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ABSTRACT OF THE THESIS

Multiplayer Game Frameworks for Crowd-Aware Co-design of
Environments

by Nilay Chakraborty

Thesis Director: Dr. Mubbasir Kapadia

This paper proposes two frameworks in the field of Games in Research.

• Proposal 1

Architectural design decisions stand to benefit by accounting for the presence and activi-

ties of human crowds that inhabit these spaces. Computational methods for simulating

synthetic crowds provide a cost-effective means of exploring and analysing the design

search space. However, the crowd-aware architectural design is a complicated combina-

torial decision process, where small changes in the design solution may affect crowds

and their flow patterns in unexpected and potentially unintuitive ways. Existing solutions

rely on expert intuition or automation, but are unable to account for much contradicting,

and often subjective properties while optimising designs. A single solution approach may

also miss potential design solutions that achieve the desired objective specifications while

meeting subjective criteria. We propose a means of combining these methods in a gamified

framework. Using our system, “players" (novice users or experts) can rapidly iterate on

their designs while soliciting feedback from computer simulations of crowd movement,

as well as the designs of previous players. Our approach affords a new way of thinking of

the solution space in that it inherently supports competitive co-design and crowdsourced

solutions. We evaluate our framework through a user study and demonstrate the potential
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of crowd-aware co-design of environments using simulation guided multiplayer games.

• Proposal 2

Games in research is a modern trend in the world of research. Games are being used to

simulate, monitor and test occurrences in reality. However, Game development knowledge

is the initial requirement to use games in research either in any non-technical or technical

field. Besides, availability of existing games suited to research is very meager. Also,

attracting and reaching out to enough users for proper user study is a difficult task. We

propose a connected real-time website and desktop-based game application. The website

is themed as a social network which will help connect researchers with gamers and

keep them updated. Our application also allows a researcher to choose and modify a

few configuration parameters to change the game according to his requirement as well

as dedicated ownership to the collected data. The game application provides a robust

Massive Multiple Online game environment for a smooth and exciting gaming experience

to involve gamers to contribute to research.
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Chapter 1

Introduction

1.1 Contribution 1

Designing an architectural or urban plan is a complex problem in which a good solution is

one that balances aesthetics, functionality, utilisation, and safety of a structure. This makes

the problem inherently multi-objective and the solution space combinatorial. Incorporating the

dynamics of large groups of people, or crowds, further complicate the solution space and are

prohibitively expensive to do with real people. Thus layout designs are commonly tested using

synthetic crowds that model realistic behaviours under different conditions. In particular, a

layout’s performance is most critical during dangerous situations such as evacuations, so these

scenarios are used to stress test environments.

Popular architectural design tools such as Autodesk Revit and Rhino3D do not account for

evacuation planning or crowd-aware stress testing. There are tools used to analyse a design with

simulated crowds, but none of that tool has an integrated environment for both architectural

design and crowd simulation. Together these tools are quite complex an require years of training

and architectural and safety knowledge.

Fully automated computational solutions for crowd-aware architectural design may miss

solutions which are technically sound, crowd-aware, and aesthetically pleasing. These rely

heavily on the quality of the objective functions for each of these requirements. Recent work

in this field has sought for user-in-the-loop optimisation processes which make up for these

shortcomings and provide the user more control over solution directions.

Our solution is to gamify the process of optimal layout design for crowd-aware architectures,

or environments. This game provides the player with feedback regarding crowd simulation and

heatmaps of evacuation dynamics while affording them editing power within the constraints
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imposed by the architect or designer. The approach of gamifying complicated problems affords

many benefits to both the process and the solution. The most immediate are that the game

provides a fun and interactive platform for architectural and urban planning.

By providing a means to implement the design process as gamified levels with built-in

architectural constraints, a planner, environment designer, or architect can convert their design

problem into a playable game. This re-imagines the architect or planner seeking a design solution

as a game maker.

Furthermore, providing the game via the Internet, or large scale network of collaborators,

design solutions may be crowdsourced. A user with any level of knowledge in a related field can

produce an optimal design plan. This can also be used as an exciting learning platform in the

field of architectural education.

Providing the results of other players designs and their fitness affords a further level of

collaboration in the form of competitive co-design. The collective knowledge of the crowd, as in

collaborators, and iterative improvement of co-design will help the layout to converge towards

optimality.

1.2 Contribution 2

Video games are nowadays making the boundaries between virtual and real world disappear by

using incredibly realistic graphics and exhaustive open-world environments. Games have now

surpassed the purpose of entertainment and actively involved in the world of research. Games

in research is a modern trend. To test and gather information about real world occurrences

which can or cannot be mimicked by people, games are being used as a virtual substitute of the

real world environments and events. Researchers at present surveying and monitoring human

behaviour in a virtual world event. However to test a real world event the basic need is the

technical skills to develop a game. Even if with skilful game developers, another need remains is

to make the game available to the gamers because a successful research strongly needs a proper

user study of enough user data to correctly hypothesise.

Currently, there are few game arcades which provides the gameplay datasets to researchers.

Most of the time the researcher finds it challenging and exhaustive to search for a game which
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will meet their hypothesis requirement. Even if they do not find a game entirely suitable to their

research needs, few small changes in game configuration can make the game meet their needs.

However, the game arcades do not have the option to change few configuration for the game to

meet their requirement.

In order to perform a better research using a game, a multiplayer facility in a game is

adequate for the study because through this multiplayer platform a researcher can monitor and

collect data of different types of user behaviour at the same time. This also helps to monitor the

interaction of real-world users in a real-world event which is simulated in the game. Although,

online multiplayer games are very popular, to set up an online multiplayer environment requires

a researcher to have strong technical skills.

We propose a connected real-time system which can meet the above requirements. Our

system is a combination of a real-time social networking website and a Massive Multiplayer

Online application framework.

First of all, the main aim to develop a social networking website is to bring together

researchers and players in a single platform. Through this approach, a researcher will be able to

reach out to the gamers to gather enough data for successful research.

Secondly, our system provides a robust, massively multiplayer online environment with a

set of exciting games to handle large traffic effectively to provide gamers with an exciting and

smooth gaming experience. The games tasks are simple enough to meet a research requirement.

Also, the framework contains a set of configuration parameter and a set of values for each

parameter, defined for each game. For each combination of these parameters, a different game

can be formed. This capability will help a researcher to be able to make a game much more

suitable according to the research requirement. To provide data privacy, we have provided

dedicated solo ownership of the game user data to the researcher who has created it.
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Chapter 2

Related Work

• Contribution 1

There is an established and growing interest in the use of architectural optimization to ex-

plore design spaces and provide optimal solutions with respect to problem criteria [11, 49].

While there are popular CAD solution tools, such as Autodesk Revit and Rhino3D, these

tools do not account for crowd behaviour and require significant training and background

knowledge. Architectural optimization solutions generate new layouts or topology for

structures with respect to objective and/or subjective criteria, while providing a trade-off

between automation and author precision. Data-driven approaches [38] learn layout con-

figurations from a database of prior architecture design constrained to a particular design

space (e.g., residential homes). In another approach Design objectives can be modeled as

forces applied to a physical feature to generate layout designs automatically [3].

There are a lot of existing research on crowd simulation. The Social Force model allows

for highly representative models of human behaviour in simple situations that elicit

reflexive reactions [37]. The most closely related to our work is the optimization of egress

environments using crowds [28, 27]. This work does not incorporate the user-in-the-loop

processes and is presented as an analysis of the affects of egress obstacles and shapes on

crowd evacuation. Since subjective criteria are difficult or impossible to quantify, many

tools select an optimization scheme to meet objective criteria and then take a human-in-

the-loop interactive approach to the subjective. The tools combine the aforementioned

derivations for fitness with user-guided optimization processes [55, 59, 39].

The maturity of research in simulating crowd dynamics [47] has resulted in a wide variety

of approaches including social forces [23] and predictive models [60, 57]. There has been

a growing recent trend to use statistical analysis in the evaluation and analysis of dense
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crowd simulations. The work in [19, 48] measures the ability of a steering algorithm to

emulate the behavior of a real crowd data set by measuring its divergence from ground

truth. Crowd optimization techniques [62, 8] automatically fit the parameters of a crowd

to meet different criteria or even match real crowds.

We leverage this wealth of research in crowd simulation to present a computational design

tool for environments that uses features extracted from an underlying crowd simulator as

criteria for architectural optimization.

There is a plethora of research on crowd simulation and crowd evacuation using serious

games. Most closest to our approach is [50] where serious games are used to training,

planning and evaluating emergency plans but the research more focuses on crowd sim-

ulation component than architectural planning. Our Game focuses on optimizing the

architectural design keeping in consideration the emergency situation using best suited

simulated crowd. So that we can prevent a disaster at an earlier stage. Our game also

considers the research paper [7] for characterizing and optimizing game level difficulty

for our architectural planning game.

• Contribution 2

Empirical analysis of crowd behavior though variations in behavior or environment

dynamics is a modern trend in the field of games in research. Real world human behavior

is monitored and modeled through game play data with varying environment. Specifically,

an emergency situation which cannot be replicated, are simulated in a game environment

and reactions of real human from a sudden predetermined set of rapid changes in the

environment, are monitored and modeled through game play data. Some popular research

in the related field is cited below.

Some of notable researches using serious games include In a related research paper [24]

a simple set of rules are defined which acts as variants for pedestrian behavior and which

has high influence in causing a crowd disaster. This model predicts individual trajectories

and collective patterns of motion in good quantitative agreement with a large variety

of empirical and experimental data. It also predicts the emergence of self-organization

phenomena, such as the spontaneous formation of unidirectional lanes or stop-and-go
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waves.

In another simulated crowd based experiment [16], The authors investigated the dynamics

of steering and obstacle avoidance, with the aim of predicting routes through complex

scenes. Participants walked in a virtual environment toward a goal and around an obstacle

whose initial angle and distance varied. Goals and obstacles behave as attractors and

repellers are variants here. The observed behavior was modeled as a dynamical system

in which angular acceleration is a function of variants goal and obstacle angle and

distance. By linearly combining terms for goals and obstacles, one could predict whether

participants adopt a route to the left or right of an obstacle to reach a goal.

The paper on Simulating dynamical features of escape panic [15]though variation of

individual pedestrian behavior they are trying to investigate the mechanisms of (and

preconditions for) panic and jamming by uncoordinated motion in crowds in case of a

panic situation.

Another important research paper [46] based on empirical analysis of crowd behavior

where they present an evacuation experiment with over 500 participants testing individual

behaviour in an interactive virtual environment. The influencing parameters are three

different types of directional information: static information (signs), dynamic information

(movement of the simulated crowd) and memorized information, as well as the combined

effect of these different sources of directional information. In contrast to signs, crowd

movement and learned information did not have a significant impact on human exit route

choice in isolation.
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Chapter 3

Framework Overview

3.1 Contribution 1

The game design gives players the tools to construct, modify, and analyse environment designs.

A player can add elements to the provided floor design, such as doors, walls, and pillars. The

player’s goal and success criteria are to create an efficient design that evacuates all agents in

the shortest possible time. The player can visualise the simulation and analyse the aggregate

crowd dynamics using heat maps to identify regions for improvement. The player can use these

metrics to improve the current design. By repeating a level and improving the evacuation time,

the level layout can converge to an optimal design.

The following list provides an overview of the modules in the framework. The modules and

their relationships are also outlined in Figure 3.1.

• Static Initial Layout - An architect or designer can designate static elements of the

gamified environment - partially imposing architectural constraints. The player can

not modify these elements in the existing layout. Users will have to place the elements

provided to this layout. It is possible for the architect or designer to design each subsequent

level such that the environment has increased the complexity of the existing design or is

adds portions to the design. This means a player may work in a larger environment in

which they can modify a portion, or the player may work from the micro to macroscopic

portions of a larger design task.

• Player Modified Layout - There are certain elements available to the user to add to the

layout. There are several elements which may be added or modified such as walls, pillars,

and doors. Access to these modification and creation tools may be constrained by the

architect or designer.
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Figure 3.1: Architectural Planning and Crowd Evacuation Framework overview
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• Crowd Behaviour Configuration - The player can configure the different Characteristics

of the crowd to capture new behaviours and dynamics for which the environments fitness

is tested regarding evacuation. A summary of these crowd parameters are listed below;

in-depth details are provided in the Crowd Configuration and Simulation Section -

1. Level of Service (LoS) - The number of people in a square unit of area that spawn

when the level starts, or crowd density.

2. Level of Aggression - The distribution of crowd member speed and acceleration.

3. Level of Homogeneity - The distribution of crowd member width, or size.

These parameters provide players with up to 54 unique combinations of crowd behaviour

and dynamics.

• Crowd Simulation - Once the player finalises their environment configurations, they can

run the simulation. The crowd will begin evacuating the layout towards exits defined by

the architect or designer. An agent-based model using Unity3D is used for agent steering.

The Unity 3D Mechanim system handles character animation, and the Navmesh system

handles pathfinding. Once the entire crowd reaches their destination, the simulation ends.

• Validation - Once the simulation ends, the game displays the score based on the total

evacuation time. The winning criteria, lower total evacuation time, determines where on

the leader board the player is placed. In this phase, the player can visualise and analyse

their results, regarding crowd dynamics, using heat maps.

• Co-Design - Players are given the ability to view other players designs and their per-

formances. They may use various analytics to improve designs from a high scoring

player. Co-design allows the design task to be tackled from multiple perspectives while

converging on optimal designs.

3.2 Contribution 2

This massively multiplayer online(MMO) game system allows researchers the capability to

choose, modify, test and collect data through a multiplayer game environment. The framework
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Figure 3.2: MMO Game Framework overview
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also provides a robust MMO environment for a smooth and exciting multiplayer gaming expe-

rience for the gamers. A researcher can modify the values of the configuration parameters of

the game to make the game closely provide the data required for the user study. The researcher

can also choose from our list of data that can be tracked from the games, the data the researcher

needs from this game. The researcher can add the game to the website. A player can choose a

game from the website and add to the player profile. The player using the MMO application

can play the games added to the user profile. Multiple players are come together in our robust

multiplayer environment and play the game. Based on the researchers chosen options for data

tracking, the application tracks those of those types from the game and provides to the researcher.

The data is safely maintained, and the ownership is only assigned to the researcher.

The following list provides an overview of the modules in the framework. The modules and

their relationships are also outlined in Figure 3.2.

• MMO Web portal - This is one of important building blocks of our system. MMO web

portal is a social networking website where there are two types of users i)Researcher and

ii)Gamer. The user privacy and user data security are maintained with user authentication.

Both users have a live feed which shows updates of all the researcher as a default and also

shows the updates of other gamers who are followed by the current user. The portal also

has a capability of people search to search other gamers. A user can follow another user

and get the followed user’s updates in his/her live feed.

• Game Configuration - In the web portal, researchers can choose a game from the list of

games in the portal and change the configurations of the games to make the game closer to

the research requirement. The list of configurations supported by our framework is listed

below.

– Game environment

This configuration controls the background location of the game.

– Game Base Rule

The basic rule of the game which is an implementation of the set of tasks a gamer

has to perform which are different for each game. In our system, we have included

four base games which can further be modified based on the configuration values.
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– Game End Strategy

This is the parameter within the game who’s state is tracked to decide the occurrence

of the end of the game. Our system supports to type of game end strategy as follows.

1. Time completion

2. Task completion

– Game Difficulty

This is the game parameter which controls the difficulty in completion of a task

within the game. Game difficulty changes the behaviour in different ways for

different games. It can change the number of obstacles or the intelligence of the

obstacles or time limitation etc. Following are the list of difficulties supported by

our system.

1. Easy

2. Medium

3. Hard

– Game Competition Type

This is the game parameter which type of the game. This parameter changes the

game engine to support the type of singleplayer/ multiplayer game the researcher

requires. This parameter also changes the maximum and minimum number of actors

can be present in a game at the same time. Following are the list of competition

types supported by our system.

1. One Vs One - Two players competing against each other

2. Group Vs Group - Two groups competing against each other. Both the group

has same number of members.

3. Group Vs Computer - A group competing against the current best score.

4. Singleplayer - A single player competing against the current best score

5. Multiplayer - A set of solo players competing against each other.

– Number of Players

This configuration type defines the number of players who can play together at the
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same time. It is also dependent and constant for some competition type values. This

parameter has two types.

1. Maximum number of Users

2. Minimum number of Users

Once the setup is done a researcher can then add the game to the list of online games in

the website.

• Game Selection

Whenever a researcher adds a game to the portal, an update is added to the live feed of the

gamer as a notification. A Gamer can also check the list of live games at any time. All the

configuration details set by a researcher will be visible to the gamer. A gamer can choose

a game after checking the game configurations and add it to his/her profile. Then a gamer

can start the MMO Game arcade application

• MMO Game Arcade Application

This is a desktop based real time game application. The application is used to play the

games. The application has a robust multiplayer game networking framework installed.

Using this application. A player can host a game via Local area network or join a game

available on the local network. The application also has support to massively multiplayer

game online where a player can host a game online, and other players can join the

game via Wide area network. A separate server is used as a middleman who has all the

network related information about the players such as LAN IP, WAN IP, MAC address,

etc. This server does not support the matchmaking of LAN IP to WAN IP to support the

synchronisation of the multiplayer game. When the game is being played, the user play

data related to all the previously chosen data types by the researcher are collected. Once

the game is over the collected data is send to the server, and the server makes it available

for the Researcher to view.

• Game Play Data Reports

When a researcher adds a game to the web portal or keeps the game status "Live". The

data about all the previously chosen data types, are continuously tracked for every time
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game is played and stored on the server and the viewing authority is only given to the

researcher. A researcher can at any time view all the data as a report on the web portal.

The researcher can also download the reports in any of the three supported formats, XML,

JSON, Text.
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Chapter 4

Architectural Planning and Crowd Evacuation

4.1 Encoding architectural standards

The intention of gamifying architectural design is to make the game usable by a player with any

level of architectural knowledge. To meet these ends, the game framework provides a means of

specifying and designing constraints/rules in the layout design phase of our game such that even

casual player can achieve a layout which follows architectural standards.

Any architectural layout primarily comprises of walls, pillars, and doors. Hence we provide

the tools to the player to modify and create these elements in the layout. However, the game

also provides the tools to create gamified levels with different forms of challenges. An architect

or designer may choose to focus on an entire design and formulate levels in terms constraints on

available elements and modifications in increasing levels of difficulty. The architect or designer

may formulate levels in terms of separate portions of a larger environment and sort them in

increasing difficulty, e.g. from the bathroom area, to a common area, to a high traffic area,

and so on. The architect or designer may also choose to iteratively incorporate more portions

of the environment such that success criteria in the new level may be additive in terms of the

previous design. The gamification framework and level specification afford a number of options

in order to lead the player to produce designs for the architect or designer. Display messages

can be provided to help casual players learn about architectural standards when their design

violate these constraints. Thus, the game can be used not just to produce design but also as an

educational tool for novice designers or casual players.
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Figure 4.1: Environment design:invalid wall placement

Figure 4.2: Environment design: wall placement

Figure 4.3: Environment design: pillar placement
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4.2 Crowd Configuration and Simulation

To afford accurate crowd animations for player visualisation, a humanoid character model

with animations is employed. The complete set includes idle and walking animations. The

crowd members are generated and distributed at random locations in the layout based on

the configurations set by the player. Destinations and distributions for locations of crowd

members can be modified and constrained by the architect or designer as well. To ensure

accurate navigation, the navigation mesh of the environment and path plans for each member

are recomputed after every level change and before a simulation is started.

We used an agent-based model for simulating crowd steering. We have also tried to incorpo-

rate different steering decision behaviours observed in the crowd at the time of emergencies. For

instance, during a fire, people tend to follow each other to find the exits or people tend to follow

the exit signs more stringently than in their day to day lives. While going to their destination, if

a member sees an exit which is closer than their assigned one their navigation goal switches to

the closer observed goal. The members also change their destination and path when a big group

of other members are moving towards a certain destination. So in a sense, the members follow

the crowd unless they see an exit.

To afford rigorous and complete testing across dynamics and behaviours, the crowds are

parametrized for aggression, homogeneity, and density. These parametrizations and a formal

definition of a crowd are provided in the rest of this section.

• Level of Aggression (LoA) - Three degrees of aggression are provided; low, medium and

high. The aggression degree determines the speed and acceleration of different members

in the crowd. As the aggression level increases, the distribution of aggressive people in

the crowd also increases. Fixed probabilities are associated with the low, medium, and

high degrees and are used to assign appropriate speeds to the members. The mapping of

degrees of aggression to speeds and accelerations can be seen in Table 4.2 and Table 4.3

respectively.

• Level of Homogeneity (LoH) - Three classes of homogeneity are available to the player:

low, medium, and high. Changing this configuration changes the distribution of the radii of

the crowd members. Low means that there is a little probability in the variety of members



18

Figure 4.4: Crowd configuration and simulation: a) High Level of service

that have a radius other than the average one. This helps the player to identify how well

their design handles different body shapes in a crowd.

• Level of Service (LoS) - There are six Levels of Service available to the player. Level

of Service is used by traffic engineers to measure the quality of traffic flow both for

automotive and pedestrian applications. LoS classes are typically given a grade level

(from A-F), which are summarized in Table 4.1.

Examples of these parametrizations can be seen in Figure 4.4, 4.5, 4.6.

We formally denote a crowd C = 〈g,k, l〉 that describes the crowd related parameters where

g, k, l denote LoS, LoA, LoH respectively. A gamified environment area is formally described

as multiple heterogeneous sub areas. Let y j be a random variable for sub area j with a value in

range [gmin,gmax]. Let, n j be the number of members in the sub area j.

nj = Q j×δ × xi (4.1)

where, Q j is the area of sub area j and δ is the normalization constant. We described a

transformation/mapping function that converts the crowd configuration to an instance of member
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Figure 4.5: Crowd configuration and simulation: Low level of service

Figure 4.6: Crowd configuration and simulation: Level of Homogeneity
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LOS Crowd Density (people/square unit)

A <=0.27

B 0.31 - 0.43

C 0.44 - 0.72

D 0.72 - 1.08

E 1.09 - 2.17

F > 2.17

Table 4.1: LoS classifications and their associated densities.

k xi va

Low <=0.7 S+SLOW × xi

Low >0.7 S+SHIGH× xi

Medium <=0.5 S+SLOW × xi

Medium >0.5 S+SHIGH× xi

High <=0.7 S+SHIGH× xi

High > 0.7 S+SLOW × xi

Table 4.2: Speed mapping for aggression levels. Let, xi be the random variable for member i

whose value is in the range [0,1]. SLOW and SHIGH are higher and lower aggression factors

for speed respectively. S is the speed constant.

A = {a} where each member a = 〈p,v, f,r,h,m〉 where p = position vector (x̂a, ŷa, ẑa), v = speed,

r = radius, h = height, f = acceleration. x̂a and ẑa are random variables in range [xmin j ,xmax j ] and

[zmin j ,zmax j ] respectively where xmin j ,xmax j ,zmin j ,zmax j are the four extreme coordinates of sub

square area j.

Formally, Level of Homogeneity is defined in terms of M,H,R as each crowd member’s

mass, height, and radius respectively. Let α,β ,γ be heterogeneity factor for mass, height and

radius respectively. The mapping of level to these factors can be found in Table 4.4.
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k xi fa

Low <=0.7 F +ALOW × xi

Low >0.7 F +AHIGH× xi

Medium <=0.5 F +ALOW × xi

Medium >0.5 F +AHIGH× xi

High <=0.7 F +AHIGH× xi

High > 0.7 F +ALOW × xi

Table 4.3: Acceleration mapping for aggression levels. ALOW and AHIGH are higher and

lower aggression factor for acceleration respectively. F is the acceleration constant.

l xi ma ha ra

Low <=0.7 M×α× xi h×β × xi r× γ× xi

Medium <=0.5 M×α× xi h×β × xi r× γ× xi

High <=0.3 M×α× xi h×β × xi r× γ× xi

Table 4.4: Height, radius, and mass mapping for aggression levels.
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(a) (b) (c) (d) (e)

Time=16.615 Time= 12.738 Time=10.692 Time=9.323 Time=9.174

Figure 4.7: Iterative environment improvement, in terms of evacuation time, is shown from left

to right.

4.3 Crowd-Aware Environment Analysis

A suite of analysis tools is made available to a player to visually validate their simulation results.

In particular, we visualise metrics using heatmap so that the user can improve their design by

identifying regions which are not performing well. The heat map is an orthographic view of the

design containing all the elements(walls, doors, pillars) placed by the user and the path of all the

agents. The level of crowd density of a region in the layout can be deduced by different coloured

dots in the heat map. Figure 4.7 is an example of a heat map which shows the orthographic

view of walls, doors, and pillars in the layout with aggregate crowds dynamics displayed as

heat traces. If a region is not performing well, it will become congested and crowd density will

rise and the region will become a deeper red. A player can improve the design to reduce the

highlighted areas in the design.

4.4 Competitive Co-design of Environments

The game framework supports optimal environment design through an iterative and entertaining

approach. A player can improve their design to reach optimality by iterating on subtle design

modifications and running simulations. Furthermore, the framework supports collaboration and

competitive co-design by exposing players to other’s designs and performance analyses.

We have also provided the user with the ability to reinforce their design by learning from

the best player’s moves. One way that this is achieved is to show the best scorer’s heatmap. A

player can gain knowledge from that heatmap to potentially incrementally improve their design.
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By allowing players to iteratively replay and view other’s analyses and designs the game fosters

collaboration in our game which can guide players to a more optimal architectural design.
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Chapter 5

Results

We hypothesise that with the gamification of a complex combinatorial problem in architectural

design provides a user with an innovative means to improve their design and gradually reach

optimality. We also hypothesise that competitive co-design is an effective solution to the non-

convex optimisation problem that is crowd-aware environment design for efficient evacuation.

We have conducted some user studies below to evaluate our hypothesis.

5.0.1 User Study

For our first hypothesis, we evaluated the evacuation times of particular user iterations for each

of the 54 combinations of crowd configuration parameters. We have considered only the data of

a user who has viewed the heat map for every iteration. For the second hypothesis, for each of

the game level and each of the crowd parameter combination we have plotted all the evacuation

times of user simulation runs in order of time of execution. We have considered the data of the

users who have viewed the best scorer’s heat map.

Each player is identified by a unique id assigned to him/her. Some of the user data we

gathered are Player id, User placed architectural element positions, Total evacuation time of the

simulation, User choices of crowd configuration parameters (LoS, LoA, LoH), User’s choice of

viewing the heat map, User’s choice of viewing the Top Scorer’s heat map.

Procedure

We have provided the user with an existing layout at the start of the level which helps us increase

the difficulty as the user gradually reaches higher levels. Users cannot manipulate these already

placed elements. Users can create a wall by clicking on two points in the layout. Pillars can be

created by clicking at a point, on the floor, where the player want to place the pillar. The radius
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of the pillar can be changed by playing around with the slider in the creation menu. Doors can

be created by clicking on the walls where the user wants to place the door. Walls, doors and

pillars created by the user can be deleted by selecting them again. There are keyboard keys

assigned to increase or decrease the width of the wall to be placed. Walls can be moved around

by clicking them and using the arrows keys or by dragging them with the use of a mouse.

There are several constraints associated with each element in the layout. First of all the

users cannot modify the elements of the layout existing when the level started. Users can only

manipulate the elements they added to the existing layout. There are a fixed number of walls,

pillars and doors that can be placed by the user. Walls can be placed only if it forms an enclosed

space meaning that a wall must be touching walls on either end. A wall cannot be made to pass

through the outside wall. In case the wall is placed incorrectly by the player, the wall will be

marked red, and the player will not be able to start the simulation until the errors are rectified. If

the width of the wall is less than two units, the wall will not be created.

Time=16.4175 Time=13.695 Time=11.1705 Time=9.669 Time=8.151

Figure 5.1: Current best player’s heatmap with evacuation time for the crowd configuration

LoS=F,LoA=High,LoH=Low in level 1

5.0.2 Results

In order to evaluate our hypotheses, we hosted our game on our website and asked people to play

the game. We collected data for different users and different levels. Analysing and comparing

the results, we observed the following.

After analysing the evacuation times of each user iterations for each level and each com-

bination of crowd configurations, we have found a gradually decreasing curve of evacuation

time in 73.33% of total 60 user cases. In Figure 4.7 we demonstrate a single case of iterative
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Figure 5.2: Evacuation Times for crowd configuration of LOS=A,LOA=Low,LOH=Low

Figure 5.3: Evacuation Times for crowd configuration of LOS=D,LOA=Low,LOH=Low
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Figure 5.4: Evacuation Times for crowd configuration of LOS=F,LOA=Low,LOH=Low

improvement of a design by a player using the crowd configuration Los=crowd density of

1.09-2.17, LoA=High, LoH=Low.To prove that we used the following method.

For each user, we have calculated the following and plotted.

nA−1

∑
i=1

I(i+1, i) (5.1)

where nA is the total number of iterations by a user A and

I(i+1, i) =


1 Ei+1 - Ei < 0.1

−1 Ei+1-Ei ≥ 0.1

where, Ei is the evacuation time of user A’s ith iteration. The threshold of difference in evacuation

time between two consecutive iterations for a positive case is 0.1. We have then plotted the

summation values from equation (2) for each user shown in histogram 5.5. The bars beyond the

0, represents number of positive cases and the rest are number negative cases.

For the second hypothesis, it was found that the evacuation times of different players viewing

the current best scorer’s heat map, gradually decreased and converged towards optimality.

The curve formed by these players is very similar to that of a fitness function in computational

optimisation strategies. Figure 5.1 is an example of this curve in which several players’ iteratively
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Figure 5.5: The bars represents number of user. The positive user cases are beyond 0

improved design by using the current best player’s analyses and environment layout information.

The figures 5.2, 5.3, 5.4 show the Graphs of Evacuation Times for different User Gameplays

in order of occurrence for three separate combinations of crowd configuration parameters.

5.0.3 System Usability Results

We are using the System Usability Scale to calculate the System Usability Scale(SUS) score [12].

We received feedback from 61 players and calculated the score depending upon their responses.

Our average usability score is 78.69 out of a scale of 100. Hence, our usability is average, but

there is a lot of scope for improvement.
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Chapter 6

Massively Multiplayer Online Game System

In chapter3 section 3.2 the general framework of MMO(Massively Multiplayer Online) game

system is introduced. In the chapter, we explain how we have achieved the proposed advantages

and usefulness of our system.

6.1 Connecting Researcher and Gamers

One of the most important aspects of our system is the connective virtual network between

Gamers and Researchers. As part of our system, we have implemented a web portal for the

users. A proper authorization has been provided to the website for data safety and security. The

website can have two types of users: Gamers and surveyor. The services and presentation of the

website are dynamically different based on the type of user.

In order to make the website dynamic, active and updated, we have introduced live feed to

each user as shown in figure 6.1a. By default, everyone gets an update in their live feed if a

Surveyor creates game. Besides this, an user can follow another user as shown in figure 6.1b.

The following user will then get updates about the followed user. To provide more connectivity

to the environment, we have provided a people search capability to every user. So, that a user

can find other users on the website as shown in figure 6.2.

To keep a gamer updated about a newly created game by a surveyor, we have provided

multiple capabilities on the website. A gamer can view all the live games in their portal. The

gamer can follow the link to the games and add to his/her profile. A gamer can also view all

the games added to his/her profile. On the other hand, a Surveyor can also view all the created

games by him/her to find the game to modify or remove.
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a) b)

Figure 6.1: a) Live Feed, b) Follow an user

Figure 6.2: People Search

6.2 Engaging gamers with the element of competition

The second biggest challenge to making our system successful in meeting the proposed require-

ment was to attract the gamers to play the games and keep then engaged to it which will help

the researchers to accumulate enough data from their user study, to sum up with a provable

hypothesis.

To keep the users engaged the primary need is to make the gaming experience simple and

smooth. So that any gamer can play the game and easily adapt to the controls. A researcher might

require data from users with all type of gaming skills, but the aim with higher priority is that the

researcher should have a lot of user data. So we have kept the game tasks a simple as possible
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which require as much less controls as possible. The current games that are implemented and

added to the framework are as follows.

• Maze Runner

The game environment is a maze. At the start of the game, all the users are spawned

randomly outside the maze. There are a set of objects that are randomly spawned at

different locations inside the maze. The task of the game is to find the objects inside the

maze and collect the object. We have used the Unity3D collision detection module to

keep track of collected objects

• Crowd Evacuation Race

The game environment is a maze. At the start of the game, all the users are spawned at the

centre of the maze. The task of the game is to find a way to exit the maze.We have used

the Unity3D collision detection module and assigned then to invisible objects barricading

the exit to detect players exit from the maze.

• Bomb Squad - Drones

The game environment is a city. There is a swarm of drones and a group of soldiers. The

soldiers represent the bomb defusing squad, and the drones are used to detect the area of a

planted bomb. A drone can be able to detect a bomb when in the range of its radiation, and

it assumes and marks the area where a bomb is planted. It won’t be able to find the exact

location. Once the area is detected a user can inform the bomb squad with the coordinates

of the detected location. Once the bomb squad reaches the location, a player can choose

a soldier to control directly and search around the marked area for the bomb and once

found, defuse it. So the main task of the game is to defuse bombs.

A single or multiple drones can be selected, and a player can notify the place to go by

clicking on the destination location. We have implemented the pathfinding ability for the

drones using Unity3D Navigation mesh modules. A soldier or a group of soldiers can be

selected as similar to the drones, and they can be moved to a destination as like as the

drones. We have also implemented third person controller movement and assigned to the

soldiers, but those will be activated only when the soldier is within the detected region

around a bomb. To implement the bomb detection by drones, We have used the Unity3D
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collision detection module and assigned to an invisible large spherical object around the

bomb representing the wavelength of the radiation of the bomb. If a drone collides with

this hidden object, the area is marked.

• Bomb Squad - Helicopter

This game is another version of the game "Bomb Squad". The game environment is also

a city. Instead of a swarm of drones, a player is provided with a helicopter and a group

of soldiers. The soldiers represent the bomb defusing squad, and the helicopter is used

to detect the area of a planted bomb. A helicopter can be able to detect a bomb when in

the range of its radiation and it assumes and marks the area where a bomb is planted. It

won’t is able to find the exact location. Once the area is detected a user can inform the

bomb squad with the coordinates of the detected location and call the bomb squad. Once

the bomb squad reaches the position, a player can choose a soldier to control directly and

search around the marked area for the bomb and once found, defuse it. So the main task

of the game is to defuse bombs.

We have implemented the third person controller for the helicopter a player can notify

the place to go by clicking on the destination location. We have applied the pathfinding

ability for the drones using Unity3D Navigation mesh modules. We have applied the

pathfinding and locomotion capability using Unity3D Navigation mesh module. We have

also implemented third person controller movement and assigned to the soldiers, but those

will be activated only when the soldier is within the detected region around a bomb. To

implement the bomb detection by drones, We have used the Unity3D collision detection

module and assigned to an invisible large spherical object around the bomb representing

the wavelength of the radiation of the bomb. If a drone collides with this hidden object,

the area is marked.

6.3 Polymorphic nature of a game based on parameter change

As we have expressed earlier that sometimes a researcher finds a game quite close to the research

requirement and can be perfectly suitable for the study if small changes to the game configuration

are made. So we have provided the capability to change the game according to the value of a set
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of parameters.

To achieve this, first of all, we have gone through many real-world games and tried to find

the most common features in every game. Any small changes to these features can easily change

the game to create another game. In order to accommodate this polymorphic ability to the

games based on different parameter values, we have kept the core game tasks a generic and

straightforward as possible. After careful research, we have come across the following set of

configurations which are most common in every game.

6.3.1 Game Ending Strategy and Winner criteria

Game Ending Strategy defines the condition to be met in order to let the game end. The winning

criteria are also directly Dependant on this configuration value and vice versa. The Gamed

ending strategy of one game can be used as winning criteria in another game. In such case, the

other strategy will take the opposite role. So the Game Ending Strategy and Winner criteria have

an interchangeable role in games. After studying a lot of games, we have found out that the

most common values for a game ending strategy are as follows.

• Time Completion

In the games with time completion strategy, at the start, a limited amount of time is

provided to perform some tasks, and the game ends when the assigned time is over. The

Game ending condition is when Time is zero. In these games, the winning criteria are

based on the amount of task completed in the limited time. The above mentioned four

games included in our system, changes as follows with the variation of this configuration.

– Maze Runner

Game Ending Strategy is time completion and Winner criteria is number of objects

collected.

– Crowd Evacuation Game

Game Ending Strategy is time completion and Winner criteria is number of times

the user is able to exit the maze within that time. In our implementation we make

the user go back to the mid position of the maze once they reaches the exit.



34

– Bomb Squad - Drones

Game Ending Strategy is time completion and Winner criteria is number of bombs

defused.

– Bomb Squad - Helicopter

Game Ending Strategy is time completion and Winner criteria is number of bombs

defused.

• Task Completion

In the games with task completion strategy, there is a timer assigned to the game which

keeps on counting the time from the start of the games. The player is assigned some

tasks to perform. When all the assigned task are completed the game end. So the

game end depends on the completion of the tasks assigned. In these games the winning

criteria is based on amount of time taken to complete all the assigned tasks. The above

mentioned four games included in our system, changes as follows with the change of this

configuration.

– Maze Runner

Game Ends when player is able to collect all the objects and Winner criteria is time

taken to collect all the objects.

– Crowd Evacuation Game

Game Ends when the player reaches the exit of the maze and Winner criteria is the

time taken by the player to exit the maze.

– Bomb Squad - Drones

Game Ends when player have defused all the bombs and Winner criteria is the time

taken to defuse all the bombs.

– Bomb Squad - Helicopter

Game Ends when player have defused all the bombs and Winner criteria is the time

taken to defuse all the bombs.
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6.3.2 Competition Type

This configuration is critical to modifying a game based on the research requirement specifically.

This criterion also allows us to the ability to attract the users by the inclusion of the element of

competition. Type a game dynamically changes which the value of choice for this configuration

parameter. In implementation perspective, this configuration is also related to the other settings.

After careful research on real world games, we have found out the following competition types.

• One on One

If the competition type is one on one then game will have only two players and both will

act as an opponent to the other. The winner is the player with better score. The better one

is chosen based on the game ending strategy or winning criteria.

• Group Vs Group

If the competition type is one on one, then the game will have only two players, and both

will act as an opponent to the other. The winner is the player with a better score. The

better one is chosen based on the game ending strategy or winning criteria.

• Group Vs Computer

If the competition type is Group Vs Computer, then it is similar to a singleplayer where a

player competes with the current best score and tries to beat that score. Here, in this case,

a group of players together attempts to beat the current best score by a team. The winner

is decided only when a team surpasses the current best score. The better team is chosen

based on the game ending strategy or winning criteria.

• Single Player

If the competition type is Singleplayer, then a player competes with the current best score

and tries to beat that score. The single game there will be two teams playing against each

other. The winner is decided only when the player surpasses the current best score. The

better team is chosen based on the game ending strategy or winning criteria.

• Multiplayer

If the competition type is Multiplayer, then a set of players compete. Each player

participates in the game as a solo. The winner is the player with the best score. The better
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team is chosen based on the game ending strategy or winning criteria. The scores of the

participants are displayed at the end of the game in order.

6.3.3 Number of players

The configuration parameters to set or change the number of players are vital in the case of a

multiplayer game. There are two types of configurations representing the number of players.

• Maximum number of players

• Minimum number of players

In the case of a multiplayer game, the minimum number of players value determines how many

minimum numbers of players has to join the network lobby to start the game. The maximum

number of players value represents how many numbers of players maximum can participate in a

game. This configuration can be very helpful for a researcher to manipulate the game based on

the number the actors needed to perform a survey. The number of players is constant in the case

of competition type one on one (both values set to 2) and Single player (both values set to 1). In

the case of group vs. group, the number of players represents the number of players in a group.

The total number of players in the game in such case will be double of the number of players.

6.3.4 Difficulty

Game difficulty is one of the most popular and default configuration in a game. The difficulty

value of a game will determine the perfection of the game AI or increase/decrease in obstacles

or increase/decrease in the amount of task etc. Choice of this value will manipulate the game

within the range of predefined changes.

6.3.5 Game Environment

The game environment is also an important aspect.Changing which we can manipulate a game

to meet a research requirement. A set of predefined Game environments is provided in our

system. A single game environment can be chosen for a game. The game set of choices for a

game environment also changes based on the type of game selected.
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In the researcher web page in our web portal, a researcher can create a game by selecting

the values for the configurations mentioned above. A gamer would not be able to change the

configuration. The gamer will only be able to view all the information about the values of the

game configuration set by the researcher. When a researcher creates a game, a gamer will receive

a notification about the new game. Once the game is live, any gamer can play the game. A

researcher cannot delete a created game if it’s added to any gamer profile, but he/she can take it

down from live.

6.4 Robust Massive Multiplayer Online Environment

Our system is mainly built around a robust MMO(Massive Multiplayer Online) environment.

As our basic aim is to provide a smooth and consistent MMO gaming experience, we have taken

extra care in the robustness of the MMO environment. We have used and extended the Unity3D

Networking framework UNET to create our MMO environment. The implementation of the

MMO framework consists of two parts as follows.

6.4.1 Network Lobby

Before entering into the network environment, a set of prerequisite values to be set up which are

crucial for an MMO environment setup. Our system provides three types of setup for an MMO

environment. The Network lobby contains sections for each of these three setups. The three

kind of MMO setups is as follows.

• Play and Host Online

This setup is mainly to connect players together in a single multiplayer game using wide

area network. By choosing this option, a user can decide to be the host online as well

as a player. In this case, the other users who want to join this game can do so without

knowing the IP address of the Host. In this setup, a server situated somewhere else acts

as a middleman between the users. This server the network matchmaking i.e. this server

takes care of the matching wan IP address with LAN IP address and intercommunication

between the players to synchronise and maintain the MMO game state. We have used

Unity3D multiplayer services to use it as our network match making server.
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• Play and Host via LAN

This setup is mainly to connect players situated in a Local area network. By choosing this

option, a user can choose to be a host as well as a player. In this case, the other users who

want to join this game need to know the LAN IP address of the host.

• Dedicated server via LAN

By this setup, a user can only act as a dedicated server in his/her Local area network.

Other players can connect to the game using this host’s local Ip address.

Once any other the setup mentioned above is chosen the game lobby s opened and users start

to join in. When a new user joins the lobby, all other users are able to see that. All the users

have to wait in the lobby until the minimum required number of user joins the lobby. Once that

many numbers of user joins the lobby, players can start the game.The network lobby is shown in

figure 6.3.

a) b)

Figure 6.3: a) Main Lobby , b) Game Lobby

6.4.2 Network Environment

The network environment is combined with the game environment. We have used and extended

UNET framework to setup the network environment. In the network environment, we have setup

implementations to synchronise the player and non-player object positions, rotations, parameters

value about animator state and other game parameters representing the game state. We have

maintained a time gap between sending of update messages and this time gap varies based on the
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priority and impact of the parameters whose values are to be sent. The player synchronisation in

our multiplayer environment is shown in figure 6.4 and 6.5.

Figure 6.4: Multiplayer Position Synchronization

Figure 6.5: Multiplayer Animation Synchronization

6.5 Game play data Ownership and representation

Our system also provided the ability to choose the types of games data that are to be tracked

during the gameplay. A researcher can select the different types of data to be tracked based on

his research requirements. To maintain data authority, we have implemented the system in a

way that a game data will only be available and visible to the creator of the game. So that there

would not be any conflict of user study data between different researchers.

There are different types of choices for representation of data to be delivered to the owner.
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A researcher can choose the format in which they want the data like a text file, XML file or as

JSON etc.
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Chapter 7

Conclusion

7.1 Contribution 1

Some of the shortcomings of our current crowd evacuation game were that some of the levels

were quite tedious. Layouts in each level are designed manually. It would be much more efficient

if this process were automated. All agents behaviour in the game is quite similar, and it would

make sense to provide different behaviours to different agents. The game also needs more

advanced architectural standards to be included as constraints to help casual users’ designs to

meet these standards. Future work includes making the simulations as realistic as possible with

improved agent behaviour. Users can be provided with behaviour elements to add to their crowd

agents along with the current crowd configuration parameters.

We think that our game can help the knowledge of architectural design go beyond the

boundaries of architectural experts and can make the task of architectural design more interesting

and entertaining. We also believe this paper is a beginning of more future architectural researches

using serious games.

7.2 Contribution 2

Some of the shortcomings of our current MMO framework were that ability for the surveyor

to design a game environment if provided with common elements. The current game control

supports mouse-keyboard and joystick. In future, this framework can be combined with Virtual

reality interfaces and motion capturing tools to observe and track actual movement of a player.

A set of autonomous agents can be included as an obstacle to games in the framework which

can act as a game difficulty factor.

We think that our framework can be a one stop medium for Researchers looking to test a
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real world event and perform a user study and Gamers who are looking an exciting and smooth

massively multiplayer online gaming experience.
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