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1 Introduction 

Security is one of the important responsibilities of every owner of a warehouse, shop 

or any other building that has precious items inside it. The most common ways to avoid 

theft are employing security guards and installing cameras, sensors and other detectors. 

The guards are trained how to behave in the various situations and the detectors are 

installed in a way to minimize the potential danger. Although it is never clear how 

burglars would behave, it is at least possible to model the simplified model of the 

secured objects and describe its properties, such as monitored and non-monitored 

areas, positions of the detectors, walls, windows, doors, etc. With these properties and 

search algorithms, it is able to predict the best burglar’s behavior given by the 

properties of the environment and their priorities. 

1.1 Goals 

At the beginning of the thesis, the ultimate goal of this thesis was to create an 

application for the training of security guards consisting of a 3D virtual environment 

featuring various security elements (camera, motion detectors, etc.), an editor of this 

environment and configurable artificial burglars that would be able to act 

autonomously within this environment.  

This goal was meant to be achieved in cooperation with an expert from the security 

area, unfortunately, the input from their side faded before the thesis was completed. 

Therefore, it was necessary to make some decisions without the expert advices. 

Because of the lack of the expertise, it was decided to focus more on the artificial 

intelligence part than the training part. This lead to another goal, which was creation 

of an analytical tool inside the editor to simulate possible burglar’s behaviors.  

The text of the thesis is much more about the description of the AI than the software 

engineering description of the application, nevertheless, the development of the 

environment editor and the 3D environment dedicated for the training of the security 

guards took about half of the thesis time. It is described in the sections 9 and 10. 
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1.2 Text Structure 

The text is structured into 10 chapters. 

In the second section, the reader is familiarized with the environment we were working 

with, it contains the description of the various object that were considered and some 

basic observations regarding modeling this environment for the artificial burglars. In 

addition, it explains the burglar’s goals and the problems related to it. 

Related works are discussed in the third section, this thesis is related to the two major 

AI topics, the classical planning and the multi-objective A*, this section compares the 

problems solved in this thesis to the ones already resolved in the past. 

In the fourth section, the implemented solution is described. There is a formal 

description of the designed algorithm and the discussion of its abstraction layers that 

combines two searches: search within the action space and search within the navigation 

space. There is also analysis of the possible approaches that could be used in the 

multi-objective optimization. 

The algorithm introduced in the fourth section was tested and the results are 

summarized in the fifth section, moreover, there is an analysis of the factors 

influencing the algorithm’s performance, since it was desirable make it fast enough to 

be usable in practice. This section compares the sampled and the complete version of 

the proposed algorithm. 

Two practical usage examples are described in the sixth section, first of them describes 

the possibility to use the application as a design tool, the second one views it as a 

training program for the security guards. 

The seventh section compares the achieved results to the intended goals and briefly 

studies what was fulfilled and what could yet be improved. 

In the eighth section, the future improvements for the application are suggested. These 

improvements exceed the goals of the thesis, however, they could bring the better 

results. 
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The application is described from the user point of view in the ninth section. It is 

recommended to read this section in order to use the program correctly and effectively. 

The last section contains the technical description of the program; it provides an insight 

to the architecture of the source code. 
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2 Environment 

The goal was to create a configurable burglar that would be able to steal precious things 

from secured objects. This chapter describes the environment the thesis is working 

with. In addition, this chapter also mentions some design choices regarding the 

environment modelling, used algorithms, burglar’s knowledge about the environment 

and desired behavior. 

The environment consists of a single floor building, an example sketch is visualized in 

the Figure 1. The sketch was the only model provided by the security expert so it was 

decided to implement the objects required to model this object. All the entities with 

some special functionality are summarized in the Table 1Figure 1, there can be also 

another objects without any features serving just as obstacles, e.g., tables or wardrobes. 

In addition to entities, there can be the following items in the map: keys, wire cutters 

and cards. They can be possessed by characters either from the start of game or they 

can be found on the ground and collected by the guard or the burglar. Any key can 

unlock any locked door, the same holds for card and card readers, wire cutters can cut 

fences.  

 

Figure 1: Warehouse model sketch provided by the security expert. See the legend in the Table 1. 
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Table 1: Legend of the warehouse model from the Figure 1. 

2.1 Characters 

There are two characters in the environment, the guard and the burglar. To steal the 

money from such object, the burglar has to move and perform the following actions: 

- destroy detectors, i.e., PIR sensors and cameras, 

Object Visualization Visualization in App Description 

Fence 1     Impassable until cut 

with wire cutter. 

Wall   Impassable. 

Locked Inner Door  

 

 Requires key to be 

opened. 

Unlocked Door   Openable door. 

Locked Outer Door   Requires key to be 

opened. 

Locked Rolling Door   Requires key to be 

opened. 

Locked Fence Door   Requires key to be 

opened. 

Window   Impassable until 

broken. 

Fence 2   Impassable until cut 

with wire cutter. 

PIR Sensor,  PIR 

Alarm 
  PIR Alarms beeps 

when PIR Sensor 

detects movement. 

Camera, Monitor   Monitor projects 

the camera’s view. 

Card Reader   Unlocks the 

corresponding door 

after it reads a card. 

Hedge   Impassable. 
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- cut fences, 

- break windows. 

- collect wire cutters, keys and cards from the ground to enable passing through 

fences, key-locked doors and card-locked doors, respectively.  

Both informed and uninformed burglar would make sense in some way for such 

environment, since the burglar may or may not know the object beforehand, but from 

the security point of view, it is still better to expect the worst scenario, which is why 

the burglar was provided with the full information about the environment except for 

the location of the guard, which can be changed over the time. 

The guard can move along the object as well and he can also perform the same actions 

the burglar can. The main task of the guard is to secure the object, by means of making 

visual contact with the burglar during the burglary. To achieve the successful 

interruption of the theft, he uses cameras and PIR sensors. 

2.2 AI Environment Description 

From the AI point of views, the environment is: 

- partially observable, since the burglar and the guard do not know each other’s 

position, 

- static, from the burglar’s point of view, however, it can appear to be dynamic 

when the scenario with the human player is considered, 

- multi-agent, as there are two agents, 

- deterministic, since there are no random outputs of the actions, 

- continuous, as the position of the items and the agents is continuous, 

- real-time. 

2.3 Environment Modelling 

To model the environment, it was necessary to create an editor that would be able to 

create and modify the security objects with the parameters described above. In general, 

the environment is 3D, so it would make sense to create a 3D modeling tool. 
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Nevertheless, this work aimed to model the objects similar to the one in the 2.3Figure 

1, which looks grid-like. In addition, it was necessary to be able to design and edit the 

environment quickly, thus, it was decided to create the simple editor working with the 

grid of square tiles. 

It is able to design the objects in editor that are similar to the one in the Figure 1. To 

prevent ambiguity, the security objects modelled in the editor are called maps. A map 

is a grid of square tiles with the items summarized in the Table 1, which are modifiable 

in the editor. The Figure 2 shows the environment sketched in the Figure 1 modelled 

in the editor. Walls, windows or doors can only be located at the edges of square tiles, 

there can be also hedge on a square tile making it impassable. All the other entities on 

the map (cameras, monitors, agents, obstacles, wire cutters, etc.) can be placed on any 

continuous location. Technical details about the editor are summarized in the chapters 

9 and 10.  

 

Figure 2: Model of the environment sketched in the Figure 1 created using the editor. The legend can 

be found in the Table 1. 
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2.4 Burglar’s goal specification 

The ultimate goal of the burglar is to get to the money, collect it and escape to the 

starting position. To achieve this, he can do anything that the environment allows him 

to do, i.e., he is able to move and perform actions as they were described in the 

section 2.1.  

Since the burglar wants to complete the theft as quickly as possible, he would try to 

minimize the length of traversed path (path length1). In addition, there is an important 

effect caused by detectors: some areas are detected by at least one detector, while other 

are not. For the burglar, it is favorable to avoid the areas that are detected by any 

detector, therefore, this leads to another objective, minimizing the time spent in the 

view of detectors (seen time). To minimize these two parameters, the burglar is able 

to move and use the actions, nevertheless, he has to handle multi-objective 

optimization since there are two optimized objectives, path length and seen time, 

which are independent. 

In addition, the existence of the actions (introduced in the section 2.1) allows the 

burglar to influence the environment, thus, it creates a requirement to make the best 

use of them in order to achieve the desired goals. 

  

                                                 

1 Path length is in fact the time that burglar needs to take it (in seconds), the reason is that some 

actions may take some time and delay the burglar. However, we decided to call it “length” because it is 

indeed the length increased by some delays (the burglar moves one length unit per second). In addition, 

there are many other times in the thesis, so we wanted to avoid the confusion. 
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3 Related Works 

This chapter briefly introduces A* in the section 3.1, since it is widely used in the 

thesis and discusses the problems related to those solved in this work. There are two 

main problems already outlined in the chapter 2: 

- enabling the burglar to use actions, 

- handling seen time somehow.  

The works related to the first of them are discussed in the section 3.2, while those 

related to the second one are described in the section 3.3. 

3.1 A* algorithm 

A* belongs to the category of the informed best-first search algorithms. It uses open 

and closed sets, the first one to store the potentially expandable nodes that represent 

the partial paths discovered so far, and the second one to mark the nodes that had 

already been expanded so they would not be expanded again. At each iteration, it draws 

the node 𝑛 from the open set that minimizes 𝑓(𝑛) = 𝑔(𝑛) + ℎ(𝑛), where 𝑔(𝑛) denotes 

the cost of already traversed path, while ℎ(𝑛) is an estimate of the cost from 𝑛 to the 

goal node. Afterwards, the algorithm adds all the neighbors, which are not in the closed 

set, to the open set. The crucial condition for the algorithm to work correctly is 

admissibility of the heuristics, i.e., it can never overestimate the cost. 

This algorithm is commonly used in games for finding the shortest path. However the 

goal of the burglar was not only to find the shortest path, but to find the shortest path 

given the seen time limit. Therefore, it had to be extended to satisfy this constraint, as 

the section 4.2 describes. In addition, the burglar is able to perform actions that 

modifies the environment, which make it dynamic, while the A* was designed for 

static environments. However, it could still be used to find partial paths leading to the 

locations, where actions were performed and to search in the action space. 
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3.2 Goal Oriented Action Planning 

One of the key objectives solved in the thesis was to handle action planning. Jeff Orkin 

faced a related problem in [1]. They wanted to design AI for the game F.E.A.R., while 

they had various goals and actions (nodes in the Figure 4) and wanted to find 

transitions (edges in the Figure 4) between them. As it was not desired to find these 

transitions manually, they proposed to use A* not only for navigation, but also to 

search the action space to find a plan, which is a sequence of actions leading to the 

goal state. The action space is represented by a graph, inside which there is a node for 

each action. Every action defines the preconditions that have to be met to be able to 

execute it and the effects that affect the environment, the edges in the graph are given 

by the preconditions. 

The backward chaining was used in the paper, however, we decided to use forward 

chaining in this thesis, since it is not certain what the final state will be as there are 

usually multiple goal states.  

 

Figure 3: Image from [1]. It shows on the left what they did and on the right what they did not have to 

do thanks to the planning. 

3.3 Multi-objective Path Finding 

One of the main issue of the thesis was how to deal with the two objectives of the 

search, i.e., to find a way how to deal with the tradeoff between path length and seen 

time, which are the independent path properties. The problem is a variant of a multi-
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objective path finding, this section groups the works related to this issue and their 

connections to this thesis are discussed here, as well. 

In the general multi-objective optimization, the goal can be expressed as:  

   min(𝑓1(𝑥), 𝑓2(𝑥), … , 𝑓𝑛(𝑥)) , 𝑥 ∈ 𝑋, 

where 𝑋 is a set of feasible solutions, and 𝑓1, … , 𝑓𝑛 are the objective functions. The 

main problem is that there does not have to be a solution that minimizes all the 

objective functions. In such situations, it is often desired to find a set 𝑃 consisting of 

the Pareto-optimal solution (Pareto front), which are the ones that are not dominated 

by any other solution, i.e., there is no solution that is better in all the objective 

functions, formally:  

   ∀𝑥 ∈ 𝑃 ∀𝑦: ∃𝑖 ∈ [1, 𝑛] 𝑓𝑖(𝑦) > 𝑓𝑖(𝑥). 

The usual goal of the algorithms related to multi-objective path finding is finding the 

Pareto front, it was done also in [2] by Mandow and Péerez, where the authors 

suggested storing the triples (𝑛𝑜𝑑𝑒, 𝑔(𝑛𝑜𝑑𝑒), 𝑓(𝑛𝑜𝑑𝑒)) in the open set in order to be 

able to remember multiple possible configurations of each node. It also uses an acyclic 

graph for each node to store the non-dominated partial paths leading to it. There are 

more works regarding the issue, the same authors proposed a more memory efficient 

solution in [3]. Haqquani, Li and Yu described further optimizations in [4].  

Since in this thesis, it was desired to find the shortest path given the seen time limit, it 

was needed to find a single path, not the whole Pareto fringe. However, since the 

solution can consist of multiple actions, it can contain multiple sub-goals, each of 

which represents a path to the action item. Therefore, to get the best solution, it is 

necessary to compute the full Pareto fringe for each sub-goal and search in the space 

of Pareto optimal sub-paths. According to the results in the chapter 5, this can be very 

slow, so the new algorithm was designed that samples the Pareto fringe, it is described 

in the section 4.4. 
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Serhat Bayili and Faruk Polat faced the problem that is equivalent to ours in [5], their 

goal was to find the shortest path limiting the other criterion (damage taken in their 

case) by the selected limit. There is a very similar issue in this thesis except for the 

name of the secondary criterion that is called seen time in our case. Even though their 

problem was highly comparable to the one solved in this work, it was decided not to 

use their solution. The main reason is that they highly focused on the execution speed 

and because of it, found only sub-optimal solutions as a trade-off for the performance. 

Since the burglar, who has the full information about the environment, would plan his 

solution in advance, this work decided to put more effort in the optimality of the 

solution in this part.  
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4 Implemented Solution 

The basic goal was to make the burglar to move along the environment. It was solved 

by using A* on the navigation graph, which is described in the section 4.1. According 

to the environment description in the chapter 2, there were two main problems to be 

solved, handling the seen time and the action planning. There is a description of 

solutions for both of them in the sections 4.2 and 4.4, respectively. The section 4.3 

discusses the theoretical performance improvements and the section 4.5 describes the 

solution for the multiple goals.  

This thesis follows the GOAP approach partially, in a sense of using A* in the action 

space. Our actions have the preconditions and effects, too. The preconditions are 

dependent on the path leading from the burglar’s position to the object related to the 

action. The effects consist of the burglar’s movement to the objects and the interaction 

with them, e.g., destroying the camera. An action has preconditions if and only if there 

are objects on this path that define some requirements. For instance, if there is a money 

object inside the room that can only be entered through a locked door and the burglar 

is outside that room, the precondition for gathering money is having a key. There are 

effects as well, destroying a camera causes change of the detectability of certain nodes 

in the navigation graph. It is important to realize that the main goal of the burglar 

(leaving detectability aside for now) is to find the shortest path, thus, it is not only 

desirable to find any path in the action space leading to the goal, but to find the shortest 

path in the graph. That is why it is required to assign the costs to the edges in the action 

graph properly, their cost is given by the cost of the underlying navigation path. 

From the hierarchical point of view, the top-level problem was to plan the actions 

leading to the goal, while minimizing the length of traversed path and the seen time. 

For each action, there had to be found a path leading to the action item corresponding 

to that action. 
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4.1 Navigation graph 

Although the environment is visualized in the 3D, the agents are only able to move on 

the plane, since there is just a single floor in the map allowed. To achieve the goals of 

the thesis, it was necessary to teach the burglar to move around the map. There are two 

main state-of-the-art approaches regarding the agent’s movement, the navigation 

graph and the navigation mesh, described in [6].  

Since the ground in the application is even and designed as a rectangle grid of square 

tiles of the uniform size, and an agent fits almost precisely into one tile, the navigation 

graph was the natural choice. This section discusses its inference from the model of 

the environment, the burglar moves along the environment using the A* on this graph. 

Each tile is represented by a graph node located in the middle of the node, being 

incident up to eight neighbor nodes, an example of such graph is shown in the Figure 

4. A graph defined this way is easy to be extracted from the scene and it makes sense 

with respect to the characters’ measurements. This approach is feasible for modeling 

the environments of size similar to the one visible in the Figure 1, in case it was needed 

to model the larger object, a contraction of the graph would be useful. 

 

Figure 4: Simple navigation graph. The spheres represent the nodes and the connecting line segments 

represent the edges. 
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The navigation graph provides an abstraction that allows an agent to quickly compute 

how to move from one place to another in the graph, however, the environment is 

usually much more complicated than the one in the Figure 4, for instance, there can be 

objects preventing the agent from stepping on their location. Therefore, the obstructed 

edges are marked so they would not be used in the search. One kind of the obstructing 

objects are walls and doors as the Figure 5 shows. As for the doors, their edges are 

specially marked, the Figure 5 visualizes it by using magenta color. 

 

Figure 5: Navigation graph with walls (grey line segments) and a door (purple line segment). 

Another obstructing objects are entities obstacles, the main difference from the walls 

is that they can be placed at any continuous location so there is no regularity 

guaranteed. However, the edges that collide with any of these obstacles are filtered as 

well. An example of such filtering is visualized in the Figure 6, the obstructed nodes 

are not visualized in there and they cannot be used by planning. 
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Figure 6: Handling the obstacles in the navigation graph. There are no edges in the red circles 

because they are too close to the obstacles, thus, they would prevent the burglar from moving. 

Last but not least, there can be cameras and PIR detectors in the map. These detectors 

have different functionality from the guard’s point of view but for the burglar they 

both do the same thing, split the graph nodes into two categories. One category 

contains nodes that can be seen by any of the detectors, the red ones in the Figure 7. 

On the other hand there is a category of unseen nodes that are not detected by any 

detector, these ones are drawn by green color in the Figure 7.  

 

Figure 7: The burglar is not detected on the unseen (green) nodes, on the contrary, he is detected on 

seen (red) nodes, since they are in the view of the camera. 
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In addition to the door (displayed in the Figure 5), there are additional wall elements, 

some of them visualized in the Figure 8. This is the reason, why edge types were 

introduced and assigned to all edges. The impact of the specific types on the edge 

varies. Locked Door edges require a key item to be opened, Fence edges require a wire 

cutter to be cut. 

 

Figure 8: Various edge types. The burglar can cross the normal and window edges anytime, however 

he has to break window in order to cross the window edge and it causes some delay. He needs a key 

to unlock the locked door and a wire cutter to cut the fence. 

4.2 Multi-objective A* 

The problem caused by the existence of detectors was to decide whether the burglar 

should optimize the path length or the seen time. The proposed solution was designed 

to optimize the path length while bounding the seen time by a chosen value. This 

section describes the search algorithm given a boundary value for the seen time. 

Moreover, this chapter also justifies the choice of the selected measure definition. 
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4.2.1 Seen Time Measure Analysis 

This subsection describes the possible approaches to the choice of this boundary and 

defines the seen-time measure that wraps the possible seen time boundaries into the 

interval [0,1]. 

The Figure 9 shows how the distribution of paths may look like following the 

assumption that avoiding detected nodes would increase the path length, upper left 

triangle is blank since it cannot happen that a path would be visible for a longer time 

than its duration. The red line stands for the seen time boundary that agent is not 

allowed to cross and the red arrow points to the shortest possible path meeting this 

condition. It seems promising, but there is still a question where to put the red line. 

The goal was to be able to sample y-axis to find the best paths for the reasonable levels 

of seen time, but the seen time of a path is only bounded by the path length that is 

unbounded. 

  

Figure 9: Example distribution of all paths (dots). We would like to set the seen time boundary (red 

line) and find the shortest path with respect to this boundary (green dot). 
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4.2.1.1 Relative measure 

The next step was to get rid of the blank top-left triangle in the Figure 9. As is 

mentioned above, the path seen time is generally not bounded by any meaningful 

number, however, it can be limited with respect to the path length, since the seen time 

of the path cannot be greater than its total length. This idea leads to the measure: 

𝑀𝑒𝑎𝑠𝑢𝑟𝑒 =
𝑆𝑒𝑒𝑛𝑇𝑖𝑚𝑒

𝑆𝑒𝑒𝑛𝑇𝑖𝑚𝑒 + 𝑈𝑛𝑠𝑒𝑒𝑛𝑇𝑖𝑚𝑒
. 

The Figure 10 shows how the problem might look like using the measure defined this 

way, the main advantage is that the value of this measure is always inside the interval 

[0,1], so if we knew all the paths, it would be able to find the best paths corresponding 

to the regular measure levels. 

  

Figure 10: Relative measure. We would like to design a seen time measure with values inside the 

interval [0,1], so we could sample it regularly. The relative measure (seenTime/pathLength) enables 

it, but it can only be computed after the path is found. This is a big disadvantage during the search, 

since we do not know if the partial path crosses the selected boundary or not. 
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However, there is a substantial issue with this measure, it is only able to be computed 

after the whole path is found, thus, it cannot be efficiently used to reject the paths 

during the process of path finding. Trivial solution to this problem is to find all the 

paths, compute their measures and choose the best one with respect to the selected 

measure boundary, nonetheless, this search would be very costly because the problem 

of finding all the paths between two nodes in the graph is NP-hard. 

4.2.1.2 Bounded Absolute Measure 

Our contribution to the multi-objective path-finding is an approach based on bounding 

the absolute visibility in some finite interval. There are two interesting paths that can 

be found using only a single A* search for each of them. First of them is the shortest 

path that can be found by running A* in the navigation space, ignoring the visibility 

of the nodes. Moreover, it is able to find the least seen out of the shortest paths, if there 

are multiple shortest paths, by considering the length as primary and seen time as 

secondary criterion. The second one, the shortest of the least visible paths, can be 

found using the similar approach, by reversing the cost priorities. The Figure 11 shows 

the path space split by seen times and lengths of these paths into the nine regions 

marked A to I. 

There can exist no paths in the regions A, D and G because they would have to be 

shorter than the shortest path. Analogical reasoning holds for the regions H, I and again 

G, the paths inside them would have to be less visible than the least seen path, thus, 

there are none in these regions neither. On the contrary, another four region can contain 

some paths. All the paths in the region B are longer and more visible than the shortest 

path, therefore the burglar would gain nothing by taking them so they should not be 

considered in the search. Likewise, every path in the region F is longer and more 

visible than the least seen path. The paths inside the region C can be ruled out the same 

way comparing to any of the two bounding path. This analysis implies that the only 

paths that should be considered are the ones inside the region E. 
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Figure 11: Absolute boundaries defined by the shortest and the least seen paths. The only interested 

paths are in the region E, since the paths in the others either do not exist or are dominated by the ones 

in the region E. Since we know the seen times of the both bounding paths, we can sample the interval 

between them regularly and get the absolute boundaries for the seen time. The main advantage in 

comparison with the relative measure (see the Figure 10) is that for each partial path we know at 

each moment of the search, whether it crossed the seen time boundary or not. 

Since all the meaningful paths are located in the region E and the region is bounded, 

its lower and upper boundaries defines also the limits for the seen time. The lower limit 

is determined by the seen time of the least seen path, the upper limit by the seen time 

of the shortest path. Both of them can be easily computed as they are the seen times of 

the particular paths. These two boundaries allows the measure to be defined relatively 

to them instead of the path length as follows: 

 𝑃𝑎𝑡ℎ. 𝑀𝑒𝑎𝑠𝑢𝑟𝑒 =
𝑃𝑎𝑡ℎ.𝑆𝑒𝑒𝑛𝑇𝑖𝑚𝑒 − 𝐿𝑒𝑎𝑠𝑡𝑉𝑖𝑠𝑖𝑏𝑙𝑒𝑃𝑎𝑡ℎ.𝑆𝑒𝑒𝑛𝑇𝑖𝑚𝑒

𝑆ℎ𝑜𝑟𝑡𝑒𝑠𝑡𝑃𝑎𝑡ℎ.𝑆𝑒𝑒𝑛𝑇𝑖𝑚𝑒 − 𝐿𝑒𝑎𝑠𝑡𝑉𝑖𝑠𝑖𝑏𝑙𝑒𝑃𝑎𝑡ℎ.𝑆𝑒𝑒𝑛𝑇𝑖𝑚𝑒
. 
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The main advantage of this definition, compared to the previous one, is that for each 

measure value selected to be the maximum, it is able to compute maximum absolute 

visibility before the path is found. Another improvement is reduced redundancy since 

the paths that are worse than the shortest or the least seen one are ruled out by definition 

of the measure. This is the final definition of the measure used in the implementation. 

Since the seen time of each path is greater or equal to the seen times of any of its 

sub-paths, it is possible to decide if the path crossed the seen time limit at each moment 

of the search for every partial path, regardless whether it is finished or not. This is the 

crucial fact for the planning because it allows the search not to exploit the edges that 

would cause crossing the seen time limit. 

It was not possible to run the A* on the unmodified version of the navigation graph, 

because the algorithm allows each node to be visited at most once. The reason is, that 

the  A* remembers the potential incomplete paths as a combination of the open set and 

the back-pointers, the nodes that had already been exploited are stored in the closed 

set, therefore, they are no longer accessible. It is necessary to remember all the Pareto 

optimal partial paths that do not cross the maximal seen time criterion since they could 

be needed if the shortest path crossed the seen time limit later. This can be achieved 

by planning in the space of tuples (𝑛, 𝑐, 𝑠), where 𝑛 is the node, c stands for the path 

cost and s is the seen time at the corresponding partial path. Such extension enables 

remembering multiple partial paths for one node, not only the shortest one. 

In this configuration it is able to run the Algorithm 1 that extends the classical A*, 

primary minimizing path length and secondary minimizing the seen time. To satisfy 

the maximum seen time criterion it is only needed to filter the paths exceeding the 

limit, it can be done by computing the potential seen time of the partial path before 

adding the candidate node to the open set and only do it if the potential seen time is 

lower than the given boundary. 
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Inputs: 𝑠𝑡𝑎𝑟𝑡𝑁𝑜𝑑𝑒, 𝑔𝑜𝑎𝑙𝑁𝑜𝑑𝑒, 𝑚𝑎𝑥𝑆𝑒𝑒𝑛𝑇𝑖𝑚𝑒. 

Output: The shortest path from 𝑠𝑡𝑎𝑟𝑡𝑁𝑜𝑑𝑒 to 𝑔𝑜𝑎𝑙𝑁𝑜𝑑𝑒 given 𝑚𝑎𝑥𝑆𝑒𝑒𝑛𝑇𝑖𝑚𝑒 

limit of the seen time (if it exists). 

 

1. Add (𝑠𝑡𝑎𝑟𝑡𝑁𝑜𝑑𝑒, 0) tuple to the open set, set its G-score to 0 and F-score to 

ℎ(𝑠𝑡𝑎𝑟𝑡𝑁𝑜𝑑𝑒). 

2. While the open set is not empty do: 

a. Select the 𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝑇𝑢𝑝𝑙𝑒 = (𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝑁𝑜𝑑𝑒, 𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝑆𝑒𝑒𝑛𝑡𝑖𝑚𝑒) from 

the open set with the minimal F-score. 

b. If the 𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝑁𝑜𝑑𝑒 is the 𝑔𝑜𝑎𝑙𝑁𝑜𝑑𝑒, return the path reconstructed by 

back-pointers from 𝑔𝑜𝑎𝑙𝑁𝑜𝑑𝑒 to 𝑠𝑡𝑎𝑟𝑡𝑁𝑜𝑑𝑒. 

c. Remove the 𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝑇𝑢𝑝𝑙𝑒 from the open set. 

d. Add the 𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝑇𝑢𝑝𝑙𝑒 to the closed set. 

e. For each 𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟 of 𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝑁𝑜𝑑𝑒: 

i. Compute potential 𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟𝑇𝑢𝑝𝑙𝑒 = (𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟, 𝑡), where 𝑡 is 

the potential seen time for 𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟. 

ii. If 𝑡 > 𝑚𝑎𝑥𝑆𝑒𝑒𝑛𝑇𝑖𝑚𝑒 continue. 

iii. If closed set contains 𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟𝑇𝑢𝑝𝑙𝑒 continue. 

iv. If there is any 𝑠𝑒𝑡𝑇𝑢𝑝𝑙𝑒 = (𝑠𝑒𝑡𝑁𝑜𝑑𝑒, 𝑠𝑒𝑡𝑇) in the closed set or 

in the open set that fulfills: 𝑠𝑒𝑡𝑁𝑜𝑑𝑒 = 𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟, 𝑠𝑒𝑡𝑇 ≤  𝑡 and 

𝑔(𝑠𝑒𝑡𝑁𝑜𝑑𝑒) ≤ 𝑔(𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟), continue. 

v. For each 𝑜𝑝𝑒𝑛𝑇𝑢𝑝𝑙𝑒 = (𝑜𝑝𝑒𝑛𝑁𝑜𝑑𝑒, 𝑜𝑝𝑒𝑛𝑇) in the open set:  

If 𝑜𝑝𝑒𝑛𝑁𝑜𝑑𝑒 = 𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟, 𝑜𝑝𝑒𝑛𝑇 ≥ 𝑡, 𝑔(𝑜𝑝𝑒𝑛𝑁𝑜𝑑𝑒) ≥      
𝑔(𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟), remove the 𝑜𝑝𝑒𝑛𝑇𝑢𝑝𝑙𝑒 from the open set.  

vi. Add 𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟𝑇𝑢𝑝𝑙𝑒 to the open set. 

vii. If 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙𝐺𝑆𝑐𝑜𝑟𝑒 < 𝑔(𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟𝑇𝑢𝑝𝑙𝑒): 

 𝑔(𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟𝑇𝑢𝑝𝑙𝑒) = 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙𝐺𝑆𝑐𝑜𝑟𝑒, 

 𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟𝑇𝑢𝑝𝑙𝑒. 𝐵𝑎𝑐𝑘𝑃𝑜𝑖𝑛𝑡𝑒𝑟 = 𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝑇𝑢𝑝𝑙𝑒, 

 𝑓(𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟𝑇𝑢𝑝𝑙𝑒) = 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙𝐺𝑆𝑐𝑜𝑟𝑒 +
ℎ(𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟𝑇𝑢𝑝𝑙𝑒). 

3. Report no path found. 

 

Algorithm 1: The proposed algorithm for the multi-objective path-finding in our scenario. It finds the 

shortest path given the seen time limit. 

The skeleton of the algorithm closely follows A*, the main differences are: 

- The extension of the search space to the tuples. 

- Prohibiting the paths crossing the maximum seen time limit (see the point 

2.e.ii). 

- Cutting the search for the paths that are Pareto dominated by any path in the 

open set or the closed set (see the point 2.e.iv). 
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- Filtering the paths that are Pareto dominated by the currently exploited path 

from the open set (see the point 2.e.v).  

The algorithm would be correct even without the points 2.e.iv and 2.e.v but it would 

unnecessarily store the solutions that are Pareto dominated by the others. The point 

2.e.iv ensures that the partial paths for the node 𝑛 that are Pareto dominated by any of 

the already discovered partial solutions for the node 𝑛 are not added to the open set. 

On the other hand, there is the point 2.e.v for the situation when a solution is found 

that Pareto dominates another one that is already in the open set. In that case, the Pareto 

dominated solution is removed from the open set. 

4.3 Graph contraction 

The speed of execution is an important property of the most algorithms, including our 

Algorithm 1. With the increasing size of the search, the algorithm slows down, because 

it has more options to look at. This problem may occur mainly on big maps that are 

represented by big navigation graphs. To prevent the algorithm from being too slow, 

some kind of graph reduction may be helpful. The navigation graph can be grouped 

into the clusters according their detectability, the contracted graph consisting of the 

nodes representing these clusters and edges between the ones that are physically 

adjacent is shown in the Figure 12. An interesting property of this graph is that each 

path inside it represents a sequence of alternating detected and undetected areas. 

Finding all the paths in this graph might lead to a reasonably small subset of all the 

navigation paths with interesting levels of the relative measure. 
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Figure 12: The navigation graph is split to the clusters, two nodes belong to the same cluster if they 

are adjacent and are either both seen (red) or both unseen (green). Each cluster forms a node 

(yellow) in the contracted graph. There is edge between two clusters if there is any navigation edge 

between them. 

Nevertheless, a few issues comes with the contracted graph, first of them is that it 

makes sense to visit the same contracted node multiple times, it can be solved by 

making the edges directed and remember visited edges instead of visited vertices 

during the search. Another task is to map the contracted paths to some navigation 

paths. There can be many connecting navigation edges between each pair of the 

clusters as it can be seen in the Figure 13. In theory, it would be able to consider the 

paths to each entry node of the next cluster for each contracted edge. However, this 

would mean replacing each contracted edge by multiple navigation paths leading to 

the exponential number of the navigation paths in comparison with the count of the 

paths in the contracted graph. If we decided to choose only one path using some kind 

of heuristics, we would lose too much information. Considering the situation in the 

Figure 13, it is desirable to find more than a single navigation path for the contracted 

path „green-red-green“ for the sake of higher measure sensitivity. 

Because of these issues, this contraction was not added to the final implementation and 

is left here only as an example, how the problem could be approached. 
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Figure 13: Single camera contracted graph formed by two clusters, the seen (red) one and the unseen 

(green) one. 

4.4 Action Space Planning 

The most obvious usage of the A* is to find a path from the burglar’s position to the 

goal position and it is indeed used in that way in this work. However, if the burglar’s 

planning remained only on this level, he would behave poorly because maps can 

contains various objects that characters can interact with, e.g., cameras, wire cutters, 

keys as was already indicated in the chapter 2. Without inclusion of these into the 

planning, burglar would neglect many reasonable behavior possibilities.  

One of the possible solutions was to copy the navigation graph N times, where N is a 

number of possible states. There would be an edge between two nodes from two 

different copies of the graph in case their positions were the same and it was able to 

perform the action leading from one state to another at that position. The special edges 

that have prerequisites would only exist in the copies whose state would satisfy their 

conditions. However, such representation would be memory inefficient and it would 

also repeat the same searches for the different states.  

Therefore, it was desirable to design more effective solution. Another layer was 

created for the A*, which plans in the action space. The name used for this layer in the 

thesis is ‘action layer’, while the original layer is referred to as ‘navigation layer’. 

Since each action is connected to an object, the idea was to remember the state in the 
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nodes and put the edges between the nodes if there exists a path in the navigation layer 

from the first node to the second one given the state stored in the first one.  

Nodes in the action layer are given by: 

- the action object (it is necessary to interact with it to perform the action),  

- the underlying navigation node (close enough to the action object to be able to 

interact with it), 

- the current state of the burglar: 

o the list of destroyed detectors, 

o the list of destroyed obstacles, 

o the set of owned items. 

Each action node represents an action, not only the current burglar’s state. The reason 

is that there can be multiple items in the map leading to the same state but there would 

exist a node for each of them because they lead to the different paths and possibly 

different resulting path length. Edges represents transitions between action nodes. To 

perform an action, it is necessary to approach the object related to the action and 

interact with it, thus an edge in the action layer represents basically a path in the 

navigation layer. 

The main advantage of this abstraction layer is that reduced number of nodes is 

considered on this level in comparison to the navigation layer. The only positions that 

are interesting are starting position, goal position and all the position from which an 

object related to some action is reachable.  

4.4.1 Branching Reduction 

Characters can interact with objects if the distance between them is closer than the 

selected constant. Because of this, it is usually possible to interact with an object from 

multiple navigation graph nodes. This leads to the complete multipartite graph as 

shown in the Figure 14, where each action object forms a partition as it does not make 

sense to move inside the partition since it does not change the state of the burglar. 
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Figure 14: Action graph leads to complete multipartite graph. The burglar can destroy the cameras 

that are closer to him than the fixed maximal interact distance. 

Since each edge means an A* search in the navigation graph and the increasing 

branching factor heavily increases the time complexity of the search, it was desirable 

to find a way to reduce the graph. The most convenient way to do this is to merge each 

partition into a single node, the way it is done is that at each step of search, burglar 

chooses the closest node in the next partitions by means of Euclidean distance. By 

doing so, there is no loss regarding the action space search, however, it can lead to the 

slightly suboptimal path lengths and seen times, nevertheless, it was decided that the 

performance trade-off is worth it. Reduced version of the graph in the Figure 14 is 

shown in the Figure 15. 
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Figure 15: Reduced action graph. For each action item, the node closest to the burglar is 

heuristically chosen. This can lead to the slightly sub-optimal solutions, but it reduces branching, i.e., 

it reduces also the execution time.  

4.4.2 Proposed Algorithm 

The algorithm described in the 4.2 is designed for the navigation layer. However, it 

was desired to make it usable in combination with action planning as well. The 

problem is that after the action edge is constructed, its properties, length and seen time, 

are fully dependent on the underlying path in the navigation layer. In the navigation 

layer, it is possible to use the seen time limit during the search, i.e., to store only the 

path candidates that do not exceed the seen time limit (and discard the ones that exceed 

the limit immediately) and return to them in case of need, but this cannot be applied to 

the action path consisting of multiple navigation sub-paths.  The reason is that for each 

of these navigation sub-paths, it is only possible to backtrack to its beginning once the 

seen limit is exceeded, it is no able to modify the sub-paths of the previous actions. 
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Figure 17: Sampled Pareto optimal front (drawn as the orange dots). The seen time interval between 

the boundary paths is sampled regularly and the shortest path is chosen for each boundary. 

Figure 16: Pareto optimal front of the paths. 
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The trivial solution is to consider all the possible sub-paths in the search, i.e., for each 

possible actions branch through all the possible sub-paths (all the blue dots in the 

Figure 16) leading to the corresponding action item, but it would be both slow and 

redundant. To find the optimal solution in the action layer, it is only needed to branch 

through the Pareto optimal front of the sub-paths (see the Figure 16). However, the 

Pareto fringes can be numerous, too, so there was also implemented a solution that 

samples the Pareto fringe by sampling the seen time limits (see the Figure 17). Thus, 

each node in the action graph is incident to the edges created by Pareto fringes 

(sampled or full) of paths leading to the available actions.  

The A* is executed on the action graph with a small modification, the action graph is 

not created before the A* execution, rather dynamically and only when the A* requires 

the neighbors of a node. Thus, at the moment when A* asks for the neighbors of a 

node, the Algorithm 2 is executed, taking the branching factor 𝐵 as input. Another input 

to this algorithm is the maximal seen time measure used in the same way as in the 

Algorithm 1, the edges that would cause crossing the limit are not exploited. 
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Inputs: 𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝑁𝑜𝑑𝑒, 𝑔𝑜𝑎𝑙𝑁𝑜𝑑𝑒, branching factor B. 

Outputs: Non-dominated action edges leading to the neighbors of the 

𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝑁𝑜𝑑𝑒. 

 

1. A* asks for the edges of the currently exploited 𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝑁𝑜𝑑𝑒. 

2. If 𝐵 = 𝑀𝐴𝑋: compute and return full Pareto fringe. 

Else: For each 𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟𝑁𝑜𝑑𝑒2 , except the goal item, compute B navigation 

paths from the 𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝑁𝑜𝑑𝑒’s position to the item position with the 

maximal seen times3:  

𝑙𝑖𝑚𝑖𝑡 = 𝑙𝑜𝑤4 + 𝑏 ⋅ (ℎ𝑖𝑔ℎ − 𝑙𝑜𝑤) for each 𝑏 ∈ {0,
1

𝐵−1
,

2

𝐵−1
, … ,

𝐵−2

𝐵−1
, 1}   

using the Algorithm 1(𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝑁𝑜𝑑𝑒, 𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟𝑁𝑜𝑑𝑒, 𝑙𝑖𝑚𝑖𝑡) 

3. Compute the navigation path from the 𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝑁𝑜𝑑𝑒’s position to the 

𝑔𝑜𝑎𝑙𝑁𝑜𝑑𝑒 with the maximal seen time 𝑀𝑎𝑥𝑖𝑚𝑎𝑙𝑆𝑒𝑒𝑛𝑇𝑖𝑚𝑒 −
𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝑁𝑜𝑑𝑒. 𝑆𝑒𝑒𝑛𝑇𝑖𝑚𝑒. This can be done because this would be the final 

path for the burglar, therefore, it does not make sense to sample it. 

4. Return the edges made of the paths obtained in the points 2. and 3. to A*. 

Algorithm 2: The proposed solution for the action space, the classical A* is run in the action graph and 

this algorithm is executed when it asks for the edges of the currently exploited node. The algorithm cuts 

off the paths that exceed the maximal seen time, but only when it computes the path to the goal node 

(step 3). Otherwise, it branches through the (sampled or full) Pareto-optimal front (step 2). 

In the real situation, the computation time increases for the more complex maps, which 

is why the choice of B was left to the user. The benchmarks were performed to show 

the differences between the various values of B, they are summarized in the chapter 5. 

                                                 

2 Neighbor nodes are given by the action items that would change the burglar’s state. For 

instance, a key is considered as a neighbor node only if the burglar does not have any key yet. 

3 For the 𝐵 < 1, the action space is not considered, the algorithm degenerates to the navigation 

layer only, described in the 4.2. If 𝐵 = 1, only the paths that are not seen at all are allowed to the action 

items (except for the goal item). Therefore, it is recommended to use 𝐵 ≥ 2. 

4 𝐿𝑜𝑤 limit is given by the seen time of the least visible path, while ℎ𝑖𝑔ℎ limit is given by the 

seen time of the shortest path. Both these paths are precomputed by single-objective A*. 
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4.5 Multiple Goals 

There can be multiple money items in the map, which leads to the multiple goals for 

the burglar. This situation could be resolved in multiple ways but the design decisions 

was made that the burglar always aims to collect each of them. The question is what 

order he should choose. At first, it is possible to trivially rule out the money items that 

are not reachable from the starting position of the burglar. For the remaining ones, 

there exists a path between each tuple of them, at least the one leading from the first 

one to the starting position and then to the second one. This observation means that 

the reachable goals forms a Travelling Salesman Problem. As this problem is NP-hard, 

it was decided for this thesis that the goals are solved separately, one by one, until all 

of them are completed. The execution order is given heuristically by the Euclidean 

distances from the current burglar’s position to the money items corresponding to the 

goals. There are also other reasonable alternative approaches, e.g., to choose the 

money item to which leads the shortest path instead of the Euclidean distance, 

however, we focused on the single-goal scenarios in the thesis, so this part could be 

possibly improved in the future works. 
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5 Benchmarks 

This chapter analyzes how the respective parameters influence the algorithm’s 

performance. The performance of the algorithm is measured in two ways. The first one 

is its execution time, analyzed in the section 5.1. The second one is the quality of the 

found paths given by their length given the seen time limit, which is discussed in the 

section 5.2.  

In order to measure the performance, it was necessary to design a set of testing maps, 

since we only had one real warehouse model. In total, 20 different maps were used, 7 

of them are based on the real warehouse model visualized in the Figure 1: Warehouse 

model sketch provided by the security expert.Figure 1, another 7 are based on the 

virtual warehouse object created in the editor (Map 14) and the rest 6 maps were 

created in order to measure different levels of complexity. This testing set was created 

in the editor, it also demonstrates the usability of the editor in practice. 

Since there are multiple complexity measurements (map size, number of detectors, 

etc.), it made sense to perform the tests with respect to the different map properties. 

From 20 benchmark maps (see all of them in the Appendix 2), 3 does not contain any 

detector, while 17 have at least one. There were 4 different branching factors (0, 2, 4 

and 𝑀𝐴𝑋) used for each map with detectors, however, for the maps that lacked 

detectors, only one branching factor was used since the branching factor only 

influences the maps with detectors. This sums up to 71 configurations, each of them 

was tested with 6 levels of maximum visibility measure so there were 426 simulations 

in total, all of them summarized in the Table 9 (see the Appendix 1). There are 12 

columns in the Table 9, the first 4 of them represent the parameters of the map, and 

the other 8 describe the properties regarding the algorithm.  
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5.1 Execution Time Analysis 

The purpose of this section is to analyze how various parameters influenced the 

algorithm’s execution times5 in the tests. All the parameters that were considered are 

summarized in the Table 2. There are two kinds of parameters: input parameters and 

algorithm’s parameters. Input parameters are the ones that are either specified directly 

by user (branching factor and maximal seen time measure) or the ones that are 

properties of map (total nodes count and detectors count). Algorithm’s parameters are 

all the other ones, i.e., those that are unknown before the execution.  

Parameter Name Description 

Branching Factor Input parameter of the Algorithm 2. 

Maximal Seen Time Measure Input parameter of the Algorithm 2. 

Total Nodes Count 
Count of navigation nodes in the 

navigation graph. 

Detector Counts Count of detectors in the map. 

Navigation Edges Accessed 
Count of navigation edges accessed by 

the Algorithm 2 during the run. 

Navigation Nodes Exploited 
Count of navigation nodes accessed by 

the Algorithm 2 during the run. 

Navigation Astars 
Count of the executions of the 

Algorithm 1 during the computation. 

Action Nodes Exploited 
Count of action nodes accessed by the 

Algorithm 2 during the computation. 

Action Edges Exploited 
Count of action nodes accessed by the 

Algorithm 2 during the computation. 

Length Range leastSeenPath.Length – shortest.Length 

                                                 

5 All the benchmarks in this thesis were performed on the PC with CPU Intel Core i7-7700HQ 

4x 2.81 GHz, 16 GB RAM, Nvidia GeForce GTX 1050 graphics. 
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Seen Range 
shortestPath.SeenTime – 

leastSeenPath.SeenTime 
Table 2: The parameters, whose influence to the algorithm's execution time was measured. 

At first, it was desired to find the algorithm’s parameter that behaves the most similarly 

to the execution time, i.e., the one that influences the execution time the most. We 

wanted to evaluate the influence of the input parameters relatively to this parameter, 

not to the execution time. The reason was that the execution time is dependent on the 

specific machine and there can be also noise in these results. 

To find out which one of the algorithm’s parameters correlated with the execution time 

the most, Pearson correlation coefficient was computed between every algorithm’s 

parameter and the execution time, the Table 3 summarizes the results. The 

interpretation of these results is that the algorithm’s execution time is dependent 

mostly on the count of the exploited nodes and the number of accessed edges, since 

they correlate the most with the execution time. Both values may provide better 

comparison of the results than the execution time, since they are both independent on 

the used machine. We decided to use the nodes in the following analysis but the edges 

would be equivalently good. 

Algorithm Characteristics  Pearson Correlation Coefficient 

Navigation Edges Accessed  0.64 

Navigation Nodes Exploited  0.64 

Navigation Astars  0.48 

Action Nodes Exploited  0.11 

Action Edges Exploited  0.10 

Length Range  0.02 

Seen Range  -0.05 

Table 3: Correlation of the exploited navigation nodes with the algorithm characteristics. 
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The Pearson correlation coefficient was computed between the each of the input 

features and the count of the exploited navigation nodes. The Table 9 shows the results, 

expectedly, the increasing count of detectors significantly slows down the algorithm, 

the same holds for the branching factor, even though less significantly. Maximal seen 

time measure and total nodes count produced a coefficient close to 0, so it does not 

influence the execution time so much, at least in comparison to the other parameters. 

All in all, the interpretation is that the branching factor and the execution time 

influence the algorithm’s execution time much more than the map size and the measure 

value.  

 

Map Parameter Pearson Correlation Coefficient 

Maximal Seen Time Measure -0.03 

Total Nodes Count -0.04 

Detector Counts 0.17 

Branching Factor6 0.35 
Table 4: Pearson Correlation Coefficient between the execution time and the input parameters. 

The branching factor is the major factor influencing execution time. If it has value 0, 

the algorithm is de facto performed only in the navigation layer, since no actions are 

allowed. The higher values means more paths between each action node as the result 

of branching through (sampled or even full) Pareto-optimal front. There are minimum, 

average and maximum execution times of the algorithm summarized in the Table 5, 

showing the major differences in execution time using the different branching factor 

values. For the branching factor 0, i.e., the algorithm operating on the navigation layer 

only, the execution time is 15 seconds in the worst time so it has a good level of 

usability. On the other hand, even though planning with higher branching factors 

                                                 

6 MAX branching factor (full pareto fringe) values were excluded from this computation. 
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performs good in simple scenarios, for the more complicated maps, it can take up to a 

few minutes, in case the full Pareto fringe were used (branching factor 𝑀𝐴𝑋), the 

computation can last even more than 2 hours. That proves that it made sense to sample 

the Pareto fringe in order to achieve better execution time. 

Branching Factor Minimum 

Time 

Average Time Maximum Time 

0 <0.01 1.22 15.77 

2 0.09 64.99 406.59 

4 0.09 114.04 765.41 

𝑀𝐴𝑋 <0.01 638.59 7002.52 

Table 5: Branching factor's influence to the execution time of the algorithm. Values are in seconds.. 

The maximum time for the branching factor 0 was measured on the Map 9, visualized 

in the Figure 19, the maximum times for the branching factors 2 and 4 were both 

measured on the Map 11, which can be seen in the Figure 20 and the maximum time 

for the branching factor 𝑀𝐴𝑋 the worst time was achieved on the Map 6, shown in the 

Figure 18. All of them are versions of the real warehouse. 
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Figure 18: Map 6. There are many detectors in the map, which leads to the high branching of the 

algorithm and makes it slow. 

 

 

Figure 19: Map 9. This map is very similar to the Map 6 (see the Figure 18) and the execution is slow 

for the same reason. 
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Figure 20: Map 11. This map is very similar to the Map 6 (see the Figure 18) and the execution is 

slow for the same reason. 

5.1.1 Map Size 

It may look like the size of the map does not matter from the Table 4, however, it may 

be different with a certain types of the maps. One of such maps is visualized in the 

Figure 21, showing the benchmark two maps from the Table 9 with indices 5 and 7.  

They are almost the same, the only difference is a camera in the map 7.  
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Figure 21: Benchmark maps 7 on the left, benchmark map 5 on the right. A single camera caused 

much slower execution in this case. The reason is that the algorithm had to search all the unseen 

(green) area before entering the seen (red) area where the goal is, since it had to find the least visible 

path. However, this example is quite artificial, it could be modeled in a smaller map with less nodes. 

Despite their similarity, there are huge execution time differences between them. The 

Table 6 summarizes the navigation nodes exploited by the algorithm in the both maps. 

For all of the values in this table, the branching factor was set to 0, therefore the 

conditions were exactly the same for the both situations except for a single camera. 

There is a tremendous difference in the algorithm’s execution time on these two maps. 

The numbers of exploited nodes in the Table 6 for the Map 7 are close to the count of 

all nodes in the map, which is 9801, while the number of exploited node for the Map 5 

is constantly 196. The problem lies in the basic properties of the algorithm, it has to 

find the least seen path at the very beginning of its execution. In practice, the 

consequence is that it has to search all the unseen part of the Map 7, highlighted by 

green in the Figure 21, before it even tries to enter the small seen area, highlighted by 

red in the same figure. That is why it searches basically the full graph before it enters 

the area where the goal item lies. Since there is no seen node in the Map 5, the 

algorithm finds the least seen path just as quickly as the shortest one. One thing that 

could help to solve this problem in this specific situation is using the Navigation Mesh 

or some other contraction of the grid graph, however, this is a special case that is not 
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representing any real example since there are no walls, fences, etc., thus, it would be 

able to model it also on the smaller map with the same output. 

Measure Limit Map 7 Nodes 

Exploited 

Map 5 Nodes 

Exploited 

0 9878 196 

0.2 11842 196 

0.4 11864 196 

0.6 11598 196 

0.8 10936 196 

1 9878 196 
Table 6: Comparison of the counts of the exploited nodes in the maps 5 and 7, branching factor 0. 

5.1.2 Obstacles 

Another observation from the Table 9 is that the Map 3 and Map 4 have same size, 

zero action objects and yet they have different numbers of navigation nodes visited, 

the algorithm exploited 826 nodes on the Map 3, while it needed only 150 nodes for 

the Map 4. Both maps are visualized in the Figure 22, where the main difference can 

be seen. Even though the maps have many same parameters, the Map 3 has an obstacle, 

while the Map 4 does not contain any. This problem is related to the A* properties, not 

the algorithm we built on it, since the A* tries to explore the most promising nodes 

first. In this case, the as the most promising appear that are close to the goal position 

by means of the Euclidean distance.  
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Figure 22: Benchmark Map 3 on the left and Benchmark Map 4 on the right. Obstacles slows down 

the A*, this is not thesis-specific property. 

5.2 Resulting Paths Analysis 

The Table 5 shows that sampling the Pareto fringe helped to reduce the time of the 

search. This sections compares the results of the sampled version of the algorithm and 

the one using the full Pareto optimal front. 

5.2.1 Branching Factors 0 VS Branching Factor 2  

None of the 17 benchmark maps that were tested using different levels of branching 

provided the same results for the branching factors 0 and 2. It is given by the fact, that 

the algorithm with the branching factor 0 is degenerated to the navigation layer only, 

therefore, the algorithm’s least seen path had always lower seen time for the branching 

factor 2 than for the branching factor 0.  

An example of such comparison is shown in the Figure 23, the Table 7 contains the 

properties (lengths and seen times) of the found paths. The algorithm could only find 

a single path for the branching factor 0, since it was only able to use the navigation 

layer in that case. However, it managed to find multiple different paths for the 

branching factor 2. By destroying the cameras, the burglar is able to achieve seen time 

0, but it would lengthen the path significantly (5 is added to the path length for each 

destroyed camera because of the delay). 
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 Figure 23: Map 2, branching factor 0 on the left, branching factor 2 on the right. Actions are not 

allowed for the branching factor 0, therefore, the branching factor 2 has much better results. 

Max. Measure 
Branching Factor 0 Branching Factor 2 

Path Length Seen Time Path Length Seen Time 

0 8.83 5.91 36.66 0 

0.2 8.83 5.91 33.07 0.71 

0.4 8.83 5.91 24.66 1.71 

0.6 8.83 5.91 19.166 2.91 

0.8 8.83 5.91 18 4.5 

1 8.83 5.91 8.83 5.91 
Table 7: The properties of the algorithm on the Map 2 given the branching factors 0 and 2. Note: For 

each destroyed camera, 5 is added to the path length as the penalty delay.  

The verdict for these two branching factors is that the branching factor 2 is able to 

produce the various paths regarding the seen time and therefore is worth its higher 

duration. 

5.2.2 Branching Factor MAX VS Branching Factors 2 and 4 

As it can be seen in the Table 5, the algorithm’s execution time was significantly better 

in case the sampling was used in comparison with the use of the full Pareto optimal 
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front (branching factor MAX). However, out of the 17 maps, it could only manage to 

find the different (and better) solutions on the 7 of them (Map 14 – Map 20).  

An example of the map, on which the increasing of the branching factor did not help 

is shown in the Figure 24. 

 

Figure 24: The results on the Map 6 were the same for the branching factors 2, 4 and 𝑀𝐴𝑋. On this 

map the algorithm run much longer with the branching factor 4 and MAX, but it provided the same 

result as with the branching factor 2. 

On the other hand, the sampling of the Pareto optimal front is not optimal in all the 

cases, an example of such case is the Map 18, the resulting paths of this map are shown 

in the Figure 25 and their properties are summarized in the Table 8. The seen time of 

the least visible path (green) is 1.5 for all the configurations (excluding zero branching 

factor that is ignored in this subsection), the seen time of the shortest path (black) is 

12.16 for all the configurations. Therefore, for the path with maximal measure of 0.2 
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(blue), it was desirable to find the shortest path given, while not crossing the seen time 

of: 

𝐿 + 𝑀 ⋅ (𝐻 − 𝐿) = 1.5 + 0.2 ⋅ (12.16 − 1.5) = 3.632, 

where L is the seen time of the least visible path, H is the seen time of the shortest path 

and M is the maximal measure.  

As it is visible in the Table 8, all three7 configurations managed to achieve it and the 

length of the path decreases with the increasing branching factor. This benchmark 

proves that there are cases in which the algorithm does not perform optimally when it 

uses sampling, nonetheless, the results are still reasonably good in such cases.  

                                                 

7 Seen time of the green path is different for the zero branching factor, therefore, the limit is 

higher for it. 
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Figure 25: Map 18 paths. (Top Left = BF 0, Top Right = BF 2, Bottom Left = BF 4, Bottom Right = 

Full Pareto Front). On these maps, the higher branching factors improved the paths. 

Max. 

Mea-

sure 

Branching Factor 0 Branching Factor 2 Branching Factor 4 Full Pareto Front 

Path 

Len. 

Seen 

Time 

Exec. 

Time 

Path 

Len. 

Seen 

Time 

Exec. 

Time 

Path 

Len. 

Seen 

Time 

Exec. 

Time 

Path 

Len. 

Seen 

Time 

Exec. 

Time 

0 52.9 4.91 0.18 64.31 1.5 4.45 64.31 1.5 4.56 64.31 1.5 2.96 

0.2 50.31 6.12 1.5 64.31 1.5 25.45 63.49 2.5 57.84 56.73 3 828.5 

0.4 29.49 7.74 0.43 50.9 5.71 48.66 50.9 5.71 186.1 50.9 5.71 1548 

0.6 24.66 8.33 0.25 29.49 7.74 9.71 29.49 7.74 16.77 29.49 7.74 117.3 

0.8 24.66 8.33 0.23 24.66 8.33 9.02 24.66 8.33 16.82 24.66 8.33 116.3 

1 23.49 12.16 0.18 23.49 12.16 4.82 23.49 12.16 4.64 23.49 12.16 2.75 

Table 8: Map 18 paths properties. The highlighted area shows that for the maximal measure 0.2, the 

algorithm found shorter paths, when the branching factor was increased (and kept the seen time in the 

limit). However, the results were only different for maximal measure of 0.2 and not very significantly, 
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especially when considering very slow execution times of the higher branching factors. Note: The 

results for the branching factor 0 are not comparable to the others because the algorithm used 

different boundary paths, since it could not use actions in that case. 

5.2.3 Summary 

In the previous analysis, we found that there are maps, where the sampling produces 

the same results as the computation with the full Pareto-optimal front, however, there 

are also maps, where sampling produces only sub-optimal solutions. Therefore, in case 

we want to achieve the maximal possible accuracy, it is worth to use the full 

Pareto-optimal front. However, the differences between the results were not 

substantially high. In addition, the editor in the application models the real world 

objects only approximately, not accurately. Thus, the designer of the map is with high 

probability more interested in the slightly sub-optimal solutions computed quickly, 

than in the optimal solutions computed very slowly, which leads to the conclusion that 

it was worth to introduce the sampling of the Pareto-optimal front in this thesis. 
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6 Use Cases 

As the section 1.1 states, there were two main goals in this thesis. The first of them 

was to be able to use the application as the training tool for security guards, it is 

described in the section 6.1. The second goal was to create a tool in the editor that 

would analyze the possible burglar’s behavior and this one is summarized in the 

section 6.2. 

6.1 Training Application 

Another possible usage example of the application is training for the security guards 

supposed to secure an object. After designing the environment in the editor, it is 

available to run a 3D simulation by selecting “Visual Contact” mode in the Map 

Choice Screen as is visible in the Figure 26. 

 

Figure 26: Map Choice Screen with highlighted Visual Contact mode. It redirects player to the 3D 

mode, where he is supposed to make a visual contact with the burglar before the burglar completes 

the theft. 

Afterwards, the loading screen appears and lasts until the burglar’s behavior is 

computed. The reason for that is to make the burglar run smoothly, without pauses for 

planning. In this mode, the guard is controlled by user and his goal is to make a visual 

contact with the burglar. If he manages to do so, his mission is considered successful, 
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on the other hand, he loses in case he fails to prevent the burglar from stealing the 

money and returning to his starting position. 

6.2 Analytical Design Tool 

Walls, doors, fences and windows must follow the restriction to be positioned on the 

edges of the grid tiles. Because of this, it is not able to model all the possible 

environments in the editor, however, the goal was not to represent the buildings 

accurately, but to enable modeling the high level features such as rooms, doors, etc. 

Even considering this restriction, the application can be used to design the models of 

warehouses and analyze the possible burglar’s behaviors. It is easy to edit the 

environment thank to the editor and observe how the burglar’s behavior would change 

in case the walls, windows, doors, etc. were modified. 

In addition, the application may be used to evaluate the security of the existing objects. 

The first step is to model the environment of the existing object in the editor and run 

the simulation. An example output of the simulation is shown in the Figure 27. There 

are 5 paths for the different levels of allowed seen time measure. The green path is one 

with the smallest seen time, the black one is the shortest one. One of the possible 

interpretation of such output is that designer should consider improving the security, 

since the burglar is capable of finding a path to the goal without being detected. 

 

Figure 27: Example Simulation Output Picture. The legend shows the properties of the found paths. 
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7 Conclusion 

The goals of this thesis are summarized in the section 1.1. Each of them was met at 

least partially, however, there were a few important decisions and observations worth 

mentioning. This chapter discusses to what extent the goals were fulfilled.  

We created an application supporting designing security objects, running in 3D 

environment. These objects can be saved, imported, exported, deleted and edited, one 

of their main disadvantages is that they are limited to a single floor. Moreover, the 

advantage is a graphical editor with UI allowing user to perform desirable operations, 

e.g., adding, rotating and deleting entities, connecting cameras to monitors, relocating 

the entities by drag and drop, replacing the square tiles, configuring the burglar’s 

behavior, etc. 

As for the training mode, it was implemented and it is able to use it in order to train 

the effective movement along the object. On the other hand, this mode is limited to the 

visual contact, it would make sense to implement another features e.g., fighting 

between the guard and the burglar or shooting. However, these features would neither 

model the reality in a believable way, nor be useful for the trainee, since in reality the 

result would depend on his physical attributes. Therefore, the decision was made to 

focus more on analyzing the burglar’s behavior, since it was able to be modelled more 

trustworthy. 

Another goal was to create the configurable burglar inside the environment. There is a 

burglar in every map and it can be configured to behave in a specific way, he can be 

allowed or forbidden to break windows, cameras, PIR detectors and cut fences. In 

addition, his behavior regarding the visibility is configurable as well, maximum seen 

time measure (see the subsection 4.2.1) and branching factor for action sampling (see 

the section 4.4) can be adjusted. The main disadvantage of the algorithm is its 

decreasing speed of execution with the increasing complexity of the environment, 

which is given by many possible paths and actions the burglar has. 
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The last goal was to create an analytical tool for the visualization of possible paths the 

burglar could choose. This goal was accomplished inside the editor, it is able to run 

the simulation of the selected map by clicking on the Simulation Button. The same 

algorithm is used as the one used for 3D simulations. In comparison with 3D mode, 

the result is visualized directly in the editor as the lines with description. The main 

advantage of this simulation mode is that it visualizes more paths in a compact way 

along with the properties of these paths. On the other hand, the disadvantage is highly 

related to the performance of the algorithm, since this simulation can be slow for the 

more complex environments.  
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8 Future Works 

There are a few possible extension to the application that would improve it from the 

user point of view or algorithmically. This chapter summarizes the potential future 

upgrades. 

For the speed of the planning and the increased accuracy, it would be reasonable to 

consider changing the basic grid graph. Use of the navigation mesh as a replacement 

for the navigation graph could speed up the navigation A-stars and since there are a lot 

of them during the action planning, a significant amount of the overall execution time 

might be saved. 

In the current implementation, there are only allowed objects with a single floor. Even 

though it is sufficient for many warehouses, there are a lot of buildings that have 

multiple floors. In addition, there are unending possibilities of the environment 

extension, it would make sense to implement the cars, dogs, other types of sensors, 

guns, etc. 

The usability of the application as training simulator for the security guards could be 

improved as well. Having a real-time remote observer mode would allow the trainer 

to monitor the performance of his trainees. Ideally, it should be able not only to observe 

the simulation from another computer but also to be able to control and modify it, e.g., 

pause and resume it. 
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9 User Documentation 

As the program is rather complex, it is recommended to read this part in order to get 

to know all the features application has. There are four screens in the program: Main 

Menu, Editor, Map Choice and Game.  

Map is the name for the model of the environment of a security object. Application is 

able to store, import and export multiple maps. Each map consists of 2D rectangle grid 

of square tiles. Tiles can be blank or contains walls, windows, fences or doors at their 

borders, it is not able to define any of these four anywhere else than at the edge of the 

tile. 

In addition to tiles, there are entities, which have various properties. There are two 

detector entities: Camera and PIR sensor, and corresponding receiver entities: Monitor 

for Camera and PIR alarm for PIR sensor. Each camera can be connected to a monitor 

in order to display what is in the camera’s view, a PIR sensor can be connected to the 

PIR alarm, which would make noise and visual effects when there is a movement 

captured. Money entity represents the goal for burglars. Card Reader entity can be 

connected to a door making it locked, and unlockable only with card. Wire cutter, Card 

and Keys are the item entities collectible by characters and usable to cut fences, unlock 

doors connected to Card Reader and unlock locked doors, respectively. There are also 

three obstacle entities, Table, Cupboard and Coffee Table with only one purpose, 

prevent characters from moving across their location. Burglar and Guard are two 

special entities that are automatically created at the moment of map creation, it is 

neither able to add another burglars or guards, nor delete the default ones.  

9.1 Main Menu 

Main Menu is the simplest screen in the application, it serves as a crossroad to the 

other parts of the program. Figure 28 visualizes a screenshot of the screen with added 

button captions. There are three buttons: Play, Editor and Exit. Clicking the Play button 

causes entering Map Choice screen, Editor Button serves to navigate to Editor Screen 

and Exit Button quits the application. 
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Figure 28: Main Menu. 

9.2 Editor Overview 

Before using the application for any of its main purposes, it is necessary to design a 

map which is a model of a security object. All the functionality regarding managing, 

editing, adding and deleting maps is available in the editor. The Figure 29 is a 

screenshot of the editor with red description tags. On the very bottom of the screenshot, 

there is an info panel that helps by the orientation in Editor. After hovering the mouse 

pointer over an object, the info panel shows its description if it has one.   

As Figure 29 shows, there is a scrollbar on the left side with the buttons representing 

the existing maps, it is able to switch between them by pressing the buttons. Only one 

map can be visualized and edited at one time.  
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Figure 29: Editor. 

9.3 Editor Modes 

Dropdown on the top is dedicated to switch between different editor modes. As there 

is quite a lot of features in the editor, some of them are only available in a specific 

mode, this approach simplifies controlling. There are eight modes in total. 

Add Entity mode’s purpose is to add entities into the selected map. This can be 

achieved by clicking on a map at some location. After the click, most of the screen 

items disappears and it becomes to look like in the Figure 30. Yellow panel contains 

all entities that are available to be added, clicking on one of them creates a 

corresponding entity on the location where the map was clicked previously. It is also 

able to exit this mode without any changes by clicking anywhere else but entities.  
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Figure 30: Add Entity panel. 

Among others, it is able to add cameras, PIR detectors, monitors and PIR alarms to 

maps. However, to visualize what a camera is capturing in Game scene, it is necessary 

to connect the camera to a monitor, same holds for PIR detector and PIR alarm. After 

entering Connect Entities mode, all the entities disappears except for the ones that can 

be connected to something; i.e., cameras, PIR detectors and card readers. After 

clicking on one of them, only entities that the clicked entity can be connected to remain 

visible, it is necessary to click on the desired receiver to connect the entities. Card 

reader is a special case of the connectable entities because it is only connectable to 

doors, which are not entities, however, it works the same way. 

Entities can be removed in the Delete mode. To delete an entity it is necessary to click 

on it and then confirm by clicking on Remove button that appears. This two-step 

removal process was implemented in order to prevent accidental entities’ deletion. 

Location of the entities is not bound to the grid of tiles. Drag mode provides an intuitive 

way to relocate entities by drag and dropping them. 

Behavior of the map’s burglar can be configured in Edit Behavior mode. It is able to 

allow and forbid breaking windows, cut fences, destroy cameras and destroy PIR 
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detectors by checking/unchecking the checkboxes as shown in the Figure 31. The 

maximal seen time measure and branching factor for the seen time sampling, can be 

set in the same screen as well. These settings affects not only 3D mode but the 

simulation in the editor as well, the exception is the seen time measure, which is only 

used in the 3D mode, since all possible values are used for editor simulations. 

 

Figure 31: Edit Behavior screen. Maximal visibility is only valid for 3D modes, the simulations are 

always run for all 6 values. Sampling sensitivity specifies the branching factor, for the special “MAX” 

value there is a checkbox “Optimal Accuracy”. 

Cards, keys and wire cutters can be either collected from the ground or it is able to set 

the default items for a character by clicking on it when in Edit Items mode. After doing 

so, two panels appears as shown in Figure 32. Upper panel contains all three available 

items, bottom one represents items owned by the clicked character. Clicking on an 

item in the upper panel causes its addition to the set of character’s items, clicking on a 

character’s item removes it from the character’s possession and finally, clicking 

anywhere else exits this view.  
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Figure 32: Edit Items panels. 

Tiles cannot be deleted, nor added because their count is fixed by the dimensions of 

the map. However, it is possible to replace a tile for another one. By default, all the 

tiles are empty, so they do not contain any wall, fence, door or window. This can be 

changed in the Replace Tile mode by clicking on a tile and then choosing from the 

panel of possible replacements in the panel that shows up and looks like one in the 

Figure 33. The choice screen can be closed without any change by clicking anywhere 

but the tiles. 
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Figure 33: Replace Tile panel. 

Rotate Entities mode enables exactly what its name indicates, rotating the entities in 

the map. After selecting an entity by clicking on it, it is able to rotate it clockwise by 

holding the right arrow key or counterclockwise by holding the left arrow key.  

9.4 Editor Buttons 

There are eight buttons on the right side of the editor and the Simulation button just 

below the maps scroll view as visible in the Figure 29. These buttons can be used in 

all the modes because they do not edit the map. 

Just below the scroll view with the map buttons, there is the simulation button. 

Clicking on this button runs the following process: 

1. The algorithm from the section 4.2 is executed six times for the measure values 

0, 0.2, 0.4, 0.6, 0.8 and 1 on the currently selected map. The other parameters 

are given by the current configuration of the burglar, which is editable in the 

Edit Behavior mode. 
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2. For each measure value, a line is drawn in the editor in case a path was found 

for that measure value. Therefore, there can appear up to six lines of different 

colors. 

3. The legend describing the lines is shown, there are lengths, maximal measures 

and seen times for each path. 

An example simulation result is shown in the Figure 34, the black path is the shortest 

one, while the green path is the least seen one. The simulation result can be dismissed 

by clicking on the close button on the left side of the legend, by changing the selected 

map or by exiting the menu. It is possible to export the result as a picture in the .png 

format by clicking the PNG Export button shown in the Figure 29. 

 

Figure 34: Simulation result. 

Add Map button opens the map-creating form, same as in the Figure 35, required to 

fill in order to create a new map. There are only three field, name of the map, its width 

and height in terms of tiles count. After filling the form and pressing the Create button, 

there are two possible scenarios, either a new map with the specified parameters is 

created or error message is displayed describing what is preventing the program from 

creating such map. There cannot exist two maps with the same name, the minimal map 

dimensions are 1x1 and map name cannot contain characters ‘_’ and ‘*’. 
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Figure 35: Add Map screen. 

It is able to export the map in .png file format, along with the result of the simulation. 

Hovering the mouse pointer over this button hides everything that will not be exported 

except Info Panel and the button itself. After clicking on the button, it is necessary to 

choose the destination location of the picture. 

Export All button enables exporting all the maps to the specified folder. Each map is 

exported to the separate .map file. Export button does the same but only with the 

currently selected map. 

Maps can be imported as well. Clicking on the Import button opens a file dialog, within 

the dialog, it is able to select one or multiple .map files that will be imported. In case 

of name conflict, the next available number is added to the imported map name so the 

map names remain unique. 

Delete button removes the currently selected map. Because this operation is 

irreversible, it is required to confirm it by dialog as shown in the Figure 36. 
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Figure 36: Delete Map screen. 

Save button saves the changes in the currently selected map. Every map that has any 

unsaved changes has its name marked with ‘*’ symbol that disappears after saving the 

map.  

Editor can be left by pressing Back to Menu button. If there are any maps with unsaved 

changes at the moment of leaving the Editor, it is required to confirm the intention to 

leave and discard those changes as shown in the Figure 37. 
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Figure 37: Exit and discard changes. 

9.5 Map Choice Screen 

This screen resembles the Editor but is much simpler. Its purpose is to allow the choice 

of the map to be used and the Game Mode. There are three modes: Observer, 

Simulation and Visual Contact, it is able to switch between them using dropdown in 

the top right corner as shown in the Figure 38.  
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Figure 38: Map Choice screen. 

Starting the Simulation mode starts the same simulation as described in 9.4 and 

redirects the application to the editor. Another two modes leads to the Game mode. 

9.6 Game 

Game is a 3D simulation of a designed map, it is able to move inside the environment 

and interact with objects. Each games produces an output log file with the description 

of the important events, all log files are located in the Logs directory that is created in 

the program folder at the start of the very first game. 

There are two 3D game modes: Observer and Visual Contact. In both of them it is able 

to control the guard’s movement with the following keys: 

- W for movement forward, 

- S for movement backward, 

- A for rotating to the left, 

- D for rotating to the right, 

- Q for moving left, 

- E for moving right. 
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Moving the mouse while pressing its left button causes the rotation of the guard’s view. 

Right mouse button can be used to interact with the items. Pressing Esc causes Restart 

end Exit buttons to appear as shown in the Figure 39. Burglar’s behavior is preplanned 

before entering these modes so their loading can take a while depending on the map’s 

complexity. 

 

Figure 39: First person point of view. 

In the Observer mode, it is able to view the map from three different views: guard’s 

view, burglar’s view and from the top. The first person point of view is visualized in 

the Figure 39, while the example view from the top can be seen in the Figure 40. 

Burglar does not do anything until key P is pressed, it is also able to pause him by 

pressing this key again. The goal of the burglar is to steal all the money entities and 

return to its starting position. 
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Figure 40: View from the top. 

The Visual Contact mode is more restrictive, it only allows the guard’s point of view 

and its purpose is to approximate the real world’s situation. Burglar starts his behavior 

after a random time and behaves same as in the Observer mode. This mode is ended 

after there is a direct visual contact between the guard and the burglar or the burglar 

manages to steal all the money entities that he can, given by his current configuration 

and return to its starting position. There is no definition for being inside or outside the 

object so it is reasonable and recommended to place fence to the object borders, the 

guard inside it and the burglar outside it, so that there will not happen the direct visual 

contact until the burglar gets into the object (or the guard outside it). 
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10 Technical Documentation 

To accomplish the desired goals of the thesis, an application8 was developed using 

Unity game engine. Although there were many possibilities to choose from, Unity 

provided the best support for 3D environment and the good sustainability thank to high 

level C# language. The version of Unity increased over the time as the Unity released 

new updates. At the end of the development, version 2017.4.1f19 was the latest stable 

Unity version and the program was compatible with it. 

Application was developed and tested on Windows 10, the functionality on the other 

platforms is not guaranteed. However, Unity is capable to build its projects for many 

different platforms so in case of need, it would not require much work to make it work 

on them. 

There are five folders in the Unity Asset folder of the project: Resources, External, 

Plugins, Scenes and Scripts.  

10.1 Scenes 

There are four scenes in the Unity project, each of them corresponding to one of the 

views described in 0; i.e., Main Menu, Editor, Map Choice Screen and Main Scene for 

Game. Each of them has a simple initial gameobject10 structure since a lot of content 

is loaded during runtime.  

Main Menu scene is the initial scene of the program, it contain buttons and animations 

for the visual purposes. 

                                                 

8 Available at https://github.com/Kerzak1408/SecurityGame (19. 07. 2018). 

9Downloadable from https://unity3d.com/get-unity/download/archive. (19. 07. 2018). 

10 Base class for all entities in Unity scenes. 

https://github.com/Kerzak1408/SecurityGame
https://unity3d.com/get-unity/download/archive
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Editor  and Map Choice scenes contains UI elements as were described in 0, there is a 

gameobject “Grids” that is used as a parent for the maps’ objects in both of them. The 

maps are loaded dynamically at the runtime. 

Main Scene is simple as well, in addition to UI elements, it contains Skybox as well 

and the grass plane to gain better spatial impression. 

10.2 Third party tools 

All the tools that were created by a third party are located either in Assets/External or 

in Assets/Plugins folders. There are four graphical packages created by Synty Studios11 

with characters, icons, and another useful items, a package for characters’ animations 

called Mecanim Animations12 from EXPLOSIVE and Standalone File Browser13 

developed by GitHub user “gkngkc” used for File/Folder dialogs since Unity does not 

support Windows Forms natively. 

In addition there is a folder Assets/Resources/Sounds containing the sound effects, all 

of which were obtained from https://www.zapsplat.com/. 

10.3 Resources 

The most usual and convenient way to dynamically load graphical assets in Unity is 

by using the Resources folder and this is the reason why all such content is locate there. 

Among others, there are images, prefabs, sounds, materials and textures. 

                                                 

11 Available at https://assetstore.unity.com/publishers/5217. (24. 04. 2018) 

12 Available at https://assetstore.unity.com/packages/3d/animations/rpg-character-mecanim-

animation-pack-free-65284. (24. 04. 2018) 

13 Available at https://github.com/gkngkc/UnityStandaloneFileBrowser. (24. 04. 2018) 

https://www.zapsplat.com/
https://assetstore.unity.com/publishers/5217
https://assetstore.unity.com/packages/3d/animations/rpg-character-mecanim-animation-pack-free-65284
https://assetstore.unity.com/packages/3d/animations/rpg-character-mecanim-animation-pack-free-65284
https://github.com/gkngkc/UnityStandaloneFileBrowser
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10.4 Code Architecture 

All the scripts are located in Assets/Scripts folder, this section describes the most 

important concepts of its architecture. 

10.4.1 Scenes Managers 

Each scene except Main Menu works with maps in some way, therefore, it was 

expected that they would share some of the features. For this reason, there is the 

GridBase class that serves as the ancestor for all the classes that manages Maps in 

some manner, its most important method is LoadMap that enables loading one of the 

saved maps. In addition, it generates ceiling in Start method using Flood fill algorithm. 

GridBase has two direct descendants, Game and GridBrowserBase, from which 

inherits two another classes: GridManager and MapChoiceManager as we can see in 

the Figure 41. 

Game is used as the manager of the Game scene, it creates log files, make entities and 

tiles initialize and contains methods that the UI elements of this scene maps to. 

According to the selected game mode, it creates an instance of the appropriate 

descendant of BaseGameHandler that manages the mode-specific stuff. 

GridBrowserBase groups the methods that are used in both Editor and Map Choice 

screens, but not in Game, its main purpose is managing multiple maps. In the Start 

method, it load all the saved maps, dynamically creates button for each in the scroll 

view linked to the scene and it also handles switching between them. The class is 

generic because it fills the dropdown mapped from UI either with editor modes or 

game modes. 

MapChoiceManager inherits from the GridBrowserBase and it is able to load the game 

in the selected mode. On the other hand GridManager is quite complex, it is capable 

of creating, removing, importing, exporting and saving map, drawing the simulation 

result and some another minor features. Due to the complexity of Editor scene, each 

editor mode is handled by its own class, descendant of BaseEditorHandler. The code 

is much more sustainable thanks to this split of the logic into the handlers. 
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Figure 41: Class diagram of Map managers. 

10.4.2 Map 

Each map is represented by an instance of the Map class, which contains a matrix of 

gameobjects representing tiles, a list of entity gameobjects, an empty parent for these 

and an AI model. Map has a string name that serves also as its unique identifier. Its 

ExtractAIModel method creates the navigation graph out of the Unity gameobjects. 

There are also methods for removing, activating and deactivating entities and 

properties simplifying access to the frequently reached objects. 

There is a common ancestor class for every map’s member that needs to be initialized 

at the start of the game called BaseObject, it uses StartGame and UpdateGame 

methods instead of built-in Start and Update, what makes it more adaptable in case of 

need. This subsection describes its extensive inheritance tree visualized in the Figure 

43. 

Entities are loaded from the prefabs in Resources folder, each of which has a 

component inherited from BaseEntity that inherits from BaseObject. BaseEntity has 

access to the current game, the map that owns it and defines abstract methods Serialize 

and Deserialize. Its direct descendant BaseGenericEntity implements the serialization 

methods by serializing the generic Data property. The main reason for this is that 
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BaseEntity has to inherit form the MonoBehaviour in order to be able to be a 

component of a gameobject and MonoBehaviour cannot be serialized. Generics 

provides the flexibility in choosing the type of the Data property for the 

implementations of BaseEntity, the only constraint it the necessity of that type to 

inherit from BaseEntityData, whose class diagram shows the Figure 42. Example 

entity classes are Burglar, Guard or PIRAlarm. 

 

Figure 42: Serialized Data class diagram. 

On the contrary, not every tile has a script component, however, if one does, it inherits 

mostly from the BaseObject directly. Special type of scripts are gate scripts designed 

for opening and closing the doors, they stand completely out of this inheritance tree 

because they do not require initialization nor need to be serialized. 

The last group of the classes inherited from BaseObject are the descendants of the 

BaseItem. They represent items that characters can hold and are used during planning 

to find out how that items affect the agent’s state. 
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Figure 43: BaseObject class diagram. 



 

 

10.4.3 Algorithms 

Two general algorithms in the project, A* and Flood-fill, are implemented in static 

classes, so they could be used independently of the context. 

Flood-fill is used to detect the rooms in the object and to generate ceilings for them. 

The FloodFill class contains three methods, recursive FloodFill, its wrapper 

initializing necessary structures and GenerateClusters method. All of them are generic 

and requires neighbor function as the parameter, what makes them general. 

A* is implemented in class AstarAlgorithm in two variants. The Astar method 

implements classical A*, while AStarMultiple method uses the extension of the 

algorithm described in the section 4.2. 

10.4.4 AI structures 

Both methods inside AstarAlgorithm class takes two generic arguments TNode and 

TEdge, while TNode has to implement IAstarNode<TNode> and TEdge has to 

implement IAstarEdge<TNode>. Interface IAstarNode<TNode> requires three 

properties: Position, Edges and TotalTime to me This interface approach enables 

planning on both navigation and action layer using the same method, in addition there 

are a few optional parameters that can modify algorithm’s behavior, e.g., edgeFilter 

and nodeFilter for filtering banned edges and nodes, respectively. 

On the navigation layer, there are classes TileNode and TileEdge forming the 

navigation graph.  TileNode is defined by its Position property, it has also a list of 

Edges and another list of DetectorEntities so that it could tell if it is detected by 

something or not, a boolean value would not be sufficient because these detectors can 

be destroyed. TileEdge has links to the both nodes it is incident to, it knows its cost 

and stores a list of obstructing BaseEntities so it would have information, whether it is 

obstructed or not even after destroying some entities. There is EdgeType enum 

specifying the type of the edge, e.g., Fence, Normal or Window. 
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For planning in the action space there are PlanningNode and PlanningEdge. 

PlanningNode has all the properties as they are described in the section 4.4, Edges 

property is lazy initialized when accessed for the first time. PlanningEdge has also its 

type represented by PlanningEdgeType enum value. The implementation follows the 

algorithm proposed in the chapter 4. 

10.4.5 Threading 

Application does not use multithreading very often, however, AI computations are 

executed in a separate thread so they would not stuck the main thread that renders the 

graphics. Since it is only able to access Unity gameobjects from the main thread, it 

was necessary to fully separate AI model from the graphical elements. Nonetheless, 

there may occur situation when it is required to call an action on the main thread from 

a different one, to enable this, there is a singleton called TaskManager with the 

RunOnMainThread method. This manager inherits from MonoBehaviour so there are 

guaranteed Update calls from the main thread, while it is hung to some gameobject. It 

maintains a queue of the actions that are executed in the Update method but this only 

works thanks to the fact that the queue is locked whenever there is something added 

to it or taken from it. Such asynchronous calls are performed anytime the AI planning 

is finished to process the results. 

10.4.6 Others Scripts 

UI folder contains scripts providing easier UI controlling. For instance, there is the 

DragAndDrop script that enables dragging and dropping of the gameobject it is 

attached to. Another example is UserDialog, which is able to visualize the Yes/No and 

Ok dialogs and map callback actions to the buttons. 

Extension folder groups all the static classes that define extension methods, which are 

very useful in Unity since it is handy to have some helper methods on the Unity classes, 

especially GameObject. 

Since Unity does not support transferring of the parameters between the scenes, Scenes 

script was created, which serves as a wrapper for built-in SceneManager but it also 
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enables passing string and object parameters to the loaded scene. ResourcesHolder is 

a singleton that loads all the needed resources just once and then it stores it so that they 

do not have to be loaded again from the drive. 
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Appendix 1 List of Tables 

Table 9: Complete results of the performance testing: M = Map Index, MS = Maximum Seen Time 

Measure, TN = Total Nodes, D = Count of detectors, BF = Branching Factor (F = full pareto front), 

SR = Seen Time Range (shortestPath.SeenTime – leastSeenPath.SeenTime), LR = Length Range 

(leastSeenPath.Length – shortest.Length), NA* = Count of Navigation A*s, NN = Navigation Nodes 

Exploited, NE = Navigation Edges Accesed, AN = Action Nodes Exploited, AE = Action Edges 

Accessed, T = Total running time of the algorithm (in seconds), PL = Path Length, ST = Seen Time.  

MI MS TN D BF LR STR NA* NN NE AN AE T PL ST 

1 0.0 300 4 0 2.49 22.38 2 324 2256 4 2 0.04 31.49 2.12 

1 0.2 300 4 0 2.49 22.38 2 513 3533 6 3 0.09 31.49 2.71 

1 0.4 300 4 0 2.49 22.38 2 529 3613 6 3 0.10 31.49 2.71 

1 0.6 300 4 0 2.49 22.38 2 465 3182 6 3 0.07 30.66 13.91 

1 0.8 300 4 0 2.49 22.38 2 399 2693 6 3 0.06 29.83 18.91 

1 1.0 300 4 0 2.49 22.38 2 324 2256 4 2 0.02 29 24.5 

1 0.0 300 4 2 7.49 24.50 22 1410 10030 7 22 0.09 36.49 0 

1 0.2 300 4 2 7.49 24.50 22 1868 13202 9 29 0.19 31.49 2.71 

1 0.4 300 4 2 7.49 24.50 22 1904 13403 9 29 0.21 31.49 2.71 

1 0.6 300 4 2 7.49 24.50 22 1842 12982 9 30 0.18 30.66 13.91 

1 0.8 300 4 2 7.49 24.50 22 1779 12508 9 31 0.16 29.83 18.91 

1 1.0 300 4 2 7.49 24.50 22 1410 10030 7 22 0.09 29 24.5 

1 0.0 300 4 4 7.49 24.50 22 1410 10030 7 22 0.10 36.49 0 

1 0.2 300 4 4 7.49 24.50 22 2268 15800 9 34 0.29 31.49 2.71 

1 0.4 300 4 4 7.49 24.50 22 2304 16001 9 35 0.31 31.49 2.71 

1 0.6 300 4 4 7.49 24.50 22 2242 15580 9 38 0.31 30.66 13.91 

1 0.8 300 4 4 7.49 24.50 22 2179 15106 9 39 0.27 29.83 18.91 

1 1.0 300 4 4 7.49 24.50 22 1410 10030 7 22 0.09 29 24.5 

1 0 300 4 F 7.49 24.50 22 1410 10030 7 22 0.10 36.49 0 

1 0.2 300 4 F 7.49 24.50 26 3637 25256 9 34 1.32 31.49 2.71 

1 0.4 300 4 F 7.49 24.50 26 3675 25467 9 39 1.32 31.49 2.71 

1 0.6 300 4 F 7.49 24.50 26 3622 25091 9 44 1.30 30.66 13.91 

1 0.8 300 4 F 7.49 24.50 26 3563 24637 9 46 1.28 29.83 18.91 

1 1 300 4 F 7.49 24.50 22 1410 10030 7 22 0.10 29 24.5 

2 0.0 100 7 0 0.00 0.00 2 99 624 4 2 0.00 8.83 5.91 

2 0.2 100 7 0 0.00 0.00 2 99 624 4 2 0.01 8.83 5.91 

2 0.4 100 7 0 0.00 0.00 2 99 624 4 2 0.01 8.83 5.91 

2 0.6 100 7 0 0.00 0.00 2 99 624 4 2 0.00 8.83 5.91 

2 0.8 100 7 0 0.00 0.00 2 99 624 4 2 0.00 8.83 5.91 

2 1.0 100 7 0 0.00 0.00 2 99 624 4 2 0.00 8.83 5.91 

2 0.0 100 7 2 27.83 5.91 105 4332 27140 23 105 0.21 36.66 0 

2 0.2 100 7 2 27.83 5.91 105 24563 149229 276 964 2.29 33.07 0.71 

2 0.4 100 7 2 27.83 5.91 105 11525 70017 107 375 1.03 24.66 1.71 

2 0.6 100 7 2 27.83 5.91 105 7972 48724 59 291 0.70 19.66 2.91 

2 0.8 100 7 2 27.83 5.91 105 6139 38258 37 209 0.56 18 4.5 

2 1.0 100 7 2 27.83 5.91 105 4332 27140 23 105 0.22 8.83 5.91 

2 0.0 100 7 4 27.83 5.91 105 4332 27140 23 105 0.22 36.66 0 

2 0.2 100 7 4 27.83 5.91 105 337449 2017813 3200 21712 50.86 33.07 0.71 

2 0.4 100 7 4 27.83 5.91 105 62598 366317 512 2880 7.70 24.66 1.71 

2 0.6 100 7 4 27.83 5.91 105 22954 134156 152 1348 2.32 19.66 2.91 

2 0.8 100 7 4 27.83 5.91 105 10824 66026 59 640 0.99 18 4.5 

2 1.0 100 7 4 27.83 5.91 105 4332 27140 23 105 0.21 8.83 5.91 

2 0 100 7 F 27.83 5.91 105 4332 27140 23 105 0.24 36.66 0 

2 0.2 100 7 F 27.83 5.91 1050 197726 1269876 291 1059 87.05 33.07 0.71 

2 0.4 100 7 F 27.83 5.91 552 108386 703675 120 494 51.51 24.66 1.71 

2 0.6 100 7 F 27.83 5.91 340 56976 371579 68 390 26.05 19.66 2.91 

2 0.8 100 7 F 27.83 5.91 210 27556 179594 42 286 11.49 18 4.5 

2 1 100 7 F 27.83 5.91 105 4332 27140 23 105 0.22 8.83 5.91 

3 0.0 100 0 0 0.00 0.00 2 152 826 4 2 0.01 15.66 0 

3 0.2 100 0 0 0.00 0.00 2 152 826 4 2 0.01 15.66 0 

3 0.4 100 0 0 0.00 0.00 2 152 826 4 2 0.01 15.66 0 

3 0.6 100 0 0 0.00 0.00 2 152 826 4 2 0.01 15.66 0 

3 0.8 100 0 0 0.00 0.00 2 152 826 4 2 0.01 15.66 0 

3 1.0 100 0 0 0.00 0.00 2 152 826 4 2 0.01 15.66 0 
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4 0.0 100 0 0 0.00 0.00 2 22 150 4 2 0.00 12.31 0 

4 0.2 100 0 0 0.00 0.00 2 22 150 4 2 0.00 12.31 0 

4 0.4 100 0 0 0.00 0.00 2 22 150 4 2 0.00 12.31 0 

4 0.6 100 0 0 0.00 0.00 2 22 150 4 2 0.00 12.31 0 

4 0.8 100 0 0 0.00 0.00 2 22 150 4 2 0.00 12.31 0 

4 1.0 100 0 0 0.00 0.00 2 22 150 4 2 0.00 12.31 0 

5 0.0 9801 0 0 0.00 0.00 2 196 1542 4 2 0.03 137.18 0 

5 0.2 9801 0 0 0.00 0.00 2 196 1542 4 2 0.03 137.18 0 

5 0.4 9801 0 0 0.00 0.00 2 196 1542 4 2 0.03 137.18 0 

5 0.6 9801 0 0 0.00 0.00 2 196 1542 4 2 0.03 137.18 0 

5 0.8 9801 0 0 0.00 0.00 2 196 1542 4 2 0.03 137.18 0 

5 1.0 9801 0 0 0.00 0.00 2 196 1542 4 2 0.03 137.18 0 

6 0.0 1200 9 0 1.17 2.56 2 1305 8660 4 2 0.19 28.66 9.91 

6 0.2 1200 9 0 1.17 2.56 2 1762 11566 6 3 0.60 28.66 9.91 

6 0.4 1200 9 0 1.17 2.56 2 1739 11416 6 3 0.59 28.66 9.91 

6 0.6 1200 9 0 1.17 2.56 2 1741 11432 6 3 0.57 28.07 10.33 

6 0.8 1200 9 0 1.17 2.56 2 1736 11399 6 3 0.61 28.07 10.33 

6 1.0 1200 9 0 1.17 2.56 2 1305 8660 4 2 0.18 27.49 10.74 

6 0.0 1200 9 2 10.00 8.54 1141 1145635 7587669 202 1141 178.8 37.49 6.41 

6 0.2 1200 9 2 10.00 8.54 1141 1205241 7978034 208 1159 376.2 32.49 6.91 

6 0.4 1200 9 2 10.00 8.54 1141 1205269 7978063 208 1163 380.6 32.49 6.91 

6 0.6 1200 9 2 10.00 8.54 1141 1210140 8011385 208 1168 391.4 32.49 6.91 

6 0.8 1200 9 2 10.00 8.54 1141 1171516 7757397 204 1151 267.74 32.49 6.91 

6 1.0 1200 9 2 10.00 8.54 1141 1145635 7587669 202 1141 175.93 27.49 10.74 

6 0.0 1200 9 4 10.00 8.54 1141 1145635 7587669 202 1141 174.35 37.49 6.41 

6 0.2 1200 9 4 10.00 8.54 1141 1317178 8706571 212 1193 703.50 32.49 6.91 

6 0.4 1200 9 4 10.00 8.54 1141 1317156 8706180 212 1209 698.64 32.49 6.91 

6 0.6 1200 9 4 10.00 8.54 1141 1326801 8772290 212 1228 720.48 32.49 6.91 

6 0.8 1200 9 4 10.00 8.54 1141 1199027 7937676 204 1161 362.81 32.49 6.91 

6 1.0 1200 9 4 10.00 8.54 1141 1145635 7587669 202 1141 176.71 27.49 10.74 

6 0 1200 9 F 10.00 4.33 1280 1289665 8540000 229 1280 237.308 37.49 6.41 

6 0.2 1200 9 F 10.00 4.33 1329 1691832 11193136 236 1331 6820.66 32.49 6.91 

6 0.4 1200 9 F 10.00 4.33 1329 1696927 11228048 236 1352 6253.67 32.49 6.91 

6 0.6 1200 9 F 10.00 4.33 1329 1699656 11246565 236 1368 6824 32.49 6.91 

6 0.8 1200 9 F 10.00 4.33 1329 1698379 11237683 236 1380 7003 32.49 6.91 

6 1 1200 9 F 10.00 4.33 1280 1289665 8540000 229 1280 287 27.49 10.74 

7 0.0 9801 1 0 4.34 4.49 2 9878 77848 4 2 9.84 141.52 4.71 

7 0.2 9801 1 0 4.34 4.49 2 11842 93472 6 3 13.74 140.69 5.5 

7 0.4 9801 1 0 4.34 4.49 2 11864 93642 6 3 15.19 140.69 5.5 

7 0.6 9801 1 0 4.34 4.49 2 11598 91532 6 3 13.28 140.11 7.12 

7 0.8 9801 1 0 4.34 4.49 2 10936 86269 6 3 11.48 138.94 7.95 

7 1.0 9801 1 0 4.34 4.49 2 9878 77848 4 2 9.69 137.18 9.19 

7 0.0 9801 1 2 6.17 9.19 5 10615 83692 5 5 10.08 143.35 0 

7 0.2 9801 1 2 6.17 9.19 5 21126 166586 9 9 70.49 143.35 0 

7 0.4 9801 1 2 6.17 9.19 5 21190 167080 9 9 73.54 143.35 0 

7 0.6 9801 1 2 6.17 9.19 5 13292 104976 7 8 14.67 140.69 5.5 

7 0.8 9801 1 2 6.17 9.19 5 13048 103039 7 8 14.16 140.11 7.12 

7 1.0 9801 1 2 6.17 9.19 5 10615 83692 5 5 10.14 137.18 9.19 

7 0.0 9801 1 4 6.17 9.19 5 10615 83692 5 5 10.12 143.35 0 

7 0.2 9801 1 4 6.17 9.19 5 21882 172574 11 13 71.67 143.35 0 

7 0.4 9801 1 4 6.17 9.19 5 21946 173068 11 13 72.81 143.35 0 

7 0.6 9801 1 4 6.17 9.19 5 14010 110676 7 10 15.42 140.69 5.5 

7 0.8 9801 1 4 6.17 9.19 5 13766 108739 7 10 14.90 140.11 7.12 

7 1.0 9801 1 4 6.17 9.19 5 10615 83692 5 5 10.10 137.18 9.19 

7 0 9801 1 F 6.17 9.19 5 10615 83692 5 5 16.61 143.35 0 

7 0.2 9801 1 F 6.17 9.19 6 30782 242501 9 9 218.4 143.35 0 

7 0.4 9801 1 F 6.17 9.19 6 30848 243011 9 9 227.6 143.35 0 

7 0.6 9801 1 F 6.17 9.19 6 22951 180915 7 8 138.5 140.69 5.5 

7 0.8 9801 1 F 6.17 9.19 6 22704 178954 7 8 135.1 140.11 7.12 

7 1 9801 1 F 6.17 9.19 5 10615 83692 5 5 16.61 137.18 9.19 

8 0.0 1200 8 0 12.34 12.24 2 1388 9275 4 2 0.22 49.24 2.5 

8 0.2 1200 8 0 12.34 12.24 2 2060 13505 6 3 0.87 39.49 4.12 

8 0.4 1200 8 0 12.34 12.24 2 1961 12967 6 3 0.86 37.73 5.95 

8 0.6 1200 8 0 12.34 12.24 2 2060 13672 6 3 1.09 37.73 5.95 

8 0.8 1200 8 0 12.34 12.24 2 2184 14474 6 3 1.47 37.73 5.95 

8 1.0 1200 8 0 12.34 12.24 2 1388 9275 4 2 0.20 36.9 14.74 

8 0.0 1200 8 2 24.24 13.74 97 76702 514332 16 97 11.86 61.14 1 

8 0.2 1200 8 2 24.24 13.74 97 100490 672522 20 103 40.69 40.07 3.71 

8 0.4 1200 8 2 24.24 13.74 97 100506 672713 20 107 46.27 37.73 5.95 

8 0.6 1200 8 2 24.24 13.74 97 100751 674374 20 112 47.63 37.73 5.95 

8 0.8 1200 8 2 24.24 13.74 97 100885 675282 20 126 48.81 37.73 5.95 

8 1.0 1200 8 2 24.24 13.74 97 76702 514332 16 97 11.66 36.9 14.74 
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8 0.0 1200 8 4 24.24 13.74 97 76702 514332 16 97 12.20 61.14 1 

8 0.2 1200 8 4 24.24 13.74 97 153417 1023056 22 107 155.9 40.07 3.71 

8 0.4 1200 8 4 24.24 13.74 97 153541 1024033 22 127 162.3 37.73 5.95 

8 0.6 1200 8 4 24.24 13.74 97 153940 1026696 22 146 166.4 37.73 5.95 

8 0.8 1200 8 4 24.24 13.74 97 154056 1027518 22 197 174.2 37.73 5.95 

8 1.0 1200 8 4 24.24 13.74 97 76702 514332 16 97 17.24 36.9 14.74 

8 0 1200 8 F 24.24 13.74 97 76702 514332 16 97 17.17 61.14 1 

8 0.2 1200 8 F 24.24 13.74 119 149228 998245 20 120 378.7 40.07 3.71 

8 0.4 1200 8 F 24.24 13.74 119 149244 998436 20 140 376.9 37.73 5.95 

8 0.6 1200 8 F 24.24 13.74 119 149489 1000097 20 151 375.3 37.73 5.95 

8 0.8 1200 8 F 24.24 13.74 119 149623 1001005 20 180 375.6 37.73 5.95 

8 1 1200 8 F 24.24 13.74 97 76702 514332 16 97 16.70 36.9 14.74 

9 0.0 1200 4 0 27.17 1.83 2 1255 8357 4 2 0.29 54.66 7.91 

9 0.2 1200 4 0 27.17 1.83 2 3901 26147 6 3 14.37 54.66 7.91 

9 0.4 1200 4 0 27.17 1.83 2 3905 26174 6 3 15.77 54.66 7.91 

9 0.6 1200 4 0 27.17 1.83 2 1578 10385 6 3 0.74 28.66 8.91 

9 0.8 1200 4 0 27.17 1.83 2 1535 10118 6 3 0.73 28.07 9.33 

9 1.0 1200 4 0 27.17 1.83 2 1253 8346 4 2 0.28 27.49 9.74 

9 0.0 1200 4 2 5.00 3.83 79 61369 410023 36 79 13.62 32.49 5.91 

9 0.2 1200 4 2 5.00 3.83 79 75729 504288 40 86 56.87 32.49 5.91 

9 0.4 1200 4 2 5.00 3.83 79 75819 504900 40 89 57.96 32.49 5.91 

9 0.6 1200 4 2 5.00 3.83 79 74515 496189 40 96 50.82 32.49 5.91 

9 0.8 1200 4 2 5.00 3.83 79 72800 484547 40 96 39.75 28.66 8.91 

9 1.0 1200 4 2 5.00 3.83 79 61369 410023 36 79 13.65 27.49 9.74 

9 0.0 1200 4 4 5.00 3.83 79 61369 410023 36 79 13.08 32.49 5.91 

9 0.2 1200 4 4 5.00 3.83 79 94354 626057 42 92 95.90 32.49 5.91 

9 0.4 1200 4 4 5.00 3.83 79 94444 626669 42 99 100.9 32.49 5.91 

9 0.6 1200 4 4 5.00 3.83 79 93140 617958 42 121 89.93 32.49 5.91 

9 0.8 1200 4 4 5.00 3.83 79 91425 606316 42 121 80.00 28.66 8.91 

9 1.0 1200 4 4 5.00 3.83 79 61369 410023 36 79 13.94 27.49 9.74 

9 0 1200 4 F 5.00 3.83 79 61369 410023 36 79 13.27 32.49 5.91 

9 0.2 1200 4 F 5.00 3.83 89 101421 674407 40 107 238.6 32.49 5.91 

9 0.4 1200 4 F 5.00 3.83 89 101511 675019 40 110 240.8 32.49 5.91 

9 0.6 1200 4 F 5.00 3.83 89 100207 666308 40 122 235.5 32.49 5.91 

9 0.8 1200 4 F 5.00 3.83 89 98492 654666 40 124 227.7 28.66 8.91 

9 1 1200 4 F 5.00 3.83 79 61369 410023 36 79 13.72 27.49 9.74 

10 0.0 1200 4 0 1.17 0.83 2 1229 8148 4 2 0.28 28.66 9.91 

10 0.2 1200 4 0 1.17 0.83 2 1552 10206 6 3 0.66 28.66 9.91 

10 0.4 1200 4 0 1.17 0.83 2 1550 10198 6 3 0.74 28.66 9.91 

10 0.6 1200 4 0 1.17 0.83 2 1507 9892 6 3 0.63 28.07 10.33 

10 0.8 1200 4 0 1.17 0.83 2 1512 9939 6 3 0.58 28.07 10.33 

10 1.0 1200 4 0 1.17 0.83 2 1224 8128 4 2 0.27 27.49 10.74 

10 0.0 1200 4 2 10.00 4.33 21 17025 113521 7 21 3.71 37.49 6.41 

10 0.2 1200 4 2 10.00 4.33 21 73164 488977 14 31 307 32.49 6.91 

10 0.4 1200 4 2 10.00 4.33 21 66765 444803 14 31 291 32.49 6.91 

10 0.6 1200 4 2 10.00 4.33 21 57228 381328 13 31 240.19 32.49 6.91 

10 0.8 1200 4 2 10.00 4.33 21 59279 395144 13 31 263.67 32.49 6.91 

10 1.0 1200 4 2 10.00 4.33 21 16661 110875 7 21 3.67 27.49 10.74 

10 0.0 1200 4 4 10.00 4.33 21 16661 110875 7 21 3.90 37.49 6.41 

10 0.2 1200 4 4 10.00 4.33 21 88810 588297 17 49 438.69 32.49 6.91 

10 0.4 1200 4 4 10.00 4.33 21 95876 636426 17 49 458.55 32.49 6.91 

10 0.6 1200 4 4 10.00 4.33 21 100108 664898 17 49 460.02 32.49 6.91 

10 0.8 1200 4 4 10.00 4.33 21 104193 692408 17 49 496.06 32.49 6.91 

10 1.0 1200 4 4 10.00 4.33 21 16661 110875 7 21 3.83 27.49 10.74 

10 0 1200 4 F 10.00 4.33 21 16661 110875 7 21 3.536 37.49 6.41 

10 0.2 1200 4 F 10.00 4.33 40 130860 870091 14 33 1164.84 32.49 6.91 

10 0.4 1200 4 F 10.00 4.33 40 136224 906595 14 37 1144.85 32.49 6.91 

10 0.6 1200 4 F 10.00 4.33 40 138975 925073 14 42 1155.64 32.49 6.91 

10 0.8 1200 4 F 10.00 4.33 40 137700 916379 14 44 1141.61 32.49 6.91 

10 1 1200 4 F 10.00 4.33 21 16661 110875 7 21 3.384 27.49 10.74 

11 0.0 1200 5 0 1.17 0.83 2 1212 8038 4 2 0.28 28.66 9.91 

11 0.2 1200 5 0 1.17 0.83 2 1517 9955 6 3 0.57 28.66 9.91 

11 0.4 1200 5 0 1.17 0.83 2 1518 9963 6 3 0.68 28.66 9.91 

11 0.6 1200 5 0 1.17 0.83 2 1487 9759 6 3 0.54 28.07 10.33 

11 0.8 1200 5 0 1.17 0.83 2 1487 9759 6 3 0.52 28.07 10.33 

11 1.0 1200 5 0 1.17 0.83 2 1212 8038 4 2 0.26 27.49 10.74 

11 0.0 1200 5 2 10.00 4.33 69 64057 425988 20 69 14.20 37.49 6.41 

11 0.2 1200 5 2 10.00 4.33 69 113282 753744 26 81 361.19 32.49 6.91 

11 0.4 1200 5 2 10.00 4.33 69 116633 776704 26 81 381.23 32.49 6.91 

11 0.6 1200 5 2 10.00 4.33 69 118784 791291 26 81 393.27 32.49 6.91 

11 0.8 1200 5 2 10.00 4.33 69 120668 803860 26 81 406.59 32.49 6.91 

11 1.0 1200 5 2 10.00 4.33 69 64057 425988 20 69 14.92 27.49 10.74 
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11 0.0 1200 5 4 10.00 4.33 69 64057 425988 20 69 14.59 37.49 6.41 

11 0.2 1200 5 4 10.00 4.33 69 169819 1126038 30 101 706.26 32.49 6.91 

11 0.4 1200 5 4 10.00 4.33 69 176470 1171646 30 101 716.87 32.49 6.91 

11 0.6 1200 5 4 10.00 4.33 69 180725 1200505 30 101 730.05 32.49 6.91 

11 0.8 1200 5 4 10.00 4.33 69 184455 1225392 30 101 765.41 32.49 6.91 

11 1.0 1200 5 4 10.00 4.33 69 64057 425988 20 69 14.34 27.49 10.74 

11 0 1200 5 F 10.00 4.33 69 64057 425988 20 69 13.95 37.49 6.41 

11 0.2 1200 5 F 10.00 4.33 94 268180 1775378 27 96 3405.63 32.49 6.91 

11 0.4 1200 5 F 10.00 4.33 94 273273 1810279 27 108 3896.88 32.49 6.91 

11 0.6 1200 5 F 10.00 4.33 94 276019 1828847 27 123 3129.22 32.49 6.91 

11 0.8 1200 5 F 10.00 4.33 94 274760 1820041 27 129 3513.36 32.49 6.91 

11 1 1200 5 F 10.00 4.33 69 64057 425988 20 69 15.20 27.49 10.74 

12 0.0 1200 3 0 1.17 0.83 2 1251 8403 4 2 0.29 28.66 9.91 

12 0.2 1200 3 0 1.17 0.83 2 1556 10317 6 3 0.55 28.66 9.91 

12 0.4 1200 3 0 1.17 0.83 2 1557 10325 6 3 0.62 28.66 9.91 

12 0.6 1200 3 0 1.17 0.83 2 1526 10121 6 3 0.51 28.07 10.33 

12 0.8 1200 3 0 1.17 0.83 2 1526 10121 6 3 0.50 28.07 10.33 

12 1.0 1200 3 0 1.17 0.83 2 1251 8403 4 2 0.31 27.49 10.74 

12 0.0 1200 3 2 10.00 4.33 16 12155 82055 7 16 2.62 37.49 6.41 

12 0.2 1200 3 2 10.00 4.33 16 23728 159510 13 26 42.04 32.49 6.91 

12 0.4 1200 3 2 10.00 4.33 16 27438 185087 13 30 49.06 32.49 6.91 

12 0.6 1200 3 2 10.00 4.33 16 29624 200051 13 30 61.55 32.49 6.91 

12 0.8 1200 3 2 10.00 4.33 16 31846 215370 13 30 82.26 32.49 6.91 

12 1.0 1200 3 2 10.00 4.33 16 12155 82055 7 16 2.82 27.49 10.74 

12 0.0 1200 3 4 10.00 4.33 16 12155 82055 7 16 2.71 37.49 6.41 

12 0.2 1200 3 4 10.00 4.33 16 35099 233006 17 44 69.04 32.49 6.91 

12 0.4 1200 3 4 10.00 4.33 16 42497 284047 17 60 84.95 32.49 6.91 

12 0.6 1200 3 4 10.00 4.33 16 46849 313831 17 60 106.29 32.49 6.91 

12 0.8 1200 3 4 10.00 4.33 16 51275 344342 17 60 147.46 32.49 6.91 

12 1.0 1200 3 4 10.00 4.33 16 12155 82055 7 16 2.75 27.49 10.74 

12 0 1200 3 F 10.00 4.33 16 12155 82055 7 16 1.94 37.49 6.41 

12 0.2 1200 3 F 10.00 4.33 29 93279 630385 14 28 520.60 32.49 6.91 

12 0.4 1200 3 F 10.00 4.33 29 98887 669056 14 36 476.35 32.49 6.91 

12 0.6 1200 3 F 10.00 4.33 29 101737 688582 14 41 483.99 32.49 6.91 

12 0.8 1200 3 F 10.00 4.33 29 100470 679910 14 43 486.81 32.49 6.91 

12 1 1200 3 F 10.00 4.33 16 12155 82055 7 16 1.68 27.49 10.74 

13 0.0 1200 3 0 0.00 0.00 2 1217 8077 4 2 0.28 27.49 6.91 

13 0.2 1200 3 0 0.00 0.00 2 1217 8077 4 2 0.25 27.49 6.91 

13 0.4 1200 3 0 0.00 0.00 2 1217 8077 4 2 0.22 27.49 6.91 

13 0.6 1200 3 0 0.00 0.00 2 1217 8077 4 2 0.26 27.49 6.91 

13 0.8 1200 3 0 0.00 0.00 2 1217 8077 4 2 0.31 27.49 6.91 

13 1.0 1200 3 0 0.00 0.00 2 1217 8077 4 2 0.23 27.49 6.91 

13 0.0 1200 3 2 5.00 0.50 21 17656 116994 10 21 3.62 32.49 6.41 

13 0.2 1200 3 2 5.00 0.50 21 32135 214245 14 29 57.34 32.49 6.41 

13 0.4 1200 3 2 5.00 0.50 21 32136 214251 14 29 56.04 32.49 6.41 

13 0.6 1200 3 2 5.00 0.50 21 32139 214275 14 29 57.40 32.49 6.41 

13 0.8 1200 3 2 5.00 0.50 21 32143 214300 14 29 56.81 32.49 6.41 

13 1.0 1200 3 2 5.00 0.50 21 17656 116994 10 21 3.80 27.49 6.91 

13 0.0 1200 3 4 5.00 0.50 21 17656 116994 10 21 3.77 32.49 6.41 

13 0.2 1200 3 4 5.00 0.50 21 46497 309766 16 37 109.16 32.49 6.41 

13 0.4 1200 3 4 5.00 0.50 21 46498 309772 16 37 109.12 32.49 6.41 

13 0.6 1200 3 4 5.00 0.50 21 46501 309796 16 37 108.92 32.49 6.41 

13 0.8 1200 3 4 5.00 0.50 21 46505 309821 16 37 109.15 32.49 6.41 

13 1.0 1200 3 4 5.00 0.50 21 17656 116994 10 21 3.85 27.49 6.91 

13 0 1200 3 F 5.00 0.50 21 17656 116994 10 21 2.42 32.49 6.41 

13 0.2 1200 3 F 5.00 0.50 28 47778 314437 14 49 135.38 32.49 6.41 

13 0.4 1200 3 F 5.00 0.50 28 47779 314443 14 49 115.98 32.49 6.41 

13 0.6 1200 3 F 5.00 0.50 28 47782 314467 14 49 115.40 32.49 6.41 

13 0.8 1200 3 F 5.00 0.50 28 47786 314492 14 49 115.92 32.49 6.41 

13 1 1200 3 F 5.00 0.50 21 17656 116994 10 21 2.41 27.49 6.91 

14 0.0 900 7 0 16.00 7.24 2 938 5679 4 2 0.19 39.49 4.91 

14 0.2 900 7 0 16.00 7.24 2 1536 9350 6 3 0.84 38.07 6.12 

14 0.4 900 7 0 16.00 7.24 2 1266 7659 6 3 0.45 29.49 7.74 

14 0.6 900 7 0 16.00 7.24 2 1091 6620 6 3 0.22 24.66 8.33 

14 0.8 900 7 0 16.00 7.24 2 1096 6660 6 3 0.24 24.66 8.33 

14 1.0 900 7 0 16.00 7.24 2 938 5679 4 2 0.13 23.49 12.16 

14 0.0 900 7 2 27.41 10.66 36 18701 112410 7 36 2.89 50.9 1.5 

14 0.2 900 7 2 27.41 10.66 36 32138 194346 18 79 11.55 50.9 1.5 

14 0.4 900 7 2 27.41 10.66 36 31178 188961 14 68 14.65 38.66 5.71 

14 0.6 900 7 2 27.41 10.66 36 22429 134790 9 44 5.49 29.49 7.74 

14 0.8 900 7 2 27.41 10.66 36 22256 133767 9 44 5.27 24.66 8.33 

14 1.0 900 7 2 27.41 10.66 36 18701 112410 7 36 2.97 23.49 12.16 
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14 0.0 900 7 4 27.41 10.66 36 18701 112410 7 36 2.88 50.9 1.5 

14 0.2 900 7 4 27.41 10.66 36 52828 322590 22 117 25.01 44.49 3 

14 0.4 900 7 4 27.41 10.66 36 52918 323669 20 154 31.85 38.66 5.71 

14 0.6 900 7 4 27.41 10.66 36 25857 155626 9 58 8.67 29.49 7.74 

14 0.8 900 7 4 27.41 10.66 36 25684 154603 9 58 8.42 24.66 8.33 

14 1.0 900 7 4 27.41 10.66 36 18701 112410 7 36 2.97 23.49 12.16 

14 0 900 7 F 27.41 10.66 36 18701 112410 7 36 1.83 50.9 1.5 

14 0.2 900 7 F 27.41 10.66 85 181916 1110209 16 77 457.22 44.49 3 

14 0.4 900 7 F 27.41 10.66 79 169001 1032448 15 116 455.90 38.66 5.71 

14 0.6 900 7 F 27.41 10.66 43 38209 234764 9 52 61.17 29.49 7.74 

14 0.8 900 7 F 27.41 10.66 43 38036 233741 9 56 59.45 24.66 8.33 

14 1 900 7 F 27.41 10.66 36 18701 112410 7 36 1.94 23.49 12.16 

15 0.0 900 4 0 25.41 9.45 2 856 5299 4 2 0.13 48.9 2.71 

15 0.2 900 4 0 25.41 9.45 2 1687 10639 6 3 1.19 46.66 4.33 

15 0.4 900 4 0 25.41 9.45 2 1049 6518 6 3 0.26 25.24 6.33 

15 0.6 900 4 0 25.41 9.45 2 1013 6277 6 3 0.23 24.66 6.54 

15 0.8 900 4 0 25.41 9.45 2 1019 6319 6 3 0.21 24.66 6.54 

15 1.0 900 4 0 25.41 9.45 2 856 5299 4 2 0.17 23.49 12.16 

15 0.0 900 4 2 31.24 12.16 14 5866 36144 5 14 0.92 54.73 0 

15 0.2 900 4 2 31.24 12.16 14 12428 77259 11 21 6.02 50.9 1.5 

15 0.4 900 4 2 31.24 12.16 14 11756 73402 9 24 6.20 44.49 4.62 

15 0.6 900 4 2 31.24 12.16 14 8976 55347 7 18 3.35 24.66 6.54 

15 0.8 900 4 2 31.24 12.16 14 8983 55392 7 19 3.50 24.66 6.54 

15 1.0 900 4 2 31.24 12.16 14 5866 36144 5 14 0.94 23.49 12.16 

15 0.0 900 4 4 31.24 12.16 14 5866 36144 5 14 0.94 54.73 0 

15 0.2 900 4 4 31.24 12.16 14 23614 148844 25 45 13.09 50.9 1.5 

15 0.4 900 4 4 31.24 12.16 14 20768 131884 14 60 13.75 44.49 3 

15 0.6 900 4 4 31.24 12.16 14 11130 68910 7 25 5.90 24.66 6.54 

15 0.8 900 4 4 31.24 12.16 14 11137 68955 7 27 5.53 24.66 6.54 

15 1.0 900 4 4 31.24 12.16 14 5866 36144 5 14 0.89 23.49 12.16 

15 0 900 4 F 31.24 12.16 14 5866 36144 5 14 0.61 54.73 0 

15 0.2 900 4 F 31.24 12.16 33 61462 387342 12 28 165.71 45.31 2.21 

15 0.4 900 4 F 31.24 12.16 33 60627 382597 12 56 161.56 44.49 3 

15 0.6 900 4 F 31.24 12.16 18 18341 117142 7 26 43.31 24.66 6.54 

15 0.8 900 4 F 31.24 12.16 18 18348 117187 7 32 42.65 24.66 6.54 

15 1 900 4 F 31.24 12.16 14 5866 36144 5 14 0.57 23.49 12.16 

16 0.0 900 7 0 16.00 7.24 2 930 5665 4 2 0.18 39.49 4.91 

16 0.2 900 7 0 16.00 7.24 2 1525 9355 6 3 0.89 38.07 6.12 

16 0.4 900 7 0 16.00 7.24 2 1258 7675 6 3 0.48 29.49 7.74 

16 0.6 900 7 0 16.00 7.24 2 1085 6628 6 3 0.30 24.66 8.33 

16 0.8 900 7 0 16.00 7.24 2 1090 6668 6 3 0.30 24.66 8.33 

16 1.0 900 7 0 16.00 7.24 2 930 5665 4 2 0.16 23.49 12.16 

16 0.0 900 7 2 27.41 10.66 36 18688 112822 7 36 2.82 50.9 1.5 

16 0.2 900 7 2 27.41 10.66 36 31816 193138 18 79 11.26 50.9 1.5 

16 0.4 900 7 2 27.41 10.66 36 31058 188933 14 68 14.21 38.66 5.71 

16 0.6 900 7 2 27.41 10.66 36 22432 135375 9 44 5.30 29.49 7.74 

16 0.8 900 7 2 27.41 10.66 36 22261 134344 9 44 5.24 24.66 8.33 

16 1.0 900 7 2 27.41 10.66 36 18688 112822 7 36 2.87 23.49 12.16 

16 0.0 900 7 4 27.41 10.66 36 18688 112822 7 36 3.01 50.9 1.5 

16 0.2 900 7 4 27.41 10.66 36 52185 319835 22 117 23.94 44.49 3 

16 0.4 900 7 4 27.41 10.66 36 52655 323152 20 154 32.00 38.66 5.71 

16 0.6 900 7 4 27.41 10.66 36 25851 156370 9 58 8.79 29.49 7.74 

16 0.8 900 7 4 27.41 10.66 36 25680 155339 9 58 8.30 24.66 8.33 

16 1.0 900 7 4 27.41 10.66 36 18688 112822 7 36 3.05 23.49 12.16 

16 0 900 7 F 27.41 10.66 36 18688 112822 7 36 1.91 50.9 1.5 

16 0.2 900 7 F 27.41 10.66 85 179819 1101578 16 77 519.03 44.49 3 

16 0.4 900 7 F 27.41 10.66 79 167123 1024844 15 114 498.70 38.66 5.71 

16 0.6 900 7 F 27.41 10.66 43 38196 235453 9 52 59.05 29.49 7.74 

16 0.8 900 7 F 27.41 10.66 43 38025 234422 9 56 58.54 24.66 8.33 

16 1 900 7 F 27.41 10.66 36 18688 112822 7 36 1.87 23.49 12.16 

17 0.0 900 8 0 29.17 6.45 2 927 5619 4 2 0.18 51.49 4.91 

17 0.2 900 8 0 29.17 6.45 2 1854 11270 6 3 1.68 48.9 5.91 

17 0.4 900 8 0 29.17 6.45 2 1776 10794 6 3 1.74 46.07 7.33 

17 0.6 900 8 0 29.17 6.45 2 1543 9363 6 3 1.04 38.66 8.71 

17 0.8 900 8 0 29.17 6.45 2 1255 7623 6 3 0.52 26.9 9.95 

17 1.0 900 8 0 29.17 6.45 2 927 5619 4 2 0.18 22.31 11.36 

17 0.0 900 8 2 40.59 9.86 80 44585 267502 12 80 7.04 62.9 1.5 

17 0.2 900 8 2 40.59 9.86 80 89063 544420 38 114 44.19 62.9 1.5 

17 0.4 900 8 2 40.59 9.86 80 90076 549283 34 107 55.69 50.9 5.33 

17 0.6 900 8 2 40.59 9.86 80 93838 573681 34 139 65.89 46.07 7.33 

17 0.8 900 8 2 40.59 9.86 80 51955 313251 16 104 14.21 27.9 8.95 

17 1.0 900 8 2 40.59 9.86 80 44585 267502 12 80 7.05 22.31 11.36 
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17 0.0 900 8 4 40.59 9.86 80 44585 267502 12 80 7.39 62.9 1.5 

17 0.2 900 8 4 40.59 9.86 80 212549 1321773 80 163 132.34 54.73 3.21 

17 0.4 900 8 4 40.59 9.86 80 222734 1378681 78 167 170.57 50.9 5.33 

17 0.6 900 8 4 40.59 9.86 80 200922 1246856 63 282 168.44 44.49 6 

17 0.8 900 8 4 40.59 9.86 80 61625 374017 18 146 21.80 27.9 8.95 

17 1.0 900 8 4 40.59 9.86 80 44585 267502 12 80 7.24 22.31 11.36 

17 0 900 8 F 40.59 9.86 80 44585 267502 12 80 4.64 62.9 1.5 

17 0.2 900 8 F 40.59 9.86 242 686060 4219273 38 171 3000.23 54.73 3.21 

17 0.4 900 8 F 40.59 9.86 235 732178 4506562 37 249 3481.95 50.73 5.04 

17 0.6 900 8 F 40.59 9.86 223 688848 4241798 35 325 3291.05 44.49 6 

17 0.8 900 8 F 40.59 9.86 102 140377 863284 16 168 488.74 27.9 8.95 

17 1 900 8 F 40.59 9.86 80 44585 267502 12 80 4.75 22.31 11.36 

18 0.0 900 8 0 29.41 7.24 2 916 5611 4 2 0.18 52.9 4.91 

18 0.2 900 8 0 29.41 7.24 2 1760 10807 6 3 1.50 50.31 6.12 

18 0.4 900 8 0 29.41 7.24 2 1243 7615 6 3 0.43 29.49 7.74 

18 0.6 900 8 0 29.41 7.24 2 1071 6573 6 3 0.25 24.66 8.33 

18 0.8 900 8 0 29.41 7.24 2 1076 6613 6 3 0.23 24.66 8.33 

18 1.0 900 8 0 29.41 7.24 2 916 5611 4 2 0.18 23.49 12.16 

18 0.0 900 8 2 40.83 10.66 49 27498 166904 8 49 4.45 64.31 1.5 

18 0.2 900 8 2 40.83 10.66 49 46486 283803 17 72 25.45 64.31 1.5 

18 0.4 900 8 2 40.83 10.66 49 56363 345347 19 61 48.66 50.9 5.71 

18 0.6 900 8 2 40.83 10.66 49 32977 200033 10 57 9.71 29.49 7.74 

18 0.8 900 8 2 40.83 10.66 49 32807 199007 10 58 9.02 24.66 8.33 

18 1.0 900 8 2 40.83 10.66 49 27498 166904 8 49 4.82 23.49 12.16 

18 0.0 900 8 4 40.83 10.66 49 27498 166904 8 49 4.56 64.31 1.5 

18 0.2 900 8 4 40.83 10.66 49 79323 488006 25 108 57.84 63.49 2.5 

18 0.4 900 8 4 40.83 10.66 49 151233 937246 45 91 186.13 50.9 5.71 

18 0.6 900 8 4 40.83 10.66 49 39211 238212 10 69 16.77 29.49 7.74 

18 0.8 900 8 4 40.83 10.66 49 39041 237186 10 72 16.82 24.66 8.33 

18 1.0 900 8 4 40.83 10.66 49 27498 166904 8 49 4.64 23.49 12.16 

18 0 900 8 F 40.83 10.66 49 27498 166904 8 49 2.96 64.31 1.5 

18 0.2 900 8 F 40.83 10.66 106 233277 1432578 17 70 828.52 56.73 3 

18 0.4 900 8 F 40.83 10.66 133 377178 2327989 22 111 1547.50 50.9 5.71 

18 0.6 900 8 F 40.83 10.66 57 56029 345526 10 69 117.28 29.49 7.74 

18 0.8 900 8 F 40.83 10.66 57 55859 344500 10 74 116.30 24.66 8.33 

18 1 900 8 F 40.83 10.66 49 27498 166904 8 49 2.75 23.49 12.16 

19 0.0 900 7 0 27.76 2.45 2 997 6286 4 2 0.21 51.24 10.71 

19 0.2 900 7 0 27.76 2.45 2 2222 14296 6 3 4.01 51.24 10.71 

19 0.4 900 7 0 27.76 2.45 2 1164 7340 6 3 0.31 24.66 11.54 

19 0.6 900 7 0 27.76 2.45 2 1165 7348 6 3 0.30 24.66 11.54 

19 0.8 900 7 0 27.76 2.45 2 1167 7364 6 3 0.28 24.66 11.54 

19 1.0 900 7 0 27.76 2.45 2 997 6286 4 2 0.20 23.49 13.16 

19 0.0 900 7 2 33.59 5.16 89 58734 368156 15 89 10.36 57.07 8 

19 0.2 900 7 2 33.59 5.16 89 103387 650382 30 106 105.70 57.07 8 

19 0.4 900 7 2 33.59 5.16 89 103908 653910 30 106 109.39 57.07 8 

19 0.6 900 7 2 33.59 5.16 89 81210 510203 21 110 66.60 39.9 11.04 

19 0.8 900 7 2 33.59 5.16 89 64536 405160 17 103 22.40 24.66 11.54 

19 1.0 900 7 2 33.59 5.16 89 58734 368156 15 89 10.91 23.49 13.16 

19 0.0 900 7 4 33.59 5.16 89 58734 368156 15 89 10.83 57.07 8 

19 0.2 900 7 4 33.59 5.16 89 181817 1153716 50 130 249.55 57.07 8 

19 0.4 900 7 4 33.59 5.16 89 183584 1165463 51 133 254.76 54.73 9.66 

19 0.6 900 7 4 33.59 5.16 89 107244 676485 25 140 123.58 39.9 11.04 

19 0.8 900 7 4 33.59 5.16 89 70692 444376 17 117 36.75 24.66 11.54 

19 1.0 900 7 4 33.59 5.16 89 58734 368156 15 89 10.88 23.49 13.16 

19 0 900 7 F 33.59 5.16 89 58734 368156 15 89 6.46 57.07 8 

19 0.2 900 7 F 33.59 5.16 210 587620 3692033 37 117 3273.14 57.07 8 

19 0.4 900 7 F 33.59 5.16 210 588355 3696977 37 122 3344.34 57.07 8 

19 0.6 900 7 F 33.59 5.16 144 321485 2022274 25 137 1649.85 39.9 11.04 

19 0.8 900 7 F 33.59 5.16 96 83768 529033 17 110 124.24 24.66 11.54 

19 1 900 7 F 33.59 5.16 89 58734 368156 15 89 6.59 23.49 13.16 

20 0 900 4 0 18.59 6.62 2 990 5841 4 2 0.141 42.66 2.71 

20 0.2 900 4 0 18.59 6.62 2 1397 8261 6 3 0.462 33.83 3.5 

20 0.4 900 4 0 18.59 6.62 2 1125 6641 6 3 0.207 24.66 4.33 

20 0.6 900 4 0 18.59 6.62 2 1126 6649 6 3 0.212 24.66 4.33 

20 0.8 900 4 0 18.59 6.62 2 1129 6673 6 3 0.243 24.66 4.33 

20 1 900 4 0 18.59 6.62 2 990 5841 4 2 0.132 24.07 9.33 

20 0 900 4 2 24.41 9.33 14 6926 40922 5 14 0.99 48.49 0 

20 0.2 900 4 2 24.41 9.33 14 14863 88175 10 20 6.03 48.49 0 

20 0.4 900 4 2 24.41 9.33 14 10712 63368 7 18 3.53 33.83 3.5 

20 0.6 900 4 2 24.41 9.33 14 10450 61819 7 18 3.235 24.66 4.33 

20 0.8 900 4 2 24.41 9.33 14 10454 61851 7 20 3.257 24.66 4.33 

20 1 900 4 2 24.41 9.33 14 6926 40922 5 14 1.009 24.07 9.33 
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20 0 900 4 4 24.41 9.33 14 6926 40922 5 14 0.982 48.49 0 

20 0.2 900 4 4 24.41 9.33 14 28583 170421 14 28 14.898 48.49 0 

20 0.4 900 4 4 24.41 9.33 14 13008 77074 7 25 5.486 33.83 3.5 

20 0.6 900 4 4 24.41 9.33 14 12746 75525 7 26 5.165 24.66 4.33 

20 0.8 900 4 4 24.41 9.33 14 12750 75557 7 28 5.41 24.66 4.33 

20 1 900 4 4 24.41 9.33 14 6926 40922 5 14 1.013 24.07 9.33 

20 0 900 4 F 24.41 9.33 14 6926 40922 5 14 1.047 48.49 0 

20 0.2 900 4 F 24.41 9.33 33 47001 279239 12 26 79.978 47.9 1 

20 0.4 900 4 F 24.41 9.33 18 16460 97828 7 24 24.977 33.83 3.5 

20 0.6 900 4 F 24.41 9.33 18 16198 96279 7 26 24.44 24.66 4.33 

20 0.8 900 4 F 24.41 9.33 18 16202 96311 7 30 24.544 24.66 4.33 

20 1 900 4 F 24.41 9.33 14 6926 40922 5 14 0.964 24.07 9.33 
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Appendix 2 List of Benchmark Maps 

 

Benchmark map 1 

 

Benchmark map 2                     Benchmark map 3 
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Benchmark map 4        Benchmark map 5 

 

Benchmark map 6 
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Benchmark map 7 

 

Benchmark map 8 
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Benchmark map 9 

 

Benchmark map 10 
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Benchmark map 11 

 

Benchmark map 12 
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Benchmark map 13 

 

Benchmark map 14 
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Benchmark map 15 

 

Benchmark map 16 
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Benchmark map 17 

 

 

Benchmark map 18 
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Benchmark map 19 

 

Benchmark map 20 


