representation, in the form of walls surrounding the arena, we use a simple procedure. A single
layer at time stamp 0 for a particular arena, is defined in the form of a set of polygons.
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Fig. 3.3: Arena with a static obstacle in the form of a guard (in pink) and a field of view
(in yellow), extended in time dimension. The green walls stand around the boundary of
the arena. The yellow walls cover the boundary of field of view of the enemy. As it can
be clearly seen, the obstacle here stands as a hole in the arena 3D body. Layers l0 , l1 , l2
parallel to X-Y plane are highlighted using different colored polygons
Different polygons correspond to the boundaries of the arena, or the obstacle. Each polygon’s vertices are allotted specific position in the 2D space (the value of time-coordinate
doesn’t vary for similar time-stamped points). These vertices are assumed to be contiguous, i.e. next to each other, and also assumed to constitute a closed 2D space. For the
next layer above it, if the arena remains static, then the position of points on X-Y plane
remains the same as in the previous layer. However, if this is an obstacle in the form of
a moving/rotating guard or a camera, then the position of these points is calculated by
applying the pattern of movement of the obstacle, to the positions of respective points in
the previous layer. For example, if the obstacle is moving forwards in some direction with
some velocity v, then a point in the next layer of time stamp t2 will be v ∗ (t2 − t1 ) ahead
of its position in the previous layer of time stamp t1 . This kind of calculation allows an
enemy player to have different velocities at different time periods.

3 Arena formation and representation

18

We used a model where the enemy player moves with constant velocity from a point to
another, and then with a different velocity from this new point to next point in space. So,
given the starting point and the ending point, and the section of total time (to complete his
entire journey) taken by it to move between these two positions, we calculate the position
of player during the time stamp layers lying in between, again using linear interpolation.
Figure 3.4 shows a dynamic arena, moving forward in x-direction within time interval
∆t = t2 − t1 . The intermediate layer l∆f t obtained at time stamp t1 + ∆f t has points
p
−p
pi,∆f t = pi,t1 + v∆f t, where v = i,t2∆t i,t1 , and i ∈ [0, 7].

Fig. 3.4: A dynamic arena with no obstacles inside, moving forward in X-direction with
p
−p
velocity v = i,tt22 −t1i,t1 . The points on the intermediate layer l∆f t , where ∆t = t2 − t1 ,
are obtained using
linear interpolation on the immediate layers above and below, i.e.,

pi,∆f t = pi,t1 ∗ (1 − f )∆t + pi,t2 ∗ ∆f t, where i ∈ [0, 7].
Similarly, if the player is rotating around a point, rotation angle θ per layer is calculated,
and for each successive time stamps, the points are rotated by θ with time as the rotational
axis.
Having obtained a series of layers of polygons, with each of its points connected to each
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other in X-Y plane and to their respective positions in the above and below layers in timedimension, it appears like a rectangular grid, as shown in Figure 3.5. Since Unity3D needs
a set of triangles to display a mesh, these rectangles can be represented using a combination
of two triangles.

Fig. 3.5: Layers of a static arena, joined together serially to form a grid like structure.
The solid cyan colored line triangulate each of the rectangles of the grid.
Our Medial skeleton algorithm is an approximation algorithm. Its quality depends on
the input mesh density and vertex distribution. It works better with a dense uniform mesh
of the input mesh. To generate a finer mesh, bitangential smoothing or the loop subdivision
can be applied. We will discuss them in more detail in Chapter 4 Section 4.3. For now, we
use loop subdivision method to make our mesh more fine.
There are various ways a loop subdivision can be implemented. We implemented a
recursive version that splits each edge e of a triangle into two equal parts, and then forms
4 triangles out of this triangle, as shown in Figure 3.6. We also implemented an iterative
method of division that divides an edge into multiple parts and then using those parts to
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form triangulations using a ‘serial vertex connecting’ method as described in Algorithm
1. We keep these parts as equisized, to avoid skinny triangles with unproportional edges.
Since different edges e are of different length, they will have different number of equisized
partitions. Our algorithm takes care of this unevenness by using an approach that connects
the remaining dividing vertices vDivi of longer edge e0 to dividing vertices on other sides,
ensuring no intersections take place, and everything is divided in the form of triangles.
Figure 3.7 is the same arena as in Figure 3.5 with its vertical grid subdivided using iterative
loop subdivision.

Fig. 3.6: Recursive loop subdivision: the mid-points of all three sides of the larger triangle
are used to form 4 subtriangles

3.3 Bottom and top cover
We have an infinite time extended 3D model of arena. The Medial skeleton algorithm that
we use requires a 2-manifold surface. To convert our 3D structure of the game arena in a 2manifold surface, we need to stitch the different walls (that correspond to polygons) inside
it using a 2-manifold surface, that we call as Cover. Therefore, we limit the time interval
on our time coordinate to get a bounded volume that is enclosed from all sides, as well
as from top and bottom using these Covers. There are two such Covers that stitch these
walls from top and bottom and ensures that all the volume, that lies between the outer
boundaries of the arena and the inner boundaries of obstacles, is enclosed. The obstacles
acts as a hole as shown in Figure 3.8b, so the player can possibly be present at any point
in the enclosed volume, without being outside the arena or inside any obstacle.
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Algorithm 1 Iterative loop subdivision
Input: A triangle formed with vertices a, b, c
Output: List of coordinates of vertices forming triangulations, and list of triangles formed
in the form of 3 vertex ids.
1: vertexList ← Stores the vertex coordinates obtained in below steps; the list contains
a,b and c initially
2: trianglesList ← List of triangles, obtained in below steps, are collected in this list in
the form of vertex id of the 3 vertices forming the triangle
3: Divide each edge of the triangle into multiple parts
4: Store these dividing vertices vDivi into arrays serially
5: Connect these vertices serially starting from each of the 3 main vertices a, b, and c. The
first connection of such kind will lead to a triangle, but further connections will lead
to a quadrilateral. Divide this quad into two triangles by connecting any of the two
diagonals. For avoiding skinny triangles, ensure that they are Delaunay.
6: Repeat the above step, until any of the lists is exhausted. If one of the lists gets
exhausted, mark the final vertex connected of the exhausted list exList1 as marked1 ,
which will be close to the center of the exList1 . Now repeat the above step with only
two unexhausted lists.
7: If the other list also got exhausted as exList2 , mark it’s final vertex connected as
marked2 .
8: Now choose one of the marked vertices marked1 or marked2 , and connect the remaining
vertices of the unexhausted list to it. This ensures that there are no intersections. Keep
dividing the quads thus obtained into two triangles.
9: Finally connect the final vertex of the unexhausted list to the other marked vertex.
This step ensures that all results are triangles.
To start with, we first hard coded the triangles that form the cover. But to generalize
this for any other arena, we implemented an approach to generate them automatically. For
covering the walkable volume of the 3D body, of the arena, with a top and bottom cover,
and to represent this cover as a set of triangles, we triangulated the polygon created by the
top-most time stamped layer, and the also for the bottom-most one. As noted earlier, this
polygon can contain some non-overlapping polygons inside it that correspond to a hole (an
obstacle or guard), which has to be uncovered, and thus we need to exclude them while
triangulating.
For this kind of triangulation, we applied a brute forced approach of drawing lines
connecting each of the vertices present in a layer, to every other vertex, and checking if
it doesn’t intersect with existing lines, and also doesn’t lie outside of the arena (or inside
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Fig. 3.7: Iterative loop subdivision on the walls of the same arena as of figure 3.5. The
green nodes are the dividing vertices. The dashed cyan colored lines are the new triangulations that are finer than those in figure 3.5.
a hole). This leads to the entire layer of the arena getting triangulated, as described in
the Algorithm 2. We then recognize these triangulations, and try to ensure that they are
Delaunay. Delaunay triangulation has the property that the circumcircle of any triangle
in the triangulation contains no other point in its interior [34]. This property tends to
avoid skinny triangles. For two triangles adjacent to each other and sharing an edge, the
quadrilateral formed by the combination of these two triangles can be divided into triangles
in two ways. According to angle sum property [17, 34], the angle sum of opposite vertices

3 Arena formation and representation

23

(b)
(a)

Fig. 3.8: Top and bottom covers of the 1 alcove arena with an enemy inside. The FoV of
enemy acts as a hole as can be seen in 3.8b
of a diagonal in a quadrilateral should be more than 180◦ to use this diagonal to split the
quadrilateral into two Delaunay triangles. Otherwise the other diagonal is considered as
the splitting edge. This phenomenon is called Edge-flipping.
Edge-flipping is guaranteed to ensure that all triangulations become Delaunay as much
as possible given polygonal boundary constraints [15]. After that, the order of the vertices
forming the triangles is made counter-clockwise, so that the normals may point outward.
We talk about the necessity of making normals point outwards in the next chapter, where we
discuss the algorithm of Medial skeleton generation of this 3D 2-manifold surface enclosed
body.
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Algorithm 2 Triangulated Cover Surface generation
1:
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:
30:
31:
32:
33:
34:
35:

procedure Triangulate Covers(List of vertices of top & bottom layers of all polygons)
lines ← List of edges that form the polygon
adjacency ← boolean adjacency matrix of vertices of polygons
newLines ← List of new lines that will be added to triangulate the polygon
vertexT oLines ← HashTable mapping vertices to the lines originating from them
initialize:
for each edge in each polygon do
put edges in lines
mark adjacencies in adjacency matrix
form lines that create triangulations:
for each vertex v1 in all polygons do
for each other vertex v2 in all polygons do
linenew ← edge formed by (v1 , v2 )
if v1 adjacent to v2 then
continue for next vertex v2
if linenew intersects existing lines or newLines then
continue for next vertex v2
if linenew is outside the area enclosed by existing lines then
continue for next vertex v2
add linenew to newLines
adjacency[v1 ,v2 ← true
capture new triangulations thus created :
newT riangluations ← Set of triangles
for each linei in newLines do
v1 , v2 ← vertices of linei
Listvcommon ← List of adjacent common vertices to v1 v2
for each vertex v3 in Listvcommon do
tnew ← triangulation formed by vertices: v1 , v2 , v2 , and by lines: (v1 −
v2 ), (v2 − v3 ), (v3 − v1 )
if tnew is valid triangulation then
continue for next common vertex from Listvcommon
add tnew to newT riangulations
ensure newT riangulations are Delaunay as much as possible
ensure order of vertices of triangle is counterclockwise
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Chapter 4
Generating Medial skeleton
In this chapter, we will discuss Medial skeleton of a 2D figure, and of a 3D body, its
calculation, and approximating it using techniques of Voronoi diagrams. Since this is the
main algorithm of our study, we will discuss the problems associated with its approximation,
and ways to mitigate them. We also discuss how to run the algorithm, and the parameters
that can be tuned to modify the output.

4.1 Medial Skeleton and its approximation
As described by Hisada et al. [24], a skeleton, or Medial axis, of an object is the closure of
those points within the object that have more than one closest point among the points of the
object’s surface [5, 6]. There can be two skeletons of an oriented surface, the inner skeleton
and the outer skeleton (one of them may be empty, for example, for a surface bounding a
convex figure). The structure of the skeleton of a surface reflects the geometric structure
of the surface. Therefore many important surface features can be defined and detected via
corresponding skeleton features, making them useful in number of applications in image
processing[35]. computer vision [8, 37], solid modeling [22, 25, 45], mesh generation [40, 41],
motion planning [21] and many others [26, 46].
4.1.1 Computing 2D Medial Skeleton
The Medial Skeleton of a 2D figure has points inside the figure that have multiple closest
points on the boundary. One way to get such points is by drawing maximum radius circles
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inside the figure so that the circles are tangent to the boundaries, as shown in figure 4.1.

Fig. 4.1: The Medial skeleton of a 2D figure is made by joining the center points of the
maximum radius circles that can be enclosed inside the boundaries of the figure. The
dashed circles show some of these maximum radius circles, with their centers shown as
small dots of the same color as the circle.

Fig. 4.2: The Medial skeleton of a 2D figure which is made by joining the center points of
the maximum radius circles that can be enclosed inside the boundaries of the figure, can
have many branches because of small circles trying to fit in the small perturbations on the
boundary.[50]
However, Medial axis is unstable around very small variations in the original shape, as
shown in figure 4.2. A noisy boundary can lead the Medial axis to have numerous unstable
branches, that will make obtaining the exact Medial axis for a given object a non-trivial
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computational problem, involving high algebraic degree of equations to be solved exactly,
even for polyhedral inputs. Apart from this, following such a skeleton for walking around
the arena will be of no utility, as it will have numerous unnecessary branchings. So far,
only a few algorithms exist that compute exact Medial axis of specific classes of shapes
[13, 25]. Different algorithms have been proposed to approximate the Medial axis. Etzion
and Rappoport [18] proposed an approach of approximation based on octree subdivisions
of space for polyhedral inputs. We follow the Voronoi diagram approach that uses a set
of sample points on the shape and then uses the Voronoi diagrams of these points to
approximate Medial axis, avoiding difficult algebraic computations.
Voronoi Diagram approach
Davies [14] defines Voronoi diagram as a division of space into regions, called Voronoi
regions, separated by Voronoi edges and represented by seed points, such that for each seed
point, all the points corresponding to its regions are closer to this seed than any other. For
illustration, consider figure 4.3. When the density of seed points on the boundary goes to
infinity, the Voronoi diagram converges to the skeleton of the object [39].
Delaunay triangulations are often used to handle proximity related problems in computational geometry on a set of discrete points. As the Delaunay triangulations is the dual
of the Voronoi diagram, the latter is computed mostly by computing the former and then
computing the dual of the result. This is done by triangulating the convex hull of discrete
set of points in the space, such that all triangles are Delaunay. This dual relationship also
allows us to edit the Voronoi Diagram to prune away unwanted branches that were the result of disturbances in the boundaries, and merge them directly using features of Delaunay
triangulations.
Since taking infinite seed points is neither practical nor efficient, we use proximity
relations between the limited number of Voronoi vertices, obtained from limited set of
seed points, to obtain a connected approximation of the skeleton of the object. Figure 4.4
explains this method to generate the skeleton of a 2D body using Voronoi diagram of points
scattered over the boundary of the body’s curve.
The skeleton of a 3D object can also be approximated using 3D Voronoi diagram techniques [2, 49]. A similar approach of choosing a subset of the Voronoi diagram of a sample
of points taken from the object surface can be used to derive the Medial skeleton. The
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Fig. 4.3: Example showing constituents of a Voronoi diagram formed by division of spaces.
Each space is called Voronoi region, and the point marked using black dot inside each space
is the seed (generating) point of that region. All points lying in each Voronoi cell is closer
to the seed point, lying inside it. Voronoi vertices are those points that are equidistant
from three or more seed points. Figure taken from Siddiqi and Pizer [43]

(a)
(b)

Fig. 4.4: Medial skeleton can be obtained from the the Voronoi vertices present in the
Voronoi diagram obtained from seed of points lying on the boundary of the bunny’s figure.
Figure taken from [50]
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approximation requires a robust method to compute Voronoi diagram of sample of points;
a simple Delaunay triangulation program may crash due to numerical instabilities. Robust
Delaunay triangulation programs have been developed for reliability and efficiency for two,
three and higher dimensional cases Clarkson et al. [12], Shewchuk [42], The CGAL Project
[47].
Also, it has been seen that the approximate skeleton of a 3D body is still sensitive to
small perturbations on the surface of the body. Several improvements on this have been
proposed in Amenta et al. [3], Dey and Zhao [16], Hisada et al. [24], where Hisada et al.
uses an adaptation that has the same connectivity of skeletal mesh as that of the original
mesh. This is done by using a one-to-one correspondence of skeletal vertices with the mesh
vertices. This allows applying mesh pre- and post-processing tools on the skeleton.
Yoshizawa et al. [55] proposed an approach of approximating the skeleton to obtain a
Voronoi based 2-manifold skeletal mesh which is an approximation of the 3D Medial axis of
a polyhedral mesh. Casella [11] described the steps of their original algorithm as mentioned
in Algorithm 3.
Algorithm 3 Three dimensional two-manifold Medial skeleton
Input: Vertex coordinates of nodes and triangles that form the triangular mesh of enclosed
body
Output: Vertex coordinates of nodes and triangles that form the triangular mesh of Medial
skeleton of body
1: Generate point cloud from the given triangular mesh
2: Use Qhull algorithm by Barber et al. [4] to generate the Delaunay triangulation of the
points
3: Derive Voronoi diagram from Delaunay triangulation (dual graph)
4: Each vertex of the surface now has a Voronoi cell associated with it.
5: For each vertex, remove the Voronoi vertices which are outside the bounding box of the
mesh or lay on the positive side of the plane defined by the vertex and its normal.
6: Take arithmetic mean of the remaining Voronoi vertices to obtain a single vertex approximating the point on the Medial axis.
7: Connectivity between points on the approximate Medial axis remains the same as the
surface vertices they are associated with.
As we can see in line 5 that the algorithm rejects Voronoi vertices lying outside the
bounding box of the mesh based on the vertex and its normal. This brings the need for
ensuring that the input triangulations are fed to the algorithm in a way that their normals
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are pointing outwards of the volume, using the right-hand thumb rule.

4.2 Running Medial skeleton generating algorithm on the arena’s
3D body
We have used the implementation in C++ provided by Yoshizawa [53]. The Qhull implementation of Barber et al. [4] is required to run his code. The input to the program is
required to be constructed in PLY2 format [54] using following rules:
• The first line mentions the number of vertices
• The second line mentions the number of triangles in the 2-manifold
• Starting from third line, the set of vertex coordinates are mentioned; one vertex
coordinates in each line
• After vertex coordinates, the set of triangles formed by three vertex IDs, are mentioned; one triangle in each line
Thus, to execute this Medial skeleton approximation program:
• Input (input.ply2): A 2-manifold triangle mesh.
• Output (output.ply2):A 2-manifold triangle mesh approximation of the Medial
axis whose vertex ID corresponds to the original vertex ID.
• Parameters:
Orientation: It can have one of two values: {0, 1}, which can be switched
to extract the outer Medial axis instead of the inner Medial axis. Because of the
orientation consistency, sometime it may give the opposite one of the inner Medial
axis. If “orientation = 1" then the original orientation is chosen.
Boundary Position (boundarymap) The Voronoi diagram approximation is
unstable around the original mesh boundaries because there are no points. Therefore,
we have set this value to ‘zero’ to map the Medial axis boundaries to the approximated
positions instead of the original mesh boundaries. It can be changed to ‘one’ to set
the Medial axis boundaries are equal to the original mesh boundaries.
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Bounding Box Ratio (BBOXCONSTANT) Because of the difficulty in
Voronoi diagram calculation, Voronoi sites are sometimes approximated far from original mesh vertices. Such wrong Voronoi sites can be removed by using a bounding
box; the Voronoi sites lying outside of this bounding box will not be considered in
calculation of Medial axis vertices. This value represents the ratio of bounding box.
The code is compiled and run via a bash script, which is invoked as a process from
inside the c# code executed in Unity3D. This allows us to make changes to the parameters
on every run, and also to wait for the process to get completed resulting in getting the
output mesh before rendering it in Unity3D. Figure 4.5 shows an example of ‘1-alcove’
arena that we will discuss in section 6.1, and the Medial skeleton produced using the above
implementation.

4.3 Accuracy
Yoshizawa’s Medial skeleton approximation algorithm provides a decent estimation of Medial axis, and needs to be fine-tuned to give more consistent and accurate results. Its
quality depends on the density of the input mesh and the distribution of vertices in the
mesh. According to him, the density of the mesh vertices decreases, the approximation
doesn’t accurately represents the Medial axis. To increase the number of vertices, each
triangle can be subdivided multiple times before using the mesh in the ‘Qhull’ program as
input. Because of the one-to-one correspondence of skeletal vertices with mesh vertices,
different mesh processing can be easily applied; for example, to get a finer smooth mesh,
Bitangential mesh smoothing or the Loop subdivision can be used.
In Bitangential mesh smoothing, the input mesh quality can be enhanced using bilaplacian tangent flow [52], which doesn’t affect the mesh geometry, but significantly improves
the aspect ratio of the mesh triangles, thereby improving the quality of the skeleton and
avoiding the aberrations. Loop subdivision helps in increasing density of the mesh by dividing each triangle into multiple number of triangles. As discussed in the previous chapter
on the formation of arena, there can be various ways of loop subdivision. It can be done
recursively (dividing a triangle into multiple triangles, and then further subdividing each of
these resulting triangles, and so on), or iteratively (dividing a long edge into multiple parts
using vertices lying on the edge, and then using these vertices to form finer triangulations).
Figure 4.6a shows an example of 3D body with lesser resolution of triangulations resulting
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(a)

(b)

(c)

Fig. 4.5: (a): 1 alcove arena with a static enemy (FoV in black ) inside. (b): Medial
skeleton obtained using algorithm 3. It has a hole through itself, which is not visible. (c):
Medial skeleton shown along with the arena body with top cover removed to show that the
skeleton is contained inside the body, and even respects the holes in the body. The hole is
visible in black
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in a poor aberrated quality of Medial skeleton, and figure 4.6b shows the same example
with same sized 3D body, but with iterative loop subdivision applied to it to increase the
resolution of triangulations, as a result of which, we obtain a nicer Medial skeleton mesh.

(b)
(a)

Fig. 4.6: Example of a same 3D body (in orange, with red obstacle inside it) with different
resolutions of triangulations. The Medial skeleton shown in cyan color is aberrated for (a)
which has lesser triangulations, but is quite nice and smooth for (b) which has higher density
of triangulations produced using Iterative Loop subdivision. Note that the top cover of 3D
body has been removed for better visibility
Moreover, Amenta, Bern, and Eppstein [1] noted that some Voronoi vertices that are
center of the flat tetrahedra often called as slivers can come close to the surface, which are
far from the Medial axis. These slivers can be squeezed out by adjusting weights of mesh
vertices, which is an overhead that slows down the algorithm, so Yoshizawa ignored them
in his implementation. He mentioned that their Voronoi-based skeletal mesh, although
not exact, have wide possibility of practical applications because any conventional mesh
processing scheme can be applied to their Voronoi-based skeletal mesh that can be computed
very fast.
In the next chapter, we will describe some post-processing methods performed on the
obtained skeletal mesh, and then analyze it for finding movement path of player.
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Chapter 5
Post Processing on Medial Skeleton
Having obtained the mesh of the Medial skeleton in the form of vertex coordinates and
the triangles formed by them, post-processing on the mesh is done to make it useful for
our problem of path generation. In this chapter, we will manipulate the skeletal mesh in
different ways, for example, removing the top and bottommost layer vertices (for better
visualization), making traversal more simpler and less aberrated (by removing deviations to
corners), introducing optimizations to resolve these aberrations, and ensuring connectivity
(by connecting very closely placed vertices). Also, since our goal is to traverse on the
skeletal mesh, we create a graph from this mesh in section 5.2.

5.1 Removal of top and bottom layer
The Medial skeleton obtained for a closed body, using the algorithm discussed above, is
also a closed volume of space, enclosed by a continuous set of surfaces that is carved close
to the borders of the arena and the obstacles. Since the enclosed arena also contains a
top and a bottom cover, the resulting Medial skeleton also has a part of surface that is
parallel to these covers. However, these covers all lie in the X-Y plane, with unchanged
time values. This layer, which has a width of 0 in time-dimension, can be removed, with
a logical assumption that it’s impossible for a player to walk on it within 0 time interval,
without traversing at infinite speeds. We will again use this proposition in creating the
graph from this Medial skeleton. Another reason for removing these nodes is that there
is no point in considering nodes before or after certain time-stamps that are required to
navigate the arena.
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Hence, the nodes that lie on the top layer or the bottom layer of the Medial skeleton
are removed from consideration, by thresholding the time-coordinate value of them, above
and below a certain time-value. As discussed in the previous chapter, the Voronoi diagram
approximation is unstable around the original mesh boundaries because there are no points.
Therefore, the default setting sets the Medial axis boundaries equal to the original mesh
boundaries. But since we changed this parameter to map the Medial axis boundaries to the
approximated positions instead of the original mesh boundaries, the top & bottom covers of
the Medial skeleton have time-values that are a little bit lesser & greater, respectively, than
the time-values of the top & bottom covers of the arena body. Therefore, the threshold
values decided to prune out the nodes from Medial skeleton are not exactly equal but close
to the actual time-values of these covers.
However, the skeletal Medial mesh is a 2D manifold; this removal of layers of vertices
will lead to inter-surface disconnectivity in the skeletal mesh. For example, Figure 5.1 is the
Medial axis of MGS arena (the arena will be discussed later in section 6.1). We traversed
the graph of the Medial mesh as shown in red path lines starting from the starting node,
but as we can see that we can’t get out of an inner surface. This shows that this inner
surface is disconnected from other surfaces. This disconnectivity will be resolved in section
5.4, prior to using the mesh for pathfinding.

5.2 Creating a graph for path detection
As we discussed earlier, the Medial skeleton outputs a set of triangles constituted of nodes
present in the space. Since, we want to traverse the path along the Medial skeleton surfaces,
we create a graph out of these nodes, and assign the edges of the triangles as the edges of
the graph, i.e., if there is a triangle made from vertices {a, b, c}, then the adjacency list of
node a will contain {b, c}, that of node b will contain {a, c}, and node c adjacency list will
contain {a, b}. There are two kinds of adjacency lists maintained, one with directed edges,
and other with undirected edges.
5.2.1 Pruning unfeasible edges
Since, a player can only move in increasing time, i.e., in time-dimension, therefore, for an
edges, the node with the lesser time-value always acts as the starting node of the edge, and
other node with greater time-value acts as the ending node. Moreover, we have introduced
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Fig. 5.1: Depth First Traversal on Medial mesh of MGS level from starting point. The
traversal lines are shown in red. As it can be seen, the traversal gets restricted to a set of
vertices, showing that this set is constituted of a surface that is disconnected from other
vertices.
a parameter α that constrains only those edges to be considered in the graph that are
making an angle β of more than α with the X-Y plane. This angle β represents the speed
of a player; β = 0◦ would mean that the player move from a point to another in X-Y plane
without advancing in the time-dimension, implying an infinite speed, as shown in Figure
5.2. A very small angle would mean a very fast moving player, and a β = 90◦ will mean
that the player does not move at all. Hence, the parameter α confines the (maximum)
speed of movement of the player within the arena. We will refer to this parameter as the
kinetic/dynamic constraints of a player. Any edge that indicates the player movement with
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unfeasible speeds will be filtered using this check.

Fig. 5.2: Example of a graph mesh with nodes and edges shown in blue. The red dot
indicates the player and black arrows show possible movement of the player to nearby
connected nodes. The angle β is the angle made with XY plane. Angle β for the vector c
is 0◦ , which implies that the player moves with infinite speed, within 0 time interval. β for
vector a is 90◦ , which implies the player stands still at the same place

5.3 Removing corner deviations
The Medial skeleton obtained is a raw form of surface, that tries to respect the given 3dimensional body. It may contain many irregularities. Especially near the corners or the
boundaries, the Medial skeleton can bend towards them, generating surfaces that are very
close to each other and merge with each other at the corners, which we may call as V-shaped
surfaces. These may lead to nodes in the skeleton mesh that are overlapping one-another
or very close to each other, but still not connected directly. For example in Figure 5.3,
the orange colored surfaces are part of the Medial skeletal mesh. The nodes lying on part
of the surface Surface_1 lies very close to those on Surface_2, in a way that these two
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parts of surfaces form a V-shape and their nodes may overlap each other, while they are
still disconnected (disconnection here is used to represent direct connection from vertices
of one surface to those of other, while placed very close to each other). Note that they
are part of the same surface as they are connected at the end of the corner by a so called
Line of connectivity. Similarly, Surface_3 is overlapping Surface_1 and Surface_2, but is
disconnected from the vertices lying on them.

(a)

(b)

Fig. 5.3: The Orange colored surfaces, Surface_1, Surface_2 and Surface_3 are part of
the Medial skeletal mesh. These surfaces overlap each other forming V-shapes, but the
nodes lying on them, though overlapping, are not connected directly, but through some
edges lying close to corners (represented as a set by Line of connectivity, resulting in longer
paths deviated towards corners. (b) is the same figure with the Medial mesh shown, in
which the edges are the connections between nodes lying on the surfaces.
If we make our player to follow the Medial skeleton mesh, across the edges that connect
the nodes of the mesh, and that have not been filtered out by the criterion mentioned above,
these kind of irregularities may lead to an unrealistic, non-optimal path, where the player
tries to move towards corners unnecessarily, when he had the option to move straight. For
example, in Figure 5.3b, a player starting from a node on Surface_1 and aiming to go to
a node on Surface_2 will have to take a longer path that goes via the nodes lying on Line
of connectivity. This will create problems in searching for optimal paths, as the diversion
towards corners can make a better path (in terms of many quality metrics that we will talk
later) look longer.
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Here we discuss a few approaches that we used to detect such V-shaped surfaces. These
heuristic approaches use angle measurement techniques between the neighbours of a node,
and give good results for some cases, but may fail for others. We will discuss about them
below. In the next section, we will also talk about an approach that successfully helps in
avoiding corner deviations.
5.3.1 Iterative search

Fig. 5.4: Angles made by points p1 and p2 in X-Y plane (α) and on plane planeb perpendicular to X-Y plane(β).
We go through each vertex O in the Medial mesh to check if any pair (p1 , p2 ) of its
adjacent nodes form a corner. With reference to Figure 5.4, for the corner detection, we
check if the angle α made by them in X-Y plane is smaller than a threshold, and that
they lie in same or nearly same X-Y plane (for which, we find the angle β between the
−−−−→
projections, on a plane planeb perpendicular to X-Y plane, of these two vectors p1 − O
−−−−→
and p2 − O is less than a threshold). After such vertices are detected, we remove all the
edges and the triangles that include these vertices, and connect the neighbours that were
connected using these vertices.
This kind of search is brute force, and takes an average O(n ∗ b), where n are the
number of nodes in the mesh, and b is the average breadth of each node, i.e., each node
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has b neighbours on an average. As there are lot of vertices and connected nodes, this is a
time consuming search.

Fig. 5.5: Two close surfaces of Medial skeleton meeting at corner O. They make α which
can be detected, and thus O can be removed. But joining p1 and p2 as a result of removal
of O leads to two angles β and γ, none of which are less than the threshold considered (10◦
in our case). Thus, further detection of corners is not possible.
Moreover, since this method first detects all the nodes that form the corners, and then
removes them, it is unable to search for recursive corner vertices. By that term, we mean
that when we remove one iteration of corner nodes, and connect their neighbours, the
resulting connections might not enable us to detect for more recursive corners, as explained
in Figure 5.5. Apart from this, if the connection leads to more corners, this search iteration
will not be able to detect them in one pass; a new iteration of this search will have to be
repeated to remove these newly occurring corners.
5.3.2 Instead of connecting neighbours, merge them
As we saw that recursive detection of corner nodes is a problem if we connect the neighbours
of removed corner nodes. However, if the distance between these neighbours is close to
0, then we instead merge them, which may lead to emergence of more corner nodes, as

5 Post Processing on Medial Skeleton

41

Fig. 5.6: Same case as in Figure 5.5. Merging p2 with p1 by deleting p2 and connecting
all neighbours of p2 to p1 results in angle β with surface, which lies within the bounds of
our threshold of corner detection, making it possible to detect corners recursively.
explained in Figure 5.6. For detecting them, we will need to run the above method again
for few more iterations, thereby increasing the complexity multiple times. However, if the
distance between the neighbours is not close to 0, they are simply connected using an edge,
and the same procedure is followed as above of checking for further corner nodes in next
iteration, after this iteration of search completes.
5.3.3 Random Search
Here we discuss an approach that keeps a queue of which nodes to consider next, to search
for corner nodes. When this queue get exhausted, it picks the unique vertices randomly.
So after vertex is picked and detected as a corner node, and the pairs of its neighbours are
connected/merged together, all of them are added to the queue, for these neighbours are
likely to be the next corner nodes. The random picking is done for a much lesser number
of unique nodes, and thus this algorithm performs better in terms of complexity.
The implementation of this algorithm 4 is slightly difficult, because of the changing
topology of the graph on removal of a node and merging of nodes. The removal of vertices
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Algorithm 4 Random Search of corner nodes
Input: Mesh grid of nodes obtained from Medial skeleton algorithm output
Output: Mesh grid of nodes with corner vertices removed
1:
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:
30:

procedure Remove_Corners_Random
Setrem ← ∅ //Set of Vertices to be removed
Setcnsd ← ∅, //Set of Vertices already considered
Set2Bcnsd ← ∅ //Set of Vertices to be considered next
SetremSS ← ∅ //Smaller Set of Vertices to be removed
for some random iterations do
//No more neighbours for detection as corners:
if Set2Bcnsd == ∅ then
//Keep ‘outcome’ of merging process as potential corner nodes:
mergeremnants ← ∅
//Update Graph:
if SetremSS is not empty then
Setrem ∪ = updateGraph(SetremSS ,ref mergeremnants )
SetremSS ← ∅
Set2Bcnsd .AddRange(mergeremnants );
continue for next loop iteration
else
Randomly pick a vertex v such that v ∈
/ Setcnsd
else
use node v from Set2Bcnsd
Setcnsd .Add(v)
for each pair of neighbours n1 , n2 of v, check angles between them do
angleZ ← angle between neighbours in XY plane
angleZP lane ← angle between neighbours in a plane containing line n1 − n2
and whose normal is parallel to XY plane
if angleZ and angleZP lane very small, they form corner then
Set2Bcnsd .Add(all adjacent nodes of v);
Setrem .Add(v)
SetremSS .Add(v)
break the loop from searching for other neighbours
Remove mesh triangles that contain vertices present in Setrem
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31:
32:
33:
34:

procedure updateGraph(Sets SetremSS ,ref mergeremnants )
mergeremoved ← ∅ //Removed node out of two merged ones
for each node ∈ SetremSS do
mergeremnants ∪ = JOIN_NEIGHBOURS(node, SetremSS ,ref mergeremoved ,
ref mergeoutcomes )
return mergeremoved

35:
36:
37:
38:
39:
40:
41:
42:
43:
44:

procedure join_neighbours(node, SetremSS ,ref mergeremoved ,ref mergeoutcomes )
for each pair of neighbours n1 , n2 of node do
Check if neither n1 or n2 is contained in SetremSS nor mergeremoved
Check if n1 and n2 are not already connected
w ←Distance between n1 and n2
if w == 0 then
Merge n1 and n2 , i.e., make all neighbours of n2 as neighbours of n1
Remove n2
mergeremoved .Add(n2 )
mergeoutcomes .Add(n1 )
//Nodes removed in the end to not to fiddle with graph’s consistency
//i.e., the indexes of nodes can’t be changed while in loop
for each v in mergeremoved do
removeN ode(v)
removeN ode(node)
return mergeremoved

45:
46:
47:
48:
49:

leads to change of their indices. Hence, the graph is updated only when there are nodes to
be picked from existing queue. These changing indices also becomes a problem for the list
of triangles, as the triangular mesh is stored as set of indices of the three vertices. Hence, we
keep track of all these changes using a set of ‘removed vertices’ Setrem as per the old index
of the vertices. In the update graph function, the neighbours of a vertex being removed
are merged —the neighbours of these two vertices are made the neighbours the other one.
The former is added to the set of mergedremoved for inclusion in Setrem , while the latter is
added to the queue of vertices to be considered next for corner detection. A smaller set of
vertices to be removed is kept for each iteration of complete queue exhaustion.
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5.4 Enhancing connectivity
After post-processing steps like ‘removing the top and bottom layers’, this surface gets
disconnected, as discussed in 5.1. Here we will discuss some approaches of enhancing the
connectivity in the graph obtained from Medial skeleton mesh. Moreover, these approaches
act as a better solution for avoiding corner deviations.
5.4.1 Connecting vertices within a radius
This is a very naive method of connecting vertices that lie within a certain radius r. Apart
from fixing the disconnectivity issue among mesh layers as discussed in 5.1, this solves
multiple problems and has added benefits. For instance, this method will enhance the
density of the graph. Also, it gives a possible solution of avoiding corner deviations. All
the methods we discussed in section 5.3 for removing corner nodes worked for surfaces which
are perpendicular to X-Y plane. But in case of curved surfaces, the two angle checking
criteria is not a good detector of corner nodes; it detects other nodes as well that lie on such
curved surface. Despite these heuristic methods fail/miss some detections, this method of
connecting vertices within a distance, though expensive, will always make connections near
the corner nodes, that will enable the path-finding algorithm to have options to avoid such
corners and to use the newly made connections to traverse the Medial mesh.
However, this is not an optimized approach, as it requires searching for every pair of two
vertices that are less than r distance away from each other, and thus does have a quadratic
complexity. Below we discuss some of the methods of optimizing this technique of creating
vertex connections within a radius.
Using a heuristic approach
A possible approach will be to randomize the search for a set of pair of two vertices that are
less than r distance away from each other. This might ensure connectivity of the graph, but
it may miss a few corner vertices, as unlike in randomized search above in subsection 5.3.3,
we are not involving the neighbourhood to look for closely placed unconnected vertices.
This is because, considering the neighbour vertices also doesn’t help bringing down the
complexity, as looking for the other vertex to connect to is also a linear search problem.
Thus we consider KD-Trees, that are optimal data structures for spacial related prob-
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lems, as discussed below.
KD-Trees
A KD-Tree tries to build a binary tree structure where a node is associated with one of the
k-dimensions and splits the space into two parts using a hyperplane perpendicular to that
dimension’s axis. Point to the left of this hyperplane come under the left subtree, and to
the right under the right subtree.
There are many ways of creating and handling KD-Trees; we used an open-source
implementation of 3D interval KD-Trees by Laukkanen [31]. In this implementation, each
node is a 3D box that covers ranges of values for each dimension, and can have children
whose boxes have values in each dimension lying within the range of the parent’s box.
Thus, when a new point is added to the tree, an appropriate leaf node is found using
binary search, by traversing down the tree. If the list of points stored in this leaf node
exceeds a certain threshold, the space is further divided into two halves, and then all these
points are put in its left or right subtree accordingly. Therefore, insertion takes O(log(n)).
For getting all the points inside a volume, the search of nodes that overlap this volume
starts from the root node, and goes down the tree through either one or both of the two
children of the root node. This is recursively done for the children of the left or right
subtree. Since the points are added to the leaf node, so if the search reaches the leaf node
after being pruned by check filters at every parent, it means that the box defined by the
leaf node lies perfectly inside the given volume. Thus all points that are inside these boxes
lie within the given volume in all three dimensions.
As we can see that this kind of binary search brings the complexity to O(log(n)). So
for every vertex, we search for all vertices lying in the volume around it within a radius of
r, i.e., a voxel of size 2r around it, and then finally check if the distance between them is
less than r or not. So, for a uniformly distributed space of N points in a x × y × z volume,
8r3
points in a 2r × 2r × 2r box around each point. And there are N such
there are N × xyz
group of points. The complexity of our approach is thus:
O(# of total points)×O(Search of points in a voxel of 2r )×O(# of points in voxel of 2r)
=


O N

×

log(N )

×



8r3 
N×
xyz
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r3 N 2 log(N )
O
xyz


=



We try another way of approaching this problem, by dividing the space into voxels, and
then searching for closely placed vertices inside it.
Splitting the 3D body into volumes:
We use the same setup of KD trees as above, but instead of checking the volume around
every vertex for other vertices that can be connected to it, we now divide the entire 3D
volume into cubes of size 2r, at every 1r distance in each dimension, as shown in figure 5.7.
Now, for each cube, we find all the points that lie inside it, and check the distance for each
pair of points obtained. This set of point will be very less as compared to the entire set
of points in the whole space. So, if suppose N points were uniformly distributed over the
entire volume of suppose x × y × z cube, then in each 2r × 2r × 2r volume voxel, there lie
8r3
points. Considering such voxels at every 1r distance, there will be xyz
such cubes.
N × xyz
r3
Checking for distances among all points in each of these voxels and then connecting the
closely placed vertices will thus have complexity:
O(# of voxels) × O(Get points in a voxel) × O(# of points in 1 voxel)2


=

xyz
O
r3

×

log(N )

r3 N 2 log(N )
O
xyz


=

×



8r3 2
N×
xyz





We see that the complexities of both the approaches are same. The reason behind
this is assumption of distribution of points in the space as uniform, which will not be the
case for Medial skeletal mesh, which is composed of nodes lying on surfaces. The average
complexity of search points in a voxel is log(N ), but the actual run-time will vary with the
number of points inside the voxel, as the search will go to more depths inside the octatree
that constitutes the KD tree. Since all points considered here lie on a surface, the density
of neighbours in a voxel around any point will be very high, which will make the neighbour
search more expensive. Thus for the first approach above, the complexity of step Search of
points in voxel of 2r around a point will be considerably more than log(N). Moreover, the
search will give same results for points very close to each other due to which the number

5 Post Processing on Medial Skeleton

47

Fig. 5.7: The grid divides the 3D volume into cubes of size r. Points are searched in the
red voxel of sides 2r, at every r distance. Red points are those that lie inside the search
voxel and black points lie outside of it. These points are part of Medial axis (not shown)
of neighbours around a point will be almost the same. This is quite high, while there is
no reusability of any result once calculated — for every point a new neighbour search is
initiated. However, in case of the second approach, the space is divided into volumes. The
volumes that are close to surfaces of Medial axis will have many more points, which will
increase the complexity of neighbour search, but once all these points are considered, they
will not be the outcome of search in any other volume. Moreover, the volumes that are
not close to the Medial skeleton’s surfaces will contain very few points inside them. Due
to this non-uniformity , we decided to use the second method in our implementation.
5.4.2 Connecting opposite vertices of quadrilaterals in mesh
While finding paths using the graph created above, we noticed connectivity as a problem that hinders movements from one node to another because of the system’s kine-
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matic/dynamic constraints introduced in section 5.2, even when the destination node satisfies all the constraints. For example, Figure 5.8 shows two triangles sharing a common
edge, forming a quadrilateral. The player, who cannot move on the horizontal edge because
it makes 0◦ with X-Y plane, cannot reach the ‘Goal’. However, had there been a diagonal
connecting a to c, the player would have traversed along it to reach the goal.

(a)

(b)

Fig. 5.8: Graph showing two triangles, with walkable and unwalkable edges, with a player
and a goal. In (a), the feasible paths to move are a → b, d → c, and d → b, but no feasible
path for the player to reach the goal (player can only proceed in positive time direction).
(b) Here a & c, which are diagonal vertices of a quadrilateral, when connected will lead to
a path from player to goal, as shown in pink. (Assume the upward direction is time axis,
and the horizontal is on XY plane)
Therefore, we try to connect all the unconnected diagonals of each quadrilateral, still
following the system’s kinematic/dynamic constraints. For each edge u − v, we first find
the two triangles that share it. For this quadrilateral, of which u − v is a diagonal, we
connect the other two diagonally opposite vertices.
In this chapter, we modified the graph obtained from Medial mesh and made it more
connected, with lesser deviations to make it suitable for pathing. In the next chapter, we
tested certain aspects of our algorithm, to help us decide the parameters that influence the
output, and compared it with an existing popular path-finding algorithm – RRT.
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Chapter 6
Path Generation, Testing, Results and
Discussion
In this chapter, we use the graph generated in the previous chapter after applying modifications to the Medial skeletal mesh obtained using Yoshizawa’s Medial skeleton approximation algorithm. In section 6.1, we discuss the three game level designs that we consider
for verifying our approach, using a set of performance metrics, as defined in section 6.2,
covering various aspects of testing, for example, performance (in computing a set of paths),
the distance from obstacles that define the human-like movement behavior, in a stealth
game-level scenario, and the optimality of paths generated in terms of smallest 500 paths
out of random 5000 paths, and using a shortest path calculation algorithm, for example,
that of Dijkstra’s in our case. We also discuss the complications in path measurement, and
how we try to overcome them. We then test the influence of parametrization on the results
of the Medial skeleton approach. In section 6.3, we introduce an incremental sampling and
searching algorithm– Rapidly-exploring Random Tree (RRT), for comparison purposes with
our approach on the same game levels, using the performance metrics defined earlier.

6.1 Types of arenas
For testing purposes, we have created few variations of arenas of stealth games, to ensure
the credibility of our methods. We created two arenas that have a rectangular shape area
with one/three alcoves attached, that are connected to this rectangular shaped area, and a
guard moving inside. Guard is represented as a point with a field-of-view in the form of a
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triangle as earlier shown in Figure 3.1. The guard movements can be linear (moving from
one point to another) or, rotational around an axis. This axis is passing through the point
representing the guard position. Figures 6.1, 6.2, and 6.3 are our 3D time-extended model
of the above 3 arenas that we considered for testing:
• 1-alcove arena with a guard that walks forward, takes a turn and walks back to initial
position– Figure 6.1
• 3-alcove arena with a guard moving forward – Figure 6.2. Note that the guard doesn’t
return back to original position, so this is not a complete patrol route.
• Another different arena, inspired from a game level of Metal Gear Solid is created,
with 4 static obstacles kept inside the arena, and with two guards originating from
different positions, with one of them covering nearly 25% of the outer boundary and
the other moving inside the spaces between the obstacles. The level is extended to
the time extent so that both the guards complete one round of patrol, and returning
back to their respective originating positions, as can be seen in Figure 6.3.
For each arena, the X&Y coordinates of start and end goal points are manually chosen
for the movement of player, after repetitive test&run cases keeping a few things in consideration. For example, we try to ensure that the player can cover majority of the arena, the
solution exists and it is non-trivial. All tests and verifications below are done based on this
placement of player.
For verification and use by game designers, we designed a way of visualization. The
paths generated in the arena by Medial Axis procedure can be seen in Unity3D in a 3D
scene. Within this, a player is made to travel along the path while changes in rest of the
arena take place simultaneously. For example, in Figure 6.4 shows some snapshots of a
game level in MGS which has a moving guard with its FoV, and obstacles in it. However,
visualization does have its limits — it becomes difficult with the increasing complexity of
the arena, or of the path. For example, in case of a path that is very jagged, and sketchy,
we need something more than visualization to determine the behavior of paths generated
using our algorithm. For this we use quantitative metrics, and compare our paths with
paths obtained using other automation approaches.
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Fig. 6.1: 1-alcove arena with a guard moving and rotating

6.2 Performance Metrics
We test our approach using a set of performance evaluators that represent various aspects
like computational overhead of running the algorithm, the “human-like" behavior (in terms
of avoiding the obstacles) of the paths generated, optimality of paths in terms of minimum
time taken by player to reach the goal, and minimum distance traveled. We discuss them
below.
6.2.1 Computational overhead
The overall complexity of various tasks performed in our algorithm will be a challenging
problem because of the random nature of various intermediate tasks, and the dependency
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Fig. 6.2: 3-alcove arena with moving forward
of successive tasks on such tasks of random nature. However, time duration to run the
algorithm is a good estimator of the performance of our algorithm. We compute the
average run time taken for around 50 runs on a MacBook Pro with 2.6 GHz Intel Core i5
processor and 8GB 1600MHz RAM.
6.2.2 Human-like behavior
Other algorithms like Visibility graphs are based on shortest path calculation, that runs
around the edges of obstacles, and do not consider the area of the player and the enemies
in the form of obstacles. Such kind of movement behavior have problems because of intersection of the area/volume covered by player with that of the enemy, which eventually fails
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Fig. 6.3: MGS level with 4 static obstacles, and 2 moving guards
the objective in a stealth game to move undetected. Our algorithm which is based on the
Medial skeleton of a body produces path that are not optimal, but are supposed to have
human-like movements that avoid going to corners, stay in the middle of an area, and not
passing very close to walls or enemy fields of view. This quality is measured in terms of
distance from the path to nearby obstacles.
Unfortunately, the minimum distance form the path to an obstacles varies with the
arena and the position of obstacle. We are more interested in how well our path is centered
between obstacles. Although, this property should be guaranteed with Medial axis, the
heuristic refinements done on the raw Medial axis as well as the approximation factor of
the obtained Medial axis, requires us to verify this property. So, for comparison purposes,
we calculate how much our path is deviated from the center of an area. For a point on

6 Path Generation, Testing, Results and Discussion

54

Fig. 6.4: Snapshots of 2D projection of MGS game level with guard’s FoVs in magenta
moving, and player proceeding from one point to another (not shown), avoiding guards and
obstacles. The path followed is shown in red.
the path, we calculate the differences of distance of the point from nearby obstacles that
lie at 180◦ to the point. This is done by casting a ray, parallel to XY plane, from the
point at an angle θ◦ . The ray intersects obstacles or the outer boundary of the arena. The
two closest points of intersection of this ray, lying opposite to each other, are measure of
how far the path is from obstacles in both directions along this ray, as shown in Figure
6.5. The difference between these two distances is given by DiffObstaclepi ,θ◦ , for point
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pi ∈ path P and angle θ ∈ {1, 360}. We sum up these differences for a point to get
360
P
DiffObstaclepi ,θ◦ , and then for all regular points on a path, this sum-differences get
θ=1

added up to give

P 360
P

DiffObstaclepi ,θ◦ a measure of how far the path is from the nearby

pi θ=1

obstacles.

Fig. 6.5: Distances d1 and d2 of a point pi , lying on the path, from obstacles. The difference
of these two distances is calculated for rays passing through pi at many angles on plane
XY. This summation for many such points is used to measure the centrality of the path.

6.2.3 Optimality of paths
We discuss the confusions that develop while calculating shortest paths in a time-extended
model, and how it can lead to getting incomplete solutions. Then we use this model for
two types of measures that represent the optimality of paths generated.
Understanding path measurements in time extended arena model: Given a connected graph, a source and a destination, there are various ways to reach the destination.
In our case, we take the approach of finding the shortest path, that takes into consideration the X & Y coordinates, that are the actual movement coordinates of the player, as
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well as the time coordinate. But since the time increases uniformly, the shortest path in
time-axis aims for minimizing all three coordinates altogether using a shortest-path finding
algorithm. Minimizing the time taken, however, leads to the player reaching the goal faster,
instead of taking a shorter path in 2D space. This is explained with two points p1 and p2
in figure 6.6 — path a is smaller considering time-dimension as well, but path b is smaller
considering the actual plane of player’s movement, i.e. X-Y plane. Therefore, the weight
of the edges in the graph should be associated with only the X and Y coordinates. So the
entire 3D structure of the graph will act like a projection of all nodes on a 2D plane parallel
to X-Y, however, with constraints of movement that define the connectivity of nodes.

(a)
(b)

Fig. 6.6: Point p1 is far from p2 when all three dimensions are considered, as shown in (a);
however, when only X-Y plane, the actual movement plane, is considered for movement,
p1 is closer to p2 , as can be seen in the top view in (b)
However, considering only X & Y coordinates for shortest path calculation gives just one
solution. Since we don’t have a definite time coordinate of the destination, and it doesn’t
matter if a player takes a longer period of time to reach the destination, within the bounds
of our allowable simulation time, we consider a set of destinations, all of which have same
X & Y coordinates, but the different Z coordinate (aka time coordinate). If we go by the
procedure described above, which considers only X & Y coordinates for movement, then for
finding path to all destinations, applying a shortest path algorithm leads to reaching only
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one destination. Our aim, here, is not to find the optimal path; we want to a find a large
set of paths that an AI player has to take acting like a normal human player. Such paths
might include waiting at arbitrary points in X-Y coordinate (that means moving vertically
in time-dimension). Hence, instead of considering only X & Y coordinates for representing
the weight of edges in the graph, we consider time-coordinate too, and then find path to
each of these destination points. Figure shows an example of MGS level, with single source
node and multiple destination nodes (that have approximately same X&Y coordinates as
that of the goal node chosen). The red lines show shortest paths to these destination nodes.

Fig. 6.7: Example of MGS with paths (in red) to multiple destination nodes (highlighted
in light green color) that lie close to the chosen destination node. The Medial skeleton
is the mesh in purple that acts as roadmap for finding these paths. Note that the outer
boundary of arena and top covers are not shown, while the inner obstacles and guards are
visible in different colors
We used two different types of measures for representing the optimality of paths gener-
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ated:
• Average length of 500 smallest paths out of 5000 random paths: After preprocessing
on the Medial skeleton algorithm, the graph generated is traveled using random DFS
starting from start position. A random DFS selects the children to be visited next
using a random selection procedure, ensuring that two DFSs, when run on the same
graph starting from same node, have different order of nodes visited. The traversal is
made to avoid cycles and is set to reach the end position within a limited number of
movements, so that unnecessary longer paths that deviate from going to target can
be removed from consideration. This limit is decided by trial and run for different
arenas. For example, for MGS, we found that we obtain around 5x106 paths when
the limit is 1000 steps down the tree in DFS. This sample is big enough to assume
selection of 5000 paths as random. Out of these 5000 paths, we choose the smallest
500 ones to reduce the effect of randomness.
• Shortest path length: Though our algorithm does not produce optimal paths unlike
other algorithms like Visibility graphs (section 2.2), or Navigation meshes (section
2.3), its results can be better than the paths generated using RRT. The shortest path
on Medial Axis is computed using Dijkstra algorithm discussed below.
Dijkstra algorithm: Shortest path algorithm
We used Dijkstra algorithm as the shortest path-finding algorithm. Dijkstra is a
Single Source Multiple Destination Shortest Path algorithm, that finds shortest paths
for all nodes in the graph, starting from the starting node. The pseudo code of our
implementation is as given in Algorithm 5. We optimized the linear searching time
of the adji ∈ Priority Queue pq step, by having a HashSet of nodes that keeps the
nodes that are present in pq.
Please note that this path finding algorithm has been applied to a graph that we
created using nodes obtained as a Medial Skeleton mesh, and the connectivity was
defined by the triangles that are present in the mesh. On top of this, the connectivity
was refined by applying kinematic constraints, that limit the speed of a player, retaining only those edges that respect these constraints. Therefore, any path obtained
on such a graph will always respect the kinematic constraints.
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Algorithm 5 Dijkstra Algorithm using Priority Queue
1:
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:

procedure Find paths(startN ode, list of destinationN odes)
Applying Dijkstra for finding shortest path to all nodes from a single source:
Set of visitedNodes ← empty
Priority Queue pq ← enqueuesource node
Array of backtrack ← instantiated to -1 for all node
while pq is not empty do
currentVertex ← pop topmost node from pq
visitedNodes ← enqueue currentVertex
distcurrent ← priority of currentV ertex in pq
for each node adji in adjacent vertices of currentVertex do
if adji ∈ visitedN odes then
continue for next vertex adji
distnew = distcurrent + weight of edge (currentV ertex → adji )
if adji ∈ pq then
distold ← priority of adji in pq
if distnew < distold then
update priority of adji to distnew
backtrack[adji ] ← currentV ertex
else
enqueue adji with priority distnew in pq
backtrack[adji ] ← currentV ertex
Traverse the backtrack array to find paths to all destination nodes:
list of paths ← empty
for each desti ∈ destinationN odes do
pathi ← listof nodes
use backT rack array to add nodes to pathi starting from desti and ending
at startNode
add pathi to thelist of paths
return list of paths ← empty

6.3 Rapidly exploring Random Trees (RRTs)
RRTs, as introduced earlier, are a sampling and searching approach that incrementally
construct a search tree. The sequence of the nodes of the search tree is random, and
with the increase in density of points, it is expected to increase the resolution inside the
space. In our implementation of 3-dimensional RRT tree, a random point r is chosen inside
the arena-time 3D volumetric model, and connected to an already existing node node of

6 Path Generation, Testing, Results and Discussion

60

Fig. 6.8: The search tree for MGS level; new sample nodes are connected to existing nodes
such that they satisfy the kinematic constraints. If the new node could be connected to
any of the end nodes, the construction of search tree is terminated, as we get a solution
that is a path. Here, the obtained path is s → a → b → c → e
the search tree, such that node and r are mutually visible to each other, and node has
a lesser time coordinate value, such that the path from node to r is one of the feasible
ones, respecting the kinematic constraints of the system. Algorithm 6 is a step by step
procedure of building the search tree. Figure 6.8 shows a search tree on MGS level, for
marked starting nodes and ending nodes. Note that the RRT terminates as soon as it finds
a path to destination. Here, there is path s → a → b → c → e.

6.4 Parameter Setting
Our approach has many possible parameterizations. We consider varying the radius of
connectivity of nearby nodes, and the angle that decides the maximum speed of the player.
1

When an infinite ray is casted from a point inside a polygon, the ray intersects the polygon odd number
of times, while if it is outside the polygon or inside a hole in the polygon, it intersects the polygon even
number of times. The same stands true for a point inside/outside an enclosed body.
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Algorithm 6 Rapidly exploring Random Trees (RRTs)
1:
2:

Get the 3D extended body of the arena map
Add start point and various regular points acting as destination points with same x &
y coordinate, but varying time coordinate.

3:
4:

loop
Take a point p randomly inside the box that defines the limits of the arena in
each dimension
Check if this point lies inside the space using odd-intersection rule1 using ray
casting. If not, continue the loop
Find nearest-neighbours N Nlist of p in sorted order of distance from p, and
having lesser time coordinate value than that of p
Among these neighbours, pick the nearest one v that can be connected to p
without any obstacles in between. v should also satisfy the system’s kinematic/
dynamic constraints
Otherwise, after which reject the point.
Add an edge in graph between p and v. Since this graph edge satisfies the
system’s kinetic/dynamic constraints, it can be a part of a feasible path.
Try to connect v to any of the destination vertices, that could satisfy the
movement constraints without hitting any obstacle (use ray casting again). If
such an edge can be formed, we have a path from start to end. Hence break
the loop and return the path

5:
6:
7:

8:
9:
10:

6.4.1 Radius of connectivity r
In section 5.3, we concluded that connecting vertices very close to each other within a
very small radius r both ensures connectivity of the graph and also remove discrepancies
resulting due to corner deviations, avoiding player to go to corners in an arena. We chose
this parameter r for our algorithm for testing purposes based on two factors from the above
metrics, namely computational overhead that is the time taken to run the connecting steps
of the algorithm, and optimality of path that is the average length of 500 paths generated.
–Time taken to connect vertices: For Metal Gear Solid arena, we ran the simulation
for a range of radius r ∈ [0, 5]. Figure 6.9a shows the variation of ‘time taken to connect
vertices’ with varying ‘radius’. The curve is monotonically increasing and somewhat depicts
similar behaviour of a cubic function, as evaluated in subsection 5.4.1, where we showed
that the complexity of the connecting step as proportional to r3 . Similar tests are run for
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other two arenas in the Figure 6.9a.

(a)

(b)

(c)

Fig. 6.9: Time taken to connect vertices with varying radius of connectivity for: (a) MGS
level, (b) 3-alcove arena, and (c) 1-alcove arena

–Average path length of smallest 500 paths: Figure 6.10 shows the average path
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length of smallest 500 paths picked out of random 5000 paths generated using DFS for a
varying radius of connectivity, as discussed above. Other parameters like the maximum
speed of the player is kept above 0, i.e. the player can move with any speed, but not
infinite speed. The asymptote close to r = 0 is due to the disconnectivity of two surfaces
lying very close to one-another, as shown in Figure on 36. Recalling back from subsection
5.1, these surfaces which were a result of 2-manifold skeletal mesh generated using Medial
skeleton algorithm and were connected from the top and bottom, got disconnected after
our post-processing step to remove top and bottom. We also discussed a remedy to this
issue in 5.4 by connecting very nearby vertices. In the figure, as the connectivity of the
graph increases with increasing radius, the average length of random paths drops down,
as it tends to avoid unnecessary deviations to the corners, and other discrepancies in the
output of Medial skeletal mesh graph. Similar tests are run for other two arenas in the
figure.
Taking reference from these plots, we chose a radius of 1.2 for MGS, of 1.7 for arena
with 3 alcoves, and of 1.6 for arena of with 1 alcove, for our testing purposes, such that the
time taken to run the step is not much while the corners and other very close vertices get
connected to resolve deviations. Figure 6.11 shows the smallest 500 paths picked from 5000
paths generated randomly with radius of connectivity 1.2, and different limits of number of
edges in the path. A larger limit leads to more deviated paths, while a smaller limit made
them stick to shorter paths of movement.
6.4.2 Maximum speed of player α
Next, we test how limiting the maximum speed of a player can effect the running time
of path finding using our algorithm and that using RRT. Figure 6.12a shows comparison
of these running times with increasing angle α, where α is the angle made by an edge
with x-y plane and represents the maximum speed of player in the arena; α = 0 means
movement of player with no increment in time-coordinate, that would imply infinite speeds,
while α = 90◦ implies no movement in the x-y plane. Note that the angle values here are
dependent upon the scale of the time value. In our case, we considered one time unit equal
to one distance unit in x-y plane.
As we understand from the figure, limiting the feasible speeds effect RRT drastically
for larger values of α > 40◦ in comparison to Medial Axis. This is due to the fact that the
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(b)

(c)

Fig. 6.10: Average path length of smallest 500 paths out of 5000 random DFS paths for
varying radius of connectivity for: (a) MGS level, (b) 3-alcove arena, and (c) 1-alcove
arena
success of RRT depends on finding a path from start to end; most of the new random nodes
noder being generated have difficulty connecting to the nearest nodes nodenearest,below lying
below them, and to the end nodes nodesend lying above them, due to kinematic constraints
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(b)

(a)

(c)

Fig. 6.11: Top view of MGS level with smallest 500 paths (in red color) picked from 5000
random paths generated from Medial skeleton. The maximum limit of number of edges of
paths generated is 100 in Figure (a), 200 in Figure (b), and 300 in Figure (c)
(that are equivalent to the angle α0 made by the edge from nodenearest,below to noder and
x-y plane, or from noder to nodesend and x-y plane; the lesser the angle (minimum 0), the
more are the chances to have this edge as a feasible path). This constraint leads to more
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probability of a new edge not being feasible, thus continuing the search. For angles greater
than 60◦ , finding these paths becomes very difficult, and the time to run RRT algorithm
increases exponentially. It took us 27,244 sec (approx 7.5 hrs) to find 5000 paths using
RRT for an angle of 61◦ .
However, for our Medial skeleton algorithm, the time taken is very less, mostly because
of the fact that our algorithm already produced a skeletal mesh, out of which the graph is
constituted using feasible edges. The more the angle α, the less edges will be there. This
however took more time in DFS search, because even though we have fewer connections in
the graph, the DFS backtracks too many times to go to nodes that are connected to end.
The order of increase isn’t exponential. This however took less time for running shortest
path algorithm Dijkstra, as it involves lesser edges to travel. Figure 6.12b is the zoomed
graph for angles less than 40◦ . It shows that RRT takes comparatively less time, close to
0, when the angle is less than approximately 20◦ .

6.5 Path characteristics
We now show some of our findings on the characteristics of paths obtained through Medial
skeleton approach.
6.5.1 Human-like realistic behavior of player
Earlier in performance metrics section we talked about how we plan on measuring the
‘human like behaviour’ of our Medial skeleton pathfinding approach, which is expected to
stay close to center of a movable passage area in the arena. We compare this characteristic of
Medial skeleton approach with that of RRT. For measurement purposes, 50 paths are chosen
randomly after post-processings on the Medial skeleton obtained, and 50 individual runs
PP
of RRT are run to obtain 50 different paths. For each of these paths,
DiffObstaclepi ,θ
pi

θ

is calculated using the same procedure as described in 6.2.2. Figure 6.13, 6.14, and 6.15
PP
show these plots of Distance of path
DiffObstaclepi ,θ for these 50 paths generated
pi

θ

using RRT and Medial skeleton, separately. We can see most of the distances of paths
from obstacles as well as their average are more for RRT than for Medial axis. This clearly
shows that our algorithm results in paths that achieve the goal of staying well away from
the walls and the obstacles in the arena.
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(a)

(b)

Fig. 6.12: Variation of the running time of path finding using our Medial Axis algorithm
and using RRT, w.r.t the movement constraint of player, represented by angle α made by
the vector of movement with x-y plane. (b) is the zoomed version of (a) for α less than
40◦ . (Note that the time axis for (a) is in scale of 104 seconds)
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Fig. 6.13: Plot showing Sum Distance of path from the center of a movable passage area
for individual runs on the 1 alcove arena, for both RRT and our approach. Clearly, our
approach produces paths that are more away from obstacles.
6.5.2 Shortest path property
Comparison with RRT:
As per our earlier prediction, we found that RRT produces smaller paths than our
Medial skeleton approach. This is expected to happen as our approach follows the Medial
mesh with some modifications on it, and is not expected to take short paths, going around
the corners of obstacles. Also, Medial mesh produced does have limited connections among
its vertices; nearby vertices might not be even connected to the current vertex, which tends
to cause the Dijkstra algorithm to take longer paths.
Impact of post-processing steps on shortest path:
We did an evaluation of how much we benefit by applying post-processing steps on the
raw Medial skeleton obtained. In Figure 6.16 we show the length of shortest path on the

6 Path Generation, Testing, Results and Discussion

69

Fig. 6.14: Plot showing Sum Distance of path from the center of a movable passage area
for individual runs on the 3 alcove arena, for both RRT and our approach. Clearly, our
approach produces paths that are more away from obstacles.
graph for varying maximum feasible speeds of a player in MGS arena, for each of the cases
when:
• No post-processing is done
• The corners are avoided by connecting vertices that are less than r distance from each
other
• Further connectivity is ensured by connecting the opposite vertices of a quadrilateral
The r = 1.2 value is taken for this experiment which is equal to what we derived earlier for
MGS level. We see increase in the length of the shortest path with increasing constraints on
the maximum speed of the player, for each of the three cases. Clearly, the post-processing
steps improve the connectivity and lead to reduction of length of shortest paths. However,
no significant improvement is noticed in the length of shortest path for angles greater than
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Fig. 6.15: Plot showing Sum Distance of path from the center of a movable passage area for
individual runs on the MGS arena, for both RRT and our approach. Clearly, our approach
produces paths that are more away from obstacles.
60◦ upon ’connecting diagonals of quadrilateral’ on top of ’removing corners’. This is due
to the fact that most of the quadrilaterals in the Medial skeletal mesh have edges that are
parallel to XY plane or are along the time-dimension. So their diagonals don’t usually make
angles more than 60◦ with the XY plane. Thus increasing the constraint angle to more
than 60◦ makes these diagonals unwalkable, thereby mitigating the effect of connecting the
diagonals of these quadrilaterals.
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Fig. 6.16: Variations in the length of shortest path with varying ‘maximum speed of the
player’, denoted by angle of movement α. The three plots correspond to results when no
post-processing steps are taken, when corners are avoided (by joining closeby vertices), and
when the opposite ends of all quadrilaterals are also joined.
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Chapter 7
Conclusions and Future Work
Stealth game levels are interesting for requiring solutions which avoid collisions with a dynamic enemy. Designing such game levels requires adjustments to the geometry of the arena
and placement of enemies and obstacles inside it, which is typically done by repeated testing of game levels. Pathfinding algorithms, such as Visibility graphs, Navigation meshes,
and some probabilistic algorithms become handy to automate such tests.
Studies on human-movement behaviour have found that humans do not tend to walk
close to edges inside an area [10, 19]. Natural human movement tends to stay well away
from obstacles, both for the sense of space and for the relative ease in avoiding collisions. On
the contrary, in a game context, especially a stealth game, game success may be improved
by biasing toward boundaries in order to well avoid enemy threats and reduce travel time.
Imperfect character control, however, as well as perceptual ambiguity in the precise location
and size of the player avatar can still easily result in collisions, and so understanding and
being able to model pathing choices that maximize obstacle avoidance has great value in
better representing human-like paths, rather than purely optimal paths.
We presented an approach for Path-finding using Medial skeletons on the arena body.
Medial skeletons have the advantage that they define the regions of a space that stays away
from obstacles and are heuristically the regions that will most probably be used for traversal
by a human. This path, however, may not be the safest possible path, or an optimal
(shortest) path to travel, which are two different problems and need different algorithms
for pathfinding. For representing a dynamic game arena, we find an approach of extending
the 2D game arena in 3D, treating time as the third dimension. This converted the 2D arena
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into a 3D body, covered from top and bottom using extra covers. An approximate Medial
skeleton is calculated for this 3D body. Accuracy of Medial skeletal mesh is improved by
using a higher resolution of triangles involved to get a finer and smoother Medial mesh.
The graph obtained from Medial skeletal mesh is used as a roadmap for laying down paths
for motion of player within the arena from one point to another. Post-processing steps are
applied to the graph to handle abnormalities like aberrations at the top and bottom of the
3D body, unnecessary deviations to corners, and to enhance connectivity of graph.
We created three game level designs for verifying our approach, using a set of performance metrics that cover different aspects of testing, for example, computational overhead
in computing paths, human-like behaviour of player while moving on path in stealth game
scenario, and optimality of paths using a randomized DFS algorithm and shortest path
calculation using Dijkstra. We modify the path optimality computation methods to consider path measurement only in X-Y plane, not considering the third time dimension. We
calculate the influence on our algorithms results due to the parameters r(the radius of vertex connectivity) and α (the movement constraining angle), and to decide their values for
usage in experiments later.
For comparison, we considered paths generated by a Rapidly-exploring Random Tree
(RRT), which is a probabilistic incremental sampling algorithm. RRT is state of the art
heuristic approach that has had increasing popularity in the gaming industry [48]. Its
heuristic property leads to generation of multiple paths that are different on each run, better
mimicking the variety and noisiness of human paths than other pathfinding algorithms like
Visibility graphs and Nav Meshes. While more work needs to be done for testing using
human players, which would be the most accurate way of comparison, RRTs are a cheap
and fast alternative for comparison purposes. Upon comparison of RRT with our approach,
we found that our algorithm yields a more realistic, human-like path which avoids obstacles
and boundaries of the arena as much as possible, and stays away from them. This has added
benefits of avoiding the obstacles/guards/arena walls to the maximum possibility by staying
in the middle of the observable area at that moment. This also helps to accommodate the
player’s width in path-calculations, as no extra effort is required when not considering the
player as a point object.
A disadvantage of our Medial Axis algorithm, however, is that it does neither produce
particularly short paths, unlike traditional shortest path algorithms, such as Visibility
graphs, A*, RRT (heuristically), nor does it produce the safest paths in the sense of maxi-
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mizing distance from actual threats. So, on the one extreme, the optimal strategy leads to
movements very close to enemy FoVs, on the other extreme, a safest path will stay maximum distance away from enemies, staying close to arena walls and static obstacles. The
medial skeleton can be seen to lie between these two solutions, and will also be the safest
pathsway when passing in between two enemy FoVs.
Our algorithm gives output for the three test cases we considered, that handle complex
movements of guards and cameras (a rotating guard can be considered as a camera). However, our work has a limitation. It doesn’t deal with cases where the guard’s FoV intersects
with obstacles or other boundaries. There are various reasons for that. When a FoV intersects with obstacles, the two objects need to be resolved by combining them into a unibody,
which is fairly complex, especially when the FoV or the object is not static. The geometry
of intersection can change with increasing time, which will not qualify for our assumption
that the geometry/shape of polygons should not change during gameplay. In other words,
the number of points constituting the polygon of an obstacle/guard or game arena should
remain constant for using our existing approach of extending into the time dimension to
create a 3D body of the arena. However, more work can be done in this regard by resolving
the intersections for each slab of time using techniques of Solid Modeling.
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