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Abstract
Swarm robotics systems that are inspired by herd animals are implemented on a number

of simpler and less capable robots so that groups of robots could do tasks that are tough for

individual robots to accomplish. The benefits of swarm robots include robustness, scalability,

adaptability, economy, and the capacity to do multiple tasks in parallel. Enabling cooperation

amongst robots is vital for enhancing the capabilities of swarm robotics, but it is also chal-

lenging. Communications in cooperation among collective animals are indispensable, and

this project investigates whether and which local communication method might improve the

efficiency of robots doing box-pushing tasks in groups. I developed systems with implicit and

explicit communication, as well as a system with no communication for comparison. The sys-

tem that introduced implicit communication used a box-pushing strategy with four different

phases: exploration phase, object recognition phase, and box-pushing phase. In system with

explicit communication, a recruiting phase is added to promote cooperative behaviors. The

project’s findings indicate that implicit communication has better benefits, and explicit com-

munication has acquired considerable gains after improvement have been made shows that

explicit communication has larger room for enhancement.

Number of words in the dissertation: 15710 words.
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1 Introduction
This project is based on the realistic context of moving objects in a warehouse and the desire

to find an inexpensive solution for robots. So the task scenario I am going to set is that of multiple

robots cooperating to push boxes to a target location. This scenario is intended to explore and eval-

uate the impact of local communication between the co-operating robots. So this study investigates

various communication strategies, including no communication as baseline.

In recent years, research on swarm robots has flourished[1]. Swarm robotics systems are in-

spired by social animals who exhibit collective behaviours. Collective behaviours provide an al-

ternative to conventional robotics, such as where a task is solved by one robot alone. Advancing

swarm robotics to complete more sophisticated tasks would be beneficial to the industrialization of

human society[2].

Swarm Robotics research is motivated by ant colony, bees, flock, etc[3]. The collective be-

havior of these animals does not need coordination by a central authority since it consists of the

superposition of individual actions to generate a complex collective behavior. Such a group has the

beneficial characteristics of scalability, resilience, and adaptability, and it can handle several sub-

tasks in concurrently[4]. The transfer of such characteristics from animal populations to robotic

swarm system can improve the system’s capabilities in several aspects. These concepts and their

relevance to this study are discussed further in section 1.1.

With the rapid development of technology, there is an increase in the number of applications

fields for robots, including tasks such as security patrols, hazardous environment rescue, warehouse

automation, chemical waste sorting, etc[5]. These tasks require the cooperation of a large number

of robots due to the amount of work involved, the research of swarm collaboration will be described

in the literature review section 1.1. And in this project, I will choose to start with such coopera-

tive tasks and conduct in-depth research on the application of local communication in improving

cooperation of swarm robots.

In chapter 1, the background of swarm robotics and some works in the applications in swarm
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have been introduced. I have proposed my research questions, documented my hypotheses and

the my expectation of the experiments. These hypotheses are the foundation of the experiments

conducted and their design.

In chapter 2, the concept and implementation of the system for box pushing task using multiple

communication methods are provided. The layout of the experimental arena, the variables to be

measured and the procedure of the experiment is also shown in this chapter.

In chapter 3, the result of the main experiment is demonstrated and discussed. And some issues

that need further discussion are raised

In chapter 4, three sets of follow-up experiments are designed and carried out in response to

the questions that needed further discussion. The results of the experiments are presented and

discussed.

In chapter 5, all the conclusions obtained from the results are summarized and discussed, and

the areas for improvement of the project are prospected.

1.1 Literature Review

In this section, I will explain the background and definition of swarm robotics in detail by presenting

some fundamental ideas and theories. Swarm robotic is a specific area of robotics as a whole,

which has some design constraints to facilitate the underlying mechanisms of operation. Because

this study is within swarm robotics, these constraints must be discussed.

Next I will mention various related investigations of swarm robots concerning collaboration,

focusing on the communication form of robots in collaboration and the study on the cooperation of

robots pushing boxes, the box-pushing task will be described in section 2.1. This discussion serves

to help locate the box-pushing task selected for this study.

Finally, I will highlight research gap based on past works and put forward my research. This

final summary includes my experiment hypotheses (see section 1.2.3). These hypotheses are pre-

sented after the literature review to ensure they can be understood with a high level of detail, before

moving on to the Research Methodology chapter (chapter 2).
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1.1.1 Swarm Robotics

Definition of swarm robotics

About 20 years ago, swarm robots were named "cellular robots" as they were a generic type of cel-

lular automata, representing a group of simple robots that can organize themselves[6]. Currently,

Swarm Robotics has progressed to formulate a concise and comprehensive definition. Taking cues

from social insects and animals, swarm robotics investigates how to construct a population of en-

tities comprising a plurality of basic robots, so that the robots in this population can accomplish

particular collective behavior from the engagement between several agents and between agents and

their environment[3].

The above is the definition of Swarm Robotics in general. To separate Swarm Robotics from

other multi-robot studies, there are constraints that restrict the range of Swarm robotics that are

absent from multi-robot systems. In addition, a central authority which coordinates the behavior

of each robot in the research area of multi-robot systems, whilst Swarm Robotics is defined by

self-organization. The following are the key characteristics relevant to swarm robotics:

• Decentralization: Swarm robotic systems are not intended to have an internal or external

central authority that can organize or instruct robots. Rather, the robots must interact with

other robots or the environment and choose their group behavior collaboratively, this ability

of determining one’s own group behavior is referred to as Self-organisation.

• Autonomy: For a robot system to be considered a Swarm robotic system, its constituent

robots must be able to detect their surroundings via sensors and engage in real-world physical

contact.

• Scale: It is unrealistic to establish a lower limit for the number of robots in a swarm robotic

system, since this would require analysis based on various applications. Therefore, the ex-

pectation of a swarm robotic system is that the number of robots is adjustable for research

purposes, but the system should continue to function properly when the number of robots is

expanded to fulfill the needs of the circumstance.

• Homogeneity: Every robot in swarm robotic system should be homogeneous. They are
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equivalent in function, structure, and status. No authority exists to guide them. Through

contact with the environment, robots may adopt diverse behaviors, but this does not imply

that their roles are distinct.

• Incapability: As an alternative to single robot or multi-robot systems, Swarm Robotics has

the benefit of providing a low-cost solution that enables the employment of a large number

of robots without the requirement for advanced technology on a single robot. In tasks that

are challenging for a single robot, a large number of low-value, incompetent swarm robots

may nonetheless deliver superior outcomes compared to a single robot working alone.

• Local sensing and communication: Individual robots in a swarm should only collect informa-

tion from the environment (local sensing) or by communicating with their neighbors (local

communication) and cannot simultaneously communicate with all robots in the global range,

indicating that the system is distributed[3]. It is important to note that in swarm robotics,

local is relative, depending on the size of the robot population, the system, and the goal. The

motivation for suggesting local communication is the need for autonomous robotic systems

to be more robust.

The robotic system I built adheres to the above characteristics and constraints of swarm robotics.

The advantageous properties that these principles are theorized to induce are discussed next.

Reason for using swarm robotics

The abstract principles or model of Swarm robotics can be seen in several animal populations. If a

single creature cannot execute a job on its own, but can partner with other organisms and perceive

environmental information, it is able to overcome complicated obstacles and complete challenging

goals[7]. Similarly, in the robot system, a single robot may not be able to perform a complex

mission; nevertheless, via communication and collaboration with neighboring robots in the group,

the robot system may exhibit a range of behaviors and acquire distinct features. Swarm robotics

pursues a way to design for this multi-robot collaboration and collective behaviours without a

central organising authority.

As Wolframe said[8],“The complexity is generated by the cooperative effect of many simple

identical components.” It is theorised that using multiple basic individuals provides a set of unique
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characteristics to Swarm Robotics that allow for their flexible use in a range of circumstances.

These are explore further below:

• Simplicity: Due to Swarm Robotics’ capacity to reconfigure cheaper and simpler robot units

dependent on the task at hand, teams of basic robots may do complicated tasks more ef-

fectively than single multi-functional robots. Due to the simplicity of the robot’s individual

components, programming mistakes are infrequent, and individual performance can be ef-

fectively debugged and assessed[9].

• Scalability: As the base units in a swarm robot system all have the same function, play the

same role, and are able to determine their own behaviors based on information obtained from

local communication, this suggests that the system can use its self-organizing to function

properly even if the size of the robot population is increased. So, depending on the difficulty

of the task and the scenario, the robotic system can be scaled up or down, keeping the robot

density constant[10].

• Robustness: Due to the high level of redundancy within the swarm robot system, even if

a single robot fails, the whole robot system will not be paralyzed, since the other robots

have the same responsibility and functionality[11]. Because the system does not reliant on a

central authority to arrange each robot, the failure of a single robot will not result in the loss

of essential functions.

• Flexibility: The distributed, self-organizing, and decentralized characteristics of swarm robots

help them to work flexibly in different operating environments and locations: individual

robots in a swarm distribute tasks dynamically for themselves through information obtained

by local communication. Since the robots do not need to communicate on a global level

but rather acquire information through local sensing and communication, they can work in

environments that are not equipped with high-tech infrastructure.

• Parallelism: Since robots are autonomous and can decide their next actions by themselves,

and swarm robotics is redundant, the system can achieve the effect of multi-task parallelism

provided by the aggregation of a large number of coordinating robots.
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• Economical: The simplicity of swarm robots makes them far less expensive to construct, de-

velop, and maintain than individual robots with complex functionality, even if swarm robots

should be manufactured in huge quantities. Individuals in a swarm could be produced on a

vast scale, but robots with complicated tasks need more sophisticated processing[12]. This

also makes it easier to repair broken swarm robots and less expensive to replace them directly

when they are seriously damaged.

In summary, swarm robots are intended to allow basic robots to interact with each other and

hence expand the system’s potential by increasing robot density and generating complex behaviors

from simple agents, as opposed to explicitly coordinating (through programming or otherwise) the

hardware capabilities of individual robots. In comparison to conventional robotic systems, swarm

robots is proposed to provide superior robustness, flexibility and scalability, autonomy, simplicity,

and cost-effectiveness.

The benefits of swarm robots are especially obvious in situations when the environment is harsh,

and likely to harm the robot, since the cost of repairing the robot is affordable, or swarm robots

are low-cost enough to simply replace. Furthermore, adding or subtracting robots from the sys-

tem should not impact the collective performance. In addition, the theory of self-organization[13]

suggests that ambiguity in the behavior of individual agents may sometimes considerably enhance

the system’s capacity to experiment with potential solutions (for example, behavioural deviation in

path following allows ants to optimise for shorter paths to food sources).

This study is intended to contribute to the field of swarm robotics, so the study employs short

range communication and explores what utility can be extracted from relatively simple robots. For

instance, if this were a multi-robot system, a centralised control strategy could be employed. After

discussing these advantages of swarm systems, I will next illustrate the utility of Swarm Robotics

by discussing its applications.

Applications of Swarm robotics

To develop a system without centralized control, local sensing and communication will be essential

for task completion. In order to differentiate between local and global communication, I will now

define the various types of communication and perception.
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The three types of local communication are interaction via environment, interaction via sensing

and interaction via communications[14]. Among them, interaction via Sensing, and interaction via

communications are the communication modes possible as a direct channel between robots, whilst

the third is an indirect method of communication which must take place by robots manipulating

their task environment:

• Interaction via Environment: Robots often interact with their surroundings by altering the

environment and leaving clues, which other robots could use to determine the state they

should enter and their next action to take. This technique is often used in systems using finite

state machines, which is a kind of implicit communication, and is also known as stigmergy

or stigmergic communication[15].

• Interaction via Sensing: Interaction via sensing is the interaction that happens when robots

perceive each other but do not communicate openly and directly. Such communication en-

ables robots have the ability to differentiate between robots and other objects. This may

include, for instance, perceiving the action (i.e. movement) of another robot as opposed to

getting an explicit message of actions from the robot.

• Interaction via Communications: Such communication allows specific and accurate messages

to be exchanged between robots, while the recipient of the information can be either specified

or unspecified, which has contributed to the growth of communication network architecture

and protocols.

Within direct communication, there are three ways based on different communication ranges[16]:

• Private communication: Communication only occurs among selected agents.

• Local communication: Communication only occurs among neighbors within the surround-

ings, either through interaction via environment, sensing other robots, or communication

technologies within a relatively short range. In this category, communication is normally

inclusive to neighbours and does not discriminate (e.g., is not private).

• Global communication: All agents in the system can communicate with one another. But this

strategy is not considered for usage in the Swarm Robotics system, since it would eliminate
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several of the system’s advantageous qualities, such as its flexibility and economy. This is

because it would become possible for collective behaviours to either be designed or to emerge

with a reliance on information from the whole system - and this would cause a potential point

of failure for a swarm system that is expected to adapt to robot failures or significant changes

to the task environment.

Another categorization of communication is based on the message’s substance. Balch and

Tucker examined the effects of no communication, state communication, and goal communica-

tion[17]. Their study focuses on the foraging challenge, where robots must find items and retrieve

them. The conclusion is that in the foraging challenge goal communication (announcing the posi-

tion and direction of the target object) had superior performance compared to state communication.

In my project, I will only utilise no communication and state communication because of the limi-

tation of communication board and evaluate both methods by comparison, then judge the necessity

of the goal communication.

Nathan and John’s[18] socially-inspired communication approach allows the robot to determine

whether to receive a message depending on the message’s relevancy. The relevancy of the message

is depending on the moment of its transmission. The earlier a message is sent, the less relevant it

becomes (or in other words, a message can become old). This strategy guarantees the immediacy

of the communication, but imposes stringent technological constraints on the physical robot, since

all robots must be able to synchronize the time. In my project, I will make the robots update their

messages for sending every 100 milliseconds, to avoid outdated message being received by other

robots.

Hoff introduced two ant-like algorithms for swarm robots to coordinate their behaviour during

foraging that rely on basic local communication which need the use of stationary robots as beacons

to mark out the route from the food source to the nest[19]. This method of using beacons is a

technological alternative to the way-finding of pheromone trails used by biological ants. In this

project, this algorithm is not considered because there are many paths to push the box to the target

location, box locations will change quickly, and the method is not technologically feasible with

the available resources. As such, the box-pushing task can also be taken as a selection of task

that is suitable for the available technological resources. The box-pushing task provides similar

challenges of locating and manipulating objects, but without a significant challenge of localisation
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and navigation. The design of the box-pushing task for this study is discussed further in section

2.1.

In Sina’s paper[20], the phases of cooperative robot transport are: decision phase, recruitment

phase, organisation phase and transport phase. This study adopts similar states in the finite state

machine implemented: an exploration state, a judgement state, a recruitment state, and a push-box

state - further information can be found in section 2.2.1. Sina’s results showed that the task of

cooperative transport of objects can be achieved by swarm robots without communication and per-

fect sensors, and is well scalable. The author mentioned that adding explicit local communication

might further improve performance. This project therefore helps to advance knowledge in the re-

search field by including explicit communication. This is achieved through the use of an IR-based

communication board, more details can be found in section 2.3.7.

This article by Ahmad et al.[21] introduced a new concept: intention recognition, which dif-

fers from plan recognition in that it can even identify actions that the observed agent has not yet

performed, i.e. plan recognition only focuses on the present, whereas intention recognition can

identify the present and predict the future. Intention recognition has also shown great benefits in

simulated box-pushing experiments, but its application to a physical robot may require the robot to

have vision capabilities, which the robot used in this project does not currently have. However, I

use a similar implicit communication scheme to facilitate the box-pushing task and compare this to

explicit communication. Taking inspiration from Ahmad et al, this work investigates a type of ob-

ject recognition where robots in the system can use the information it obtained by this functionality

to determine its next action. More information is available in section 2.3.6.

Li, Shuai, et al. [22]in their study concluded that global communication is superior than local

communication while looking for light sources. This project will remain based on local commu-

nication to adhere to the swarm principles. However, a key discovery of Li, Shuai, et al. was that

explicit communication leads to improved performance. As such, this project will further knowl-

edge by evaluating both explicit and implicit communication schemes for impact in the proposed

box-pushing task. I hypothesise that having too many robots in a small spatial region may be

harmful to the effectiveness of box pushing (i.e. robots will cause obstructions and barriers to one

another. Therefore, I hypothesise that local communication may be employed to better coordinate

the robots to mitigate these inefficiencies. How and whether this hypothesis is true is the scope of
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the experimental investigation of this study, detailed further in chapter 5.

Challenges in Swarm robotics

Even though Swarm Robotics has the good characteristics mentioned in section 1.1.1, it may still

be harmed by malfunctioning robots. For instance, a defective signal receiver or sensor may lead

the robot to acquire incorrect information, while a broken signal transmitter could cause the robot’s

neighbors to receive incorrect signals. Even though the communication is local, if the issue is not

identified in a timely manner, the whole system may be impacted constantly and the mission may

fail[10]. Along these lines, this study will report findings on the general performance of the system

across multiple communication strategies, with an aim to reveal both strengths and weaknesses.

Due to the uniformity of Swarm Robotics, it is not very difficult to program individual robots in

Swarm, and all robots share the same code. The challenge is in ensuring that the robot interacts with

a local neighborhood or environment that prompts the appropriate group behavior. Group behavior

is the superposition of several individual robot actions, which is characterized by complexity and

unpredictability. On the one hand, we may anticipate that Swarm will do well with the simple

agents’ interactions, but on the other hand, it is difficult to predict the result until we conduct the

experiment.

Even though the Swarm Robotics system can operate normally with less manual intervention

than traditional technology due to its robustness, scalability, and flexibility, as stated previously, it

is still necessary to maintain the system if there are faulty individuals in the system or if the com-

munication is unreliable due to destroyed hardware, leading to incorrect information transmission.

Understanding how to determine whether to do maintenance and how to do maintenance on swarm

robot systems requires more investigation.

Cooperative robots should be capable of communicating with one another in order to obtain in-

formation outside their own perspective. When a group of robots is looking for a target, for instance,

the robot that locates the objective will broadcast its position with the other robots. Therefore, re-

liable and robust communication between robots is essential and will aid in the development of

coordination algorithms. In this project, the communication efficiency will also be evaluated.

Regarding to the challenges mentioned above, this project will explore the issues outlined while

developing robotic systems and their communication strategies, and the project’s result will com-

15



prise an awareness of the challenges and the solutions discovered.

1.1.2 Examples of Box-Pushing

The proposed robotic system by Gerkey[23] employs a heterogeneous model: there are roles of

pusher and observer, executing the tasks of pushing the box and observing the target position,

respectively, and communicating through WIFI. Considering that it may not be possible to deploy

WIFI in harsh working environments, I will use local infrared communication applied to each

robot in my project so that the robotic system can communicate without the environment providing

additional conditions, allowing it to be adapted to a variety of scenarios. Furthermore, I create an

implementation that is more aligned to the characteristics and design constraints of swarm robotics,

and look to contribute a study of box-pushing into the field of swarm robotics research.

Kube and Bonabeau [13] have constructed a collaborative box-pushing mechanism based on

the cooperative transport of ant colonies. The robots in this system communicates indirectly, also

known as implicit communication, i.e. it relies on cues in the environment or perceptions of other

robots as a basis for making judgements about its next move. Experiments have demonstrated

that it is feasible to build cooperative robot behaviour using implicit communication alone. In this

study, I will likewise implement implicit communication in my project and assess its performance.

Furthermore, in this study, I will advance knowledge by including explicit communication schemes.

The study by Kube and Bonabeau also examines the size of the object being pushed; the larger the

box the more touchable areas, the more robots can be engaged in the task of pushing the box, and

the more successful the task will be. For my project, I will design the box to be a size that at least

two robots can push simultaneously, in order to better represent whether cooperative behaviour is

generated. In contrast, a box small enough to be pushed by one robot does not require cooperation.

Ghosh’s research[24] used an improved multi-objective particle swarm optimisation algorithm

to solve the problem of multiple robots cooperating to push a box, with implicit communication

used by the system. It also uses a local optimum approach to determine magnitude of the force

applied by two robots, with the force applied being related to the current box position. Within my

study, there is a significant technical challenge: a relatively simple robot must be able to discern

the difference between pushing another robot or pushing a box. My project investigates the use of

feedback from PID controllers used to create consistent wheel speeds for the robot. The feedback
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from these PID controllers are used to infer the forces applied by the robot engaged in pushing.

Further information can be found in section 2.3.6.

1.2 Summary & Contributions

The above literature review has covered ideas and concepts to enable cooperation amongst robots in

swarm robotics. Concerning aspects of communication, explicit and implicit communication have

been advocated in particular. Since implicit communication does not need much technology and

could be rather effective, more and more study is being conducted on how to transmit messages by

sensing and altering the environment to leave cues, which is a concept known as ’stigmergy’[15].

As seen by several studies on implicit communication, researchers have hypothesized that ex-

plicit communication might improve system performance, and some have even proposed that the

greater the number of messages exchanged, the better the system performs. This encourages me to

believe that local explicit communication should have certain benefits. To investigate this point, I

will compare robotic systems using distinct communication techniques.

This project will also explore the challenges and constraints of existing swarm robotics based

on the relatively incapable robots utilized and attempt to address them, such as identifying the type

of object the robot is pushing, in an effort to develop technologies that will improve swarm robotics.

The two main academic contributions of my work are:

1. The IR-based communication board is used to investigate the impact of local explicit com-

munication in a cooperative box-pushing task and to compare the benefits and drawbacks of

explicit communication with implicit communication. Therefore contributes to the advance-

ment of knowledge in swarms by including explicit communication.

2. In my project, I will employ very basic robots to overcome significant technological obstacle:

robots without visual capabilities and explicit communication skills will be able to distinguish

between a box and a robot solely on PID feedback. This provides a substantial contribution

to robotic systems comprised of very fundamental robots.

17



1.2.1 Research Questions

This project aims to construct a robot system that can efficiently fulfill the job of box pushing

utilizing a less expensive robot. Cooperation requires effective communication. I will employ local

communication, which can be subdivided into implicit communication and explicit communication,

to achieve efficiency and high adaptation to varied contexts. The two broard research questions I

propose are:

1. to investigate are how much local communication, and what types of local communication,

can improve the collaboration.

2. to investigate which elements of a robotic system have a significant influence on local com-

munication and it’s application.

In the publications about swarm robotics collaboration, some researchers did not adhere to

the Swarm Robotics principles, while others compared just one communication mechanism to the

baseline. My study subject will keep a strict adherence to the aforementioned principles in section

1.1.1 in order to assess the benefits and drawbacks of different methods of communication.

1.2.2 Aims & Objectives

This research will examine the effects of local communication when robots collaborate to accom-

plish tasks. The selected task for the project is the push box task, a classic kind of object trans-

portation found frequently in everyday life. Object transportation is also known as the ’piano-mover

problem’[25], in which it is essential to not only move the object to the target location, but also ex-

pect the robots to cooperate well, maintain close contact with the target object, and attempt to save

task time by transporting the object in a linear motion. To make robots cooperate, the communica-

tion among the robots is indispensable.

As for the principle of swarm robots mentioned in the previous section, I will adhere to the use

of local communication rather than global communication without destroying the flexibility, scala-

bility and adaptability brought by this communication to the robot system. As Mohamed et al.[26]

found, the range of communication is negatively related to group fitness. Therefore, I am primarily

concerned with which local communication technique may reduce costs while maximizing benefits
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and efficiency, and what factors can increase the percentage of task completion success. The aims

and objectives are listed below.

Aims

For this project, my main direction and purpose is:

• First, I want to know to what degree local communication might boost the cooperation impact

of swarm robot collaboration and which communication strategy offers the most benefits.

• Second, I want to determine which specific communication aspects have the major influ-

ence on communication and if portraying clearer information is more advantageous for robot

collaboration.

While investigating the topics that interest me, there are challenges in Swarm Robotics that

necessitate being resolved. Solving these difficulties also enhances the functions required by this

system, which enables me to get a deeper understanding of what I want to explore. The challenges

are:

• Is the complexity and additional cost of introducing a communication mechanism to a robotic

system worthwhile? This question is central to the whole research, and only if communica-

tion is valuable will the investigation of other concerns be meaningful. It may be hard to

conduct a quantitative study of this problem in its entirety, but the trend of the gathered data

may provide some insight into this issue.

• What is the most effective communication method? Balch stated in his research[17] that

goal communication is superior than state communication in the foraging task. I want to

determine if goal communication is required or whether merely state-based communication

could be effective enough. This paves the way for enhanced explicit communication.

• How can a robot determine if the thing it is pushing is its target object? In order to complete

the objective, the robot must push the box, but it is quite possible that it will encounter another

robot instead. Therefore, the robot should demonstrate good judgment to avoid spending its

limited time on worthless actions. My early guess of the idea solving this challenge is to
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utilize PID feedback to detect the type of object since the box could be gently pushed away

but robots equipped with PID will engage in combat which will be indicated in PID feedback.

• How do the robots coordinate their movements in order to facilitate efficient box pushing?

By simply choosing a constant forward direction when pushing the box, the position of the

robot’s force points and the interference of other robots when pushing the box can easily

cause the box to deviate from the trajectory the robot wants to take, resulting in the robot

becoming separated from the box and the robot having to explore the arena again to find the

box. It is therefore essential to develop an algorithm that gives the robot better control over

the box.

• How to solve the problem that other robots getting in the way? When a robot is pushing the

box, other robots blocking the way will not only slow down the process of pushing the box,

but may also cause the box to be out of the control of this robot, forcing the robot to search

the box again. So it is necessary to reduce the occurrence of this situation.

Objectives

The objectives of this project is listed below:

• Program individual robots to push boxes. Try to get the robot to push the box out in a straight

trajectory. This is the most basic behavior that the robot needs to be able to achieve in the

whole project.

• Design the shape and size of the box, set up the experimental arena, and determine the size

and smoothness of the experiment arena’s surface. These values can be tested by robots with

the capacity to push boxes.

• Implement an algorithm to utilise feedback from the PID speed controllers, used to maintain

constant wheel speeds, to allow the robot to discriminate between pushing a box or pushing

another robot.

• Program the robot to send and receive messages. Investigate and design communication

strategies between robots.
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• A set of studies, including a baseline experiment, an experiment on implicit communication,

and an experiment on explicit communication using various communication styles, should be

developed. It includes predicting robot behaviors worth recording, collecting experimental

data, analyzing experimental results, etc.

1.2.3 Hypotheses

Following the aims and objectives, my first hypothesis is that:

• It is possible for a robot to discriminate between pushing a box and pushing another robot,

by using the feedback from PID speed controllers. This functionality is essential for the task

of cooperative box-pushing, where a robots should not spend time pushing each other. This

hypothesis operates on the theory that a box can be designed to be lighter, and therefore

easier to push than another robot. Furthermore, for a given desired forward speed, a robot

will be able to recognise when the feedback has reached higher thresholds, and that these

feedback levels will be different for unobstructed travel, box pushing, and pushing a robot.

This hypothesis is investigated and documented in section 2.3 (implementation), as it is not

the primary investigation of this project.

• To realize that the robot can control the forward movement of the box, the robot should

first alter its own forward direction and forward velocity in order to exert force on the box.

thus hypothesize that a robot equipped with bump sensors, a PID speed controller, and a

PID heading controller may attain this outcome. The PID speed controller can maintain the

forward velocity of the robot. The robot processes the readings from the bump sensors into

the required turning angles before using the PID Heading Controller to seamlessly regulate

its steering. This hypothesis is investigated and documented in section 2.3

The primary experimental investigation of this project has the following hypotheses:

1. My initial hypothesis on the aforementioned research questions is that local communication

can really help swarm robots cooperate with each other and thus improve task performance,

and that explicit communication is likely to be more effective because the messages conveyed

by explicit communication are more unambiguous. While robots with implicit communica-

tion cannot get to know the state of other robots and then join others’ box-pushing behaviour.
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2. Regarding the factor that is most important to the task’s success rate, I hypothesise it may

be the number of times that robots successfully collaborate, since this should considerably

increase the speed of pushing the box and the straightness of the trajectory when pushing the

box. As can be seen in figure 1.1, when there is one single robot pushing the box, the shape

of the trajectory may be a circle, but when two robots collaborate it is more possible that the

box can be pushed straight forward thus reduce the length of the path(aim of the task is to

push the box out of black line).

Figure 1.1: The trajectory of the box

3. I hypothesise that explicit communication may facilitate the formation of collaborative be-

haviors in a timely manner, and therefore be more efficiently overall. For example, an explicit

communication can travel distance between robots nearly instantaneously, whilst implicit

communication requires robots to first encounter one another physically.
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2 Research Methodology
This chapter describes the framework for conducting the experiment investigation. The experi-

ment can be summarised as investigating whether local communication strategies can improve the

performance of swarm robots pushing a box out of the enclosed arena. This task is elaborated

here section 2.1. In order to compare the impact of different communication strategies, I take the

non-communication mode as the baseline and set up three different communication strategies to

evaluate by comparison. These three strategies are implicit communication, explicit communica-

tion: recruitment and explicit communication: halt. These communication strategies are detailed in

section 2.2.1. After discussing the implementation of the system, this chapter details the design of

the experiment methodology through section 2.2.1, including specific parameters and the procedure

for the part of the experiment that required human participation.

2.1 The Box-Pushing Task

Box-pushing task is, multiple robots in an arena and try to push the box out of the black line(seen

as figure 2.1). Once the box is pushed out, this will be considered as a success. In evaluating the

effectiveness of each method of communication, the number of completed tasks will serve as the

primary indicator. The construction of the experimental scenario and the box design for this task

will be introduced in detail in section2.3.8.

Figure 2.1: Scenario of task
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2.2 System Overview

In order for a robot to perform the task of pushing a box, the robot’s behaviour needs to consist of

a number of specific actions, such as searching for the box, pushing the box, sending and receiving

messages, waiting for help, etc which will make up the complete robotic box-pushing system. This

section will describe the box pushing system under different communication strategies, clearly

illustrating the relationship between the various actions and decisions.

2.2.1 System with different communication strategies

No communication system

When there is no communication throughout the robots’ behavior, it is essential to note that neither

explicit nor implicit communication will occur. In this system, the robots will just do Brownian

motion[27] which constitutes a type of randomised traversal of the task environment. The robots

will not know when to push the box (based on cues in the environment), and they will not utilize

the communication board to communicate with other robots. So they can’t sense the position of

the box and deliberately push it, the box is pushed only because the robot needs to move forward.

Therefore, the baseline can be considered to produce a level of performance without any intention

or task-solution programmed into the robots at all.

When the robots do the Brownian motion[27], the robot randomly change its heading direction

every 800ms. When the robot is in Brownian motion, the angular variation in the forward direction

(radian system) is normally distributed with a mean of 0 and a variance of 0.5. To control the robot

to the required angle, I will use the kinematics function to estimate the angle that the robot has

already turned to find the angle that still needs to be turned and use PID to control the speed of the

two wheels to converge the directional error to 0. A detailed description of this function will be

provided in section 2.3.5 and 2.3.6 when describing Kinematics and PID.

Implicit communication system

Implicit communication involves interaction via environment and sensing. In this experiment, the

system is shown in the figure 2.2. If the robot collides with a box while performing Brownian
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Figure 2.2: Implicit communication system

motion[27], it goes into the state of pushing the box in which the readings of left and right bump

sensors manage the speed of the wheel rotation, allowing it to push the box along a straight line.

The robot would turn around when it detects a black line. The implementation of box pushing in

a straight line and TurningAround state will be described in detail in section 2.3 when introducing

bump sensor, line sensor and PID.

Under this system, the robots explore the environment and interact with the environment only.

Therefore, a robot can change the environment through it’s own interaction with the environment,

and another robot can perceive the condition of the environment as a cue for behaviour. So other

robots choose their next action by the cues in the environment, which is a kind of implicit commu-

nication.
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Explicit communication system: recruitment

Using explicit communication, this kind of engagement enables the robot to communicate trans-

parently and convey more specific data. The flow of this system is shown in the figure 2.3.

Figure 2.3: Explicit communication system

In this system, a robot always sends out a message containing its current state every 100 mil-

liseconds and receives a message from outside every 150 milliseconds using communication board.

If a robot realise that it is bumped, it will use the PID feedback to determine the type of the bumped

object - this is detailed further in section 2.3.6.

If the feedback is smaller than the threshold, then it means the robot encountered a box and
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will go into the waitAndRecruit state. When a robot is in the waitAndRecruit state and receives a

message that another robot is also in this state or in the BoxPushing state, then the robot will also

go into the BoxPush state to start pushing the box with its companion. During the whole loop,

whenever the robot detects a black line it will turn around.

Explicit communication system: Halt

This type of communication is similar to the process described above for basic explicit communi-

cation. The only difference is that when one robot start to push the box, it will send message to

tell the robots which are not in waitAndRecruit state or BoxPushing state to stop at the same place

for 2 seconds. If a stationary robot continues to receive messages from a robot that is pushing the

box, it will remain stationary. In that way, I expect the robots which are around the ones doing box

pushing task will not block their way to interrupt their pushing behavior.

2.2.2 Communication Strategies

1. no communication (NC): No communication means neither communication using commu-

nication boards to transmit messages to other robots, nor perception of the environment using

sensors to obtain cues in the environment. The only sensor that robots use is line sensor which

prevents the robot from going out of the experimental arena.

2. implicit communication (IC): Unlike expicit communication, implicit communication refers

to the transmission of messages to other robots via the environment. This communication

strategy is implemented through the bump sensor in this experiment. When the readings of

robot’s bump sensors feed into PID and returns a feedback indicating that it has collided with

an object, it enters a state in which it identifies the type of object it has collided with, and this

is one of the most important functions of implicit communication.

If it determines that it has collided with a box, the robot gets the readings from the left and

right bump sensors and try to minimize the difference between the two readings with PID

function by adjusting the the robot’s heading direction to make the surface of the box apply

the same force to the left and right skirts of the robot’s bumper. This process is shown in the

figure 2.7. This function is also an important part of implicit communication.
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3. explicit communication, recruitment (EC-R): Using explicit communication, robots need

to utilise I2C extension boards which provide local infra-red (IR) communication to send and

receive messages.

Every 100 milliseconds, a robot transmits a message with its current state. When a robot in

the waitAndRecruit state gets a message indicating that another robot is in the same state or

the BoxPushing state, it will switch to the BoxPushing state as well. Since infrared message

is unable to penetrate the barrier, I chose a box that is slightly taller than the robot so that

if the robots are not on the same side of the box, they cannot receive each other’s messages,

which prevents them from pushing in the opposite sides of the box each other to some extent.

4. explicit communication, halting (EC-H): This kind of communication is based on EC-R.

When a robot enters the BoxPushing state, it broadcasts this state to its neighbors, and the

other robots which are not in BoxPushing state or WaitAndRecruit State halt moving for two

seconds when they get this message(if they continue to receive the message they will stay in

place). After finishing the Stop state, the robot returns to the Brownian motion state. The

pseudocode for this section is shown in algorithm 1 below:

Algorithm 1 explicit communication, halting (EC-H)

value_received = receiveMessage()

if value_received == STAT E_BoxPush then

if (state == STAT E_BoxPush)||(state == STAT E_WaitAndRecruit) then

state = STAT E_BoxPush

else

state = STAT E_Stop

end if

else if value_received == STAT E_WaitAndRecruit then

if state == STAT E_WaitAndRecruit then

state = STAT E_BoxPush

end if

end if
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2.3 Implementation

In order to explore the influence of local communication on robot cooperation, I will use 3Pi robot

(as shown in the figure 2.4, available from [28]), a relatively simple and incompetent robot, as the

basic unit of the swarm robot system. The objective of the 3Pi robots is to push a single box to the

outside of the area bounded by the black line. This requires the robots to have certain internal and

external functionalities to help them complete the complicated tasks, such as distinguishing pushing

a box from pushing another robot, pushing the box, local implicit and explicit communication.

Figure 2.4: Pololu 3Pi+ mobile robots

Figure 2.5 demonstrates the components that enable the robot to have these functions, which

are described in detail below.

An overview of these functionalities is provided:

2.3.1 Software Architecture

During the box-pushing task, the robot will cycle through many phases of operation, such as: trav-

eling around in search of boxes, pushing the box, waiting for help, sending and receiving messages,

working with peers, etc. Thus, when the complexity of the operations to be performed grows, it

becomes necessary to build a finite state machine to simplifies the code and expedites the devel-

opment process[29]. The specific workflow of each communication methods is demonstrated in

section 2.2.
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Figure 2.5: System components

2.3.2 Line sensor

The line sensors are positioned beneath the robot and they are used to allow a robot to detect the

edge of the arena. The five line sensors are located underneath the front of the robot(shown in

figure 2.6), they are all reflectivity sensors and they only provide a simple reflectivity reading to

determine how light or dark the surface is underneath the robot[30]. The higher the value returned

by the sensor, the darker the surface. In this project, when the line sensor detects a black line (i.e.

the edge of the area), the robot will turn to get back inside the area and thus continue searching for

the box.

I set the turning_around movement to make the robot move backwards three centimetres to

control the speed of the motor and then rotates 180◦ so that the initial direction before entering the

next state would be towards the inside of the arena. This action is also performed when the robot

recognizes that it has collided with another robot, and the action of stepping back leaves room for

30



Figure 2.6: 3pi robot features(available from [28])

the robot to turn around smoothly.

2.3.3 Bump sensor

The Bump Sensor is comprised of two reflectance sensors and a bumper skirt on the front of the

robot(shown in figure 2.6), which determines if the robot’s front has bumped with other objects.

Unlike line sensors, the reflectance sensor measures changes in reflected light, so when the flap

in front of the 3Pi’s bump sensor is pressed down, the 3Pi detects whether the contact is on the left

or right side. Since the robot is able to determine the position of the object it is colliding with, it

can modify its direction to push the object in a straight line (for example, if the robot senses that

the object is on the left, it will speed up the right wheel, seen as figure 2.7).

Figure 2.7: Direction ajust

Because bump sensors could detect changes in reflected infrared light, they are very susceptible

to other sources of infrared light in the environment[30]. Therefore, I put in a calibration procedure
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to eliminate that effect. After the robot is turned on, I press its bumper skirt twice, and at the same

time the robot collects the sensor readings during calibration to obtain the maximum and minimum

readings, based on which the subsequent readings will be processed as following equation:

reading =
reading_orignal− reading_min

reading_max− reading_min
(2.1)

Regarding equation 2.1 above, reading_original refers to the latest bump sensor acquired by the

robot, reading_min and reading_max is the minimum and maximum value of the readings from

calibration.

2.3.4 Rotary encoder

To keep track of how many times the wheels have spun, every wheel is fitted with a rotary encoder,

which consists of two hall sensors arranged at right angles to one another. When the wheel is

in motion, the magnet follows suit, spinning to create a magnetic field around the sensor circuit

and triggering a number of different signal outputs. The interrupt service routine(ISR) is activated

whenever there is a change in the signal outputs[29].

With the rotary encoder, the current speed of the robot can be easily obtained. For each loop

of the system, the cumulative number of wheel revolutions enc_count is counted, and the average

speed over this time is obtained by the number of wheel revolutions dividing the time difference

between the two loops which is shown in the equation 2.2 below. Since each loop is separated by a

very short time, this average speed can be approximated as the current speed.

speed =
enc_count− enc_count_previous

millis()− spd_update_ts
(2.2)

Regarding the equation 2.2 above, enc_count_previous is the number of wheel revolutions obtained

in the last loop, millis() gets the current time spot and spd_update_ts refers to the time spot when

the speed was last calculated.

2.3.5 Kinematics

Using kinematics, the pose of the robot relative to its initial starting point can be estimated[29]. To

achieve this, every short time ∆t the robot calculates the angle θ and the distance traveled toward
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the x and y axes (XR and YR, respectively), summing these small angles and distances to get the

cumulative distance traveled and the angle of rotation. The equations to calculate ẊR and ẎR are

shown in equation 2.3

ẊR =
rφl

2
+

rφr

2

ẎR = 0
(2.3)

The parameters in the equation are shown in the figure 2.8. XI and YI are the axes of global

Figure 2.8: Robot kinematics[29]

co-ordinate frame, the origin of this frame is the position where the robot is powered on. XR and YR

are local co-ordinate frame, so the position of the wheel with respect to the center of the robot can

be represented. r refers to the radius of the wheel and l is the radius of the robot. φl and φr is the

Angle at which the left and right wheels of the robot rotate respectively, these could be obtained

from rotary encoders.

Since the robot is always going in the direction of XR, ẎR is always equal to 0. And ẊR(the

distance traveled by the robot) is calculated as the average of the distance traveled by its two wheels
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as equation 2.3.

To understand the robot’s current position, the most important thing is to calculate the θ̇ , Angle

of each rotation of the robot. This angle can be obtained as the difference in the angle at which the

contribution made by each of the left and right wheels causes the robot to turn. The equation to

calculate it is shown in 2.4.

θ̇R =
rφl

2l
− rφr

2l
(2.4)

So the coordinates and posture of the robot under the global co-ordinate frame can be obtained

by equation 2.5. t is the number of iterations.

X t+1
I = X t

I +
(
ẊR cosθ

t
I
)

Y t+1
I = Y t

I +
(
ẊR sinθ

t
I
)

θ
t+1
I = θ

t
I + θ̇R

(2.5)

2.3.6 PID controller

The PID controller can adjust the input value of the system by converting the error signal into

feedback signal to achieve more accurate and stable control of the system[31]. The PID controller

works as shown in figure 2.9.

Figure 2.9: Simple illustration of a PID controller, image from Wikipedia [31]

The input is r(t) and the output is y(t), e(t) is error which is equal to r(t)− y(t). u(t) is the

feedback signal which is used to adjust output to the demand value(input). The gain of P, I, D which

is Kp, Ki and Kd are initialised as specific value based on scenario requirement. The calculations of

34



P, I and D are shown in equation 2.6.

P = Kp ∗ error

Isum = Isum + error ∗∆t

I = Ki ∗ Isum

D =
Kd ∗ (error− last_error)

∆t

(2.6)

And the PID feedback is the sum of P, I and D shown in equation 2.7.

f eedback = P+ I +D (2.7)

In this project, the PID controller primarily assists in the performance of three functions: direc-

tion control, speed control and object recognition.

Direction control and Speed control

When pushing the box, the different pressure applied by the box to the left and right bumper skirts

of the robot causes the bump sensors to read differently. In order to keep the robot applying a force

perpendicular to the surface of the box, it needs to keep the bump sensors readings the same. So

for the direction control feedback, the input is 0 (the demand difference between the bump sensors’

readings is 0) and the measurement is the difference between the two bump sensors’ readings. After

getting the direction control feedback, it will be used as a factor to adjust the demand velocity of

two wheels for speed control.

Object recognition

The PID feedback enables the robot to identify the object it bumped. By comparing the PID re-

sponse of a robot traveling on a flat surface with no obstacles, the PID feedback allows the robot to

differentiate between pushing against another robot and pushing a box. When the robots encounter

another robot, they both adjust their speed to try to push each other and the result is that they are

stuck in place. two robots both pushing each other with contact on their fronts is basically equiv-

alent to a robot pushing a stationary object, and the PID feedback will increase rapidly. The PID

feedback when two robots fight each other is shown in the graph 2.10. From the graph 2.10, we

35



Figure 2.10: PID feedback when two robots fight each other

can see that the PID feedback value continues to rise rapidly, indicating that the robot is attempting

to attain the required velocity but is unable to do so owing to a significant external force.

The box, on the other hand, could be pushed forward, resulting in smoother PID feedback which

is shown in the graph 2.11. The graph 2.11’s curve depicts the variation in PID feedback as the

Figure 2.11: PID feedback when robot pushes a box

robot continued to push the box until it hit the wall. It can be seen that the PID feedback fluctuates

around 80 in the stages of pushing the box and spikes once it hit the wall.

As for pushing a stationary object like a wall, this situation is similar to pushing a box because

the external force applied to the robot is not as strong as the force when two robots fight. It’s gentle

and the PID feedback will soon reach a state of equilibrium as can be seen in graph 2.12. Graph
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Figure 2.12: PID feedback when robot moves on a smooth surface and encounters a wall

2.12 illustrates the change in PID feedback when the robot moved from a smooth surface until hit a

wall and attempted to push it. When the robot pushed the wall, the PID feedback was around 110,

which is slightly higher than that when the robot pushed the box. This may be because the sliding

friction force applied by the box on the robot is smaller than that applied by the wall.

To make robot distinguish the box from an oncoming robot, I set a threshold as 100. When the

feedback is larger than 100, then the robot will believe it encounters a robot and need to do turning

around movement, otherwise, it will prepare for pushing the box.

This detection of objects is effective when the robot collides with the front of another robot. If

the robot 1 collides with robot 2 from robot 2’s side or rear, the PID feedback will be similar to

the ones when the robot collides with the box, because the bump sensors are on the robot 2’s front

and are not pressed, so it won’t cause a head-to-head fight between two robots, which may lead

the robot to be pushed out of the enclosed area. Graph 2.13 illustrate this point. This graph shows

the PID feedback when a robot pushes another robot from its back. The value of the PID feedback

floats around the threshold makes it difficult for object recognition. This problem is difficult to

solve under the current conditions and the solution of this problem I will mention in section 5.2

future work.
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Figure 2.13: PID feedback when robot pushes another robot from its side

2.3.7 IR communication board

This project utilises a short range communication board designed by Dr. Paul O’Dowd from the

University of Bristol. This board has been utilised without major modifications, and serves to

increase the functionality of the basic Pololu 3Pi+ robot. This board is visible in figure 2.14. More

details can be found online[32].

Figure 2.14: Communication board
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This communication board enables the Pololu 3Pi+ robot to conduct local infrared communi-

cations with a maximum range of approximately 30cm, sending or receiving a maximum character

length of 28 bytes. Importantly, the board can only send and receive in discrete (independent) in-

tervals, and the board is not capable of determining the location or direction of transmission of a

message. For example, a robot will receive messages from all directions. Similarly, robots transmit

messages in all directions around themselves (i.e. a broadcast). Due to the frequency of sending and

receiving information, in practical applications, multiple robots sending information to each other

may cause conflicts, resulting in some robots not receiving information immediately and delaying

their actions. However, the board does have an error correction algorithm implemented, meaning

that corrupted information is ignored, and only the efficiency of receiving messages is impacted.

This will be discussed later in the chapter 3 and section 5.2.

2.3.8 Box Design and Considerations

The box for the box-pushing task is 3D printed which has four inwardly recessed circular sides(shown

in figure 2.15a). Ideas for the shape and size of the box were developed by me and Dr. Paul O’Dowd

and the model of the box was designed by Dr. Paul O’Dowd from the University of Bristol, and the

design files are available in the appendix A. Each corner of the box is perforated with a hole so that

it could be connected to another box and secured with a tether (for example, a zip-tie) to increase

its size. The box’s top has four protrusions and the bottom has four recesses, allowing the boxes

to be stacked to enhance their height. There is also a square depression in the center of the box to

reduce the weight of the box.

The box I used consists of four base boxes, as shown in the figure 2.15a, and it has two tiers,

with two base boxes on each tier. The box’s width and length are both 150mm, and its height is

30mm. It is important that two boxes are stacked up, which means that the communication between

robots is obstructed. This is because the line of sight between the transmitter robot and a potential

receiver robot is blocked. This prevents a robot from the opposite side, which is about to push the

box in the opposite direction, from receiving the message. So the possibility of two robots pushing

boxes from opposite sides of the box at the same time is reduced, which is a phenomenon that can

lead to stagnation in the box-pushing task.

Because of the length of the total box, when only one robot is pushing the box, the robot may
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(a) Image of the box (b) Image of the arena

Figure 2.15: Box for box-pushing task and experimental arena

push the box in a circle (because there is no robot to help push the other side). The trajectory is

shown in the figure 2.16. As a result, the box cannot be pushed out of the field efficiently by a

single robot, creating a task that is more difficult for a single robot. In contrast, when two robots

are pushing at the same time, the box is more likely to be pushed along a straight trajectory and be

pushed out of the field more quickly.

Figure 2.16: Trajectory of single robot pushing the box: take the red dot as the center of the circle

and the distance between the centers of the two boxes as the radius

The box has been designed specifically with some semi-circle cut-outs to accommodate the

robot. Using this design of box, the robot is better able to find the point of application of force as it

pushes. The radius of the cutout is 55mm, which is slightly larger than the robot’s radius.
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The experimental arena is shown in the figure 2.15b. The experimental arena is a rectangle with

a length of 95cm and a width of 55cm. The arena is enclosed by a black line set away from the

edge, which the robots are able to detect and navigate away from, to prevent moving off the arena

surface. This also allows robots to complete a box-pushing operation, assuming that the box has

left the arena when the black tape is encountered.

2.3.9 System Parameters

Some specific parameters are also used in this experiment in order to make the performance of the

system better. The values of these parameters are listed below:

• PID feedback threshold: The value of the threshold is 200, which means if the feedback is

greater than 200, then the robot would know that it has bumped into another robot.

• Bump sensor threshold: The value of bump sensor threshold is 1600. The reading of bump

sensor larger than 160 means that the robot has bumped into something.

• Line sensor threshold: The value of line sensor threshold is 1900. When the reading of line

sensor is greater than 1900, the robot has detected the black line and is at the arena’s edge,

ready to turn around.

• Waiting time values: After the robot hit the box, the robot would wait trying to recruit other

robot to help. Whether the robot recruits another robot or not, it will start pushing boxes after

waiting 20s.

• Interval between sending and receiving messages: The robot transmits and receives signals

every 100 and 150 milliseconds, respectively.

• The basic forward velocity is 0.45. This is an appropriate speed for a single robot to move

the box.

• For the PID controller, Kp, Ki and Kd(the gain of P, I, D) for direction controller is 2.5,

0.0001, 0.0, for speed controller is 80.0, 0.1, 0.0.

41



2.4 Experiment Methodology

This section covers in detail the experiment’s procedures and the data collected throughout the

experiment. Concurrently, I pointed out the potential problems with the experiment and what I did

to control them.

2.4.1 Experiment Variables

The independent variables in this experiment are

• Communication type: There are four communication methods: no communication(NC), im-

plicit communication(IC), explicit communication-recruitment (EC-R), explicit communication-

halting (EC-H).

• The number of robots is varied to 2, 3, 4, and 5 robots.

Therefore, there are four experimental scenarios conducted with the abbreviation NC, IC, EC-R

and EC-H. These are each repeated with the numbers of robots 2,3,4 and 5. Every combination of

scenario and number of robots is repeated for 5 trials. Therefore, this investigation has made 80

trials in total. For these experiments, I captured the dependent variables as shown in the following:

• Number of times the robot cooperated, Ncooperate: The times that more than one robot push

the box together on the same side, indicating that the robots successfully assist each other.

• Number of times the robot pushed against each other, Nagainst : This means the times that two

or more robots push on different sides of the box. Since the opposite forces cancel each other

out, the box cannot be pushed.

• Number of times the robot pushed alone, Nalone: This means the times that just one single

robot pushes the box and no one helps it.

• Number of times the robot got stuck, Nstuck: When several robots meet each other, it is likely

that the robots may mistake each other for a box and continue to push each other, causing

them to get stuck, section 2.4.2 illustrates this situation. If the robots continue being stuck

for more than 30 seconds, then Nstuck will increase by one.
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• Number of times the robot be pushed out of the area, Nout : When the robot is pushed by

another robot from the its own side and back, it is more likely to be pushed out of the area

enclosed by the black line, and this number is used to count the number of times the robot is

pushed out.

• Number of times the robot waited, Nwait : This measurement only be collected when using

explicit communication which counts the times that robots wait for help.

• Number of times the task completed, Ntask: This means how many times the box is pushed

out of the arena successfully.

The independent variables and dependent variables of the main experiments in this project

are summarized in the table 2.1.

Table 2.1

Category Variable Definition

Independent variables Communication type

There are four communication methods: no communication(NC),

implicit communication(IC),

explicit communication-recruitment (EC-R),

explicit communication-halting (EC-H).

The number of robots The system size of the robot: From 2 robots to 5 robots.

Ncooperate Number of times the robot cooperated

Nagainst Number of times the robot

Nalone Number of times the robot pushed alone

Dependent variables Nstuck Number of times the robot got stuck

Nout Number of times the robot be pushed out of the area

Nwait Number of times the robot waited

Ntask Number of times the task completed

With these variables described above, I wish to discover the inherent connection between the

number of completed tasks and the different robot behaviors. Through these relationships, I can

more easily identify the factors that contribute to the accomplishment of the task and the areas that

need improvement.

In order to keep the measurements I collected are reliable, robust and meaningful, there are

some necessary controlled variables:
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• The duration of the experiment: The duration of every set of experiment is 5 minutes. If the

duration is too short, the robot may not even have enough time to complete the task for once.

If the duration is too long, then the task of collecting data becomes onerous.

• Ambient light: This factor influenced the experiment a lot. In this experiment, the ambient

light should preferably be uniform, if the light(such a the sunlight) comes from just one side,

then the line sensors of the robots would fail, the robots will find it hard to detect the black

line and will decide to cross it.

• The size and shape of the experiment arena: The size of the arena should not be too small or

it would be crowded and in chaos. If it is too large, then it would take a long time to see the

box pushing happen or it would take a large number of robots. A well-sized arena can save

both time and resources. The shape of the field should better be curved without sharp angles,

as the robot will not be able to turn around in time when it hits a sharp corner.

• Box size and weight: The size of the box should be suitable for the robot. This has been

introduced in section 2.3.8. And the box should be adjusted to a weight that enables at least

two robots to push the box, as the minimum cooperative cell is two robots.

• The color of the experimental arena surface: The color of the surface should be light enough

so that the robots could distinguish the black line. The surface color used in this experiment

is pure white

• The weight of the robot: Although the robots in the scenario with no communication and

implicit communication do not have to utilise the communication board, In order to maintain

the same weight of the robot so as not to affect the speed of the robot, the robots in all

experiments were equipped with communication boards.

2.4.2 Procedure

To make the experiment fair and to enable the experiment to proceed well, there are some human

activities that need to be regulated. All robots are triggered sequentially and calibrated by pressing

their bumpers’ skirts. Once all robots have been activated, they will be evenly distributed around
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the arena’s edge before the box is placed in the centre point and then the clock starts to count for 5

minutes. So when the clock starts, every robot is start moving. Taking five robots as an example,

the initial positions of the robots are shown in the figure 2.17.

Figure 2.17: Initial positions of the robots, the robots are evenly distributed around the arena’s edge

During the experiment, if the robots get stuck with the box or other robots, human will start

to count for 30 seconds, if the robots are stuck for over 30 seconds, then Nstuck will increase by

1, after that, the robots will be separated manually and evenly distributed around the arena’s edge.

The process of dealing with the stuck robots is shown in the figure 2.18.

Figure 2.18: Process of dealing with the stuck robots: the robots will be separated manually after

stuck for 30 seconds

If a robot is pushed out of the arena, then it will be placed on the edge closest to where it was

pushed out, and Nout will increase by 1. The position where the robot is placed is shown in the

figure 2.19.

If the box is pushed out, then it will be placed in the middle of the arena. This ensures that each

pushing task is fair (every time the box is pushed from the middle of the arena to the outside). The
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Figure 2.19: Process of dealing with the robot being pushed out: the robot will be placed on the

edge closest to where it was pushed out

position where the box is placed is shown in the figure 2.20.

Figure 2.20: Process of dealing with the box being pushed out: the box will be placed in the middle

of the arena
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3 Results
To explore whether and which local communication can improve swarm box pushing, I col-

lected data on the various behaviours of the robots in the experiment and compared the results in

two ways: the type of communication method and the number of robots. These comparisons helped

to find the best communication methods and to explore the scalability of the robotic system. This

chapter proceeds as follows. First, the results of varying communication types are discussed in

section 3.1. Then the results of varying number of robots are demonstrated in section 3.2. Finally,

the conclusion and the issues need to be further investiget are summarised, before drawing final

conclusions in chapter 5.

3.1 Varying Communication types

In this section, I compare all the experimental results according to various communication methods

(NC, IC, EC-R, EC-H, as detailed in section 2.2.1), and the results are shown as follows.

The chart in the figure 3.1 shows the number of times the robot successfully completed the task

with different communication methods. The variance and mean values show that implicit commu-

nication is the most effective. The use of implicit communication resulted in the highest and more

consistent number of successful task completions on average. In contrast, explicit communication

is less powerful, particularly EC-H. It shows that implicit communication works best in terms of

task success rates alone.
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Figure 3.1: the number of times the robot successfully completed the task(note:the beige dashed

line is the mean, the solid black line is the median, and the dots are outliers. The error bars are the

standard deviation.)

It can be seen from 3.2a and 3.2b that using explicit communication can reduce the number of

times the robot pushes the box alone and increase the number of instances of robot cooperation.

This indicates that explicit communication did promote cooperation between robots. However, this

increase in cooperation did not seem to be very helpful in task completion, which can be observed

by a mean value of N_task in figure 3.1

(a) Number of robots push the box alone (b) Number of robots cooperate with each

other

Figure 3.2: The number of robots push the box alone or collaboratively (note:the beige dashed line

is the mean, the solid black line is the median, and the dots are outliers. The error bars are the

standard deviation. The scale of the two coordinate systems’ axes are not consistent))
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Figure 3.3 shows that using implicit communication (IC) makes the robot more likely to push

boxes from opposite directions with other robots, while explicit communication-Halting (EC-H)

could help solve such problem because explicit communication-Halting is designed for avoiding

this situation because if the robots with EC-H start to push the box, they will communicate with

other robots to tell them just stay in place, so other robots won’t block their way.

Figure 3.3: Number of robots push the box against with each other(note:the beige dashed line is the

mean, the solid black line is the median, and the dots are outliers. The error bars are the standard

deviation.)

Figure 3.4a shows that robots using Implicit Communication (IC) and Explicit Communication-

Recruiting (EC-R) were less likely to get stuck. And 3.4b demonstrates that the number of robot

be pushed out of the arena is the least with no communication.

For all the aspects mentioned above, the differences in numerical terms between systems with

different communication methods are not notably significant. This is observable by the overlap of

the error bars, meaning that the results were not particularly separable. From figure 3.5 we can see,

the aspect of explicit communication that differs the most from the other communication methods

is that both types of explicit communication have a certain amount of waiting time before the box

be pushed.

I suppose the variable Nwait shown in figure 3.5 is the major element limiting the functioning

of the explicit communication system. This is due to the fact that, while waiting for assistance, the
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(a) Number of robots get stuck (b) Number of robots be pushed out

Figure 3.4: The number of robots get stuck and be pushed out (note:the beige dashed line is the

mean, the solid black line is the median, and the dots are outliers. The error bars are the standard

deviation. The scale of the two coordinate systems’ axes are not consistent))

robot does nothing to assist other robots in locating a box or do any useful operations, other than

continually sending signals to other robots informing them that it is waiting. Therefore, explicit

communication appears to cause waiting behaviours and so a reduction of efficiency overall.

3.2 Varying Number of Robots

In order to evaluate the scalability of the robot system and to find the appropriate size for the

robot system, I set up a set of experiments in which the number of robots varied from two to five

when using different communication methods, detailed in section 2.3. Due to the limitations of the

experimental arena’s size, five robots seemed to make the arena a little crowded, so set maximum

number no more than five should be a good choice.

From figure 3.6, which shows the sum of Ntask when all communication types combined to-

gether, we can see that the robotic system performs the best when there are four robots in the

system. When the size of the system gets larger, the effectiveness of the system began to decline.
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Figure 3.5: Number of times that robots wait(note:the beige dashed line is the mean, the solid black

line is the median, and the dots are outliers. The error bars are the standard deviation.)

Figure 3.6: Result of Ntask when all communication types combined

Figure 3.7 demonstrates the effectiveness of different sized robotic systems using different com-

munication methods to complete tasks. No communication and implicit communication have sim-

ilar trends, with both being most effective when there are four robots in the system, while explicit

communication is less effective except when the robot system has just two robots. The performance

of systems using explicit communication does not vary much as the number of robots rises, and as

the number of robots increases, the performance gap between explicit and the other two commu-

nication techniques narrows. This indicates that crowding in the arena has less effect on systems
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with explicit communication as opposed to systems with implicit communication. It might due to

the reason that the explicit communication makes the collective behavior of robots more orderly,

but the cost is that it takes longer to achieve this performance.

Figure 3.7: Results of varying numbers and communication types of robots

3.3 Summary

As I initially suspected, adding explicit communication does increase the number of times the

robots work together, but it also significantly reduces the number of times the robots push the box

alone. This is likely due to the fact that when using explicit communication, the robots spend

a certain amount of time waiting in place before pushing the box, and this time is not utilized

very efficiently. In addition, not every waiting period is for box pushing; occasionally the robots

encounter another robot instead of a box, which renders the lengthy waiting period pointless.

And when using EC-H, the issue of time waiting got worse. When there is one or more robots

pushing the box, then, other robots will stop moving so as not to obstruct the path of the robot

pushing the box. While this does have some effect as Nagainst and Nout are reduced, the number of

times the robot gets stuck increases and the number of times it pushes the box decreases due to less

movement. This makes it less probable that robots using this strategy would accomplish the task.

So I stopped improving EC-H and shortened the waiting time of EC-R from 20 to 10 seconds and

carried out a series of experiments, which are detailed in the section 4.2.
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When a single robot pushes a box, it can only press one side of the box and move in an ap-

proximate circular trajectory so it can hardly push the box out of the black line in a single motion.

However, two robots operating in tandem can push both sides of the box simultaneously makes the

pushing more efficient. Nevertheless, it seems that a single robot repeatedly pressing the box in

various directions could also accomplish the task. Therefore, the robot performed rather well while

pushing boxes with just Brownian motion although there is no sensor to guide its movement, and

no explicit mechanisms to facilitate cooperation. To explore this question more deeply, I conducted

additional experiments described in the next chapter, section 4.1.

Figure 3.6shows that the system performance decrease with the increase number of robots.

The reason for this can be observed during the experiments, the greater the number of robots, the

higher the likelihood that they will get entangled since they would collide with one another more

often. However, I also observed that as the number of robots increased, the frequency with which

they received the message decreased (when a robot receives a message, the communication board

will flash green, otherwise red). To investigate whether robots interfere with each other’s message

conveyance, I conducted a series of tests (described in the next chapter, section 4.3) to investigate

whether the probability of receiving a message varies with the number of robots.
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4 Follow-up Experiments
Chapter 3 discussed several unexplained phenomenon in the summary (section 3.3). For this

reason, this chapter explores these phenomena further with a set of additional experiments. The

additional experiments are single robot box pushing in section 4.1, using explicit communication-

recruitment with 10s waiting time for box-pushing task in section 4.2, and message sending and

receiving test in section 4.3.

4.1 Additional experiment 1: Single robot box pushing experi-

ment

Since both the Brownian-only and implicitly communicative robotic systems relied on a higher

number of individual box pushes to complete the task, in order to investigate the reason why the

NC system worked well, I am going to add a set of experiments in which the robots are made to

push boxes individually.

4.1.1 Experiment method

There are two groups, one group will use two bump sensors to sense the position of the box and

equipped with PID to adjust the forward direction, and another group will not use any sensors and

the direction of heading is changed randomly every 0.5 just like Brownian motion mentioned in

section 2.2.1.

Each experiment will be conducted for 10 seconds and the coordinates of the box will be

recorded. Both groups of robots will push the box in vertical and lateral positions as shown in

the figure 4.1 which may occur in the box-pushing task, each position will be used for 10 experi-

ments.

And the variables I am going to measure is the offset of the box from its initial position after
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(a) The robot pushes the box lengthwise (b) The robot pushes the box laterally

Figure 4.1: Different positions of the robot pushing the box

being pushed by the robot for 10 seconds. The establishment of the coordinate system is shown in

the figure 4.2.

(a) Coordinate system when the robot

pushes the box lengthwise

(b) Coordinate system when the robot

pushes the box laterally

Figure 4.2: Coordinate systems

4.1.2 Result

A straight trajectory for the boxes is the best result, because pushing the boxes in a straight line can

lead to the shortest trajectory and the shortest time spent when the robot is pushing the boxes. So in

this experiment the distance of the box from the origin and the angle of deviation of the box from

the y-axis were measured, to investigate which method of pushing the box would result in the box

travelling a longer distance in a fixed amount of time with a smaller angle of deviation. The results
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are shown in the figure 4.3.

(a) The length of trajectory (b) The angle of which the trajectory deviates from a

straight line

Figure 4.3: Different positions of the robot pushing the box(note:the beige dashed line is the mean,

the solid black line is the median, and the dots are outliers. The error bars are the standard devia-

tion.)

Observing the results for longitudinal box pushing alone in figure 4.3, the mean of trajectory and

deviated angle shows that the PID-equipped robot pushed the box further and with less trajectory

deviation in the 10 seconds experiments, as anticipated. In contrast, when the box is pushed in a

laterally direction, the robot in Brownian motion performs substantially better in terms of trajectory

length and deviation. Based on my observations during the experiment, I suppose that this is related

to the way the robot applies force when pushing the box.

The PID equipped robot will use bump sensors to sense the posture of the object. If the object is

on the left of the robot, the robot’s right wheel will speed up so that the robot’s tangent is as parallel

as possible to the tangent of the box, using this method of pushing the box, it is very effective for

the robot to push the object at the centre line of the object. However, if the robot is not at the centre

of the object, the robot may push the object in a circle with the other end of the object as the origin.

If the robot in Brownian motion is pushing a box at the centre of the box, the robot has no

logical direction of travel and can easily push the box to the side, causing it to leave the robot.

However, if the robot is not at the centre line of the box, then the random direction of the robot

could potentially help the box to move further. As shown in the figure 4.4b, the robot’s forward

direction, if pointed towards the centre of the box, achieves a delicate equilibrium, and although
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the box’s trajectory may deviate at an angle, it does not separate from the robot, allowing the robot

to keep pushing the box.

(a) The robot in Brownian motion pushes the box

lengthwise

(b) The robot in Brownian motion pushes the box lat-

erally

Figure 4.4: Different positions of the robot in Brownian motion pushing the box

4.2 Additional experiment 2: Using explicit communication-

recruitment with 10s waiting time

4.2.1 Method

The details of this robotic system is introduced in chapter 2. And here in this experiment, I changed

the parameter of waiting time from 20 to 10 seconds, expecting better performance with less waiting

time waste. The result of this experiment is shown in the figure 4.5.

4.2.2 Result

Figure 4.5 demonstrates that the EC-R system with the shorter waiting time outperforms the other

explicit communication communication methods, tying for first place with the system without ex-

plicit communication when there are three robots. Nonetheless, as the number of robots rises, its

advantage diminishes and its performance starts to deteriorate. Due to the lower waiting time of
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Figure 4.5: Ntask of EC-R(10s) compares with other communication methods

this system, its explicit communication features are not as evident, and as the number of robots

rises, the performance of this system tends to be similar to non-explicit communication.

The detailed results of EC-R(10s) is shown in the figure 4.6, here we can find some relationships

between different behaviours and the number of times that robots complete the task.

In figures4.6(b) and (c), the averages of Nalone and Ncooperate fall between the values of explicit

and non-explicit communication, indicating that the impact of explicit communication diminished.

Notable is the significant decrease in Nstuck compared to the other communication methods, but

the concurrent increase in the number of robots being pushed out of the arena, possibly because

more robots were pushed out of the arena during mutual confrontations as opposed to sustained

confrontations. Due to the reduction in waiting time, robots may have had more time to explore and

seek for the box, resulting in an increase in Nwait . All of these parameters enhanced EC-R(10s)’s

performance but it is still slightly inferior than IC.
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Figure 4.6: Ntask of EC-R(10s) compares with other communication methods(note: The scale of

the seven coordinate systems’ axes are not consistent)

4.3 Additional experiment 3: Message sending and receiving

test

4.3.1 Method

This experiment is designed to test and evaluate the reliability and efficiency of explicit communi-

cation under more controlled circumstances. In this experiment, I will make every robot commu-

nicate a message with each other five hundred times using communication board, and the quantity

of messages successfully received by robots will be recorded. The distance between each adjacent

robot is 15cm. I chose 15cm because when the robots work together to push the box, they are about
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15 centimeters apart. The placement position of the robots is shown in the figure 4.7. Under these

experiment conditions, the robots do not move or attempt to complete the box pushing task. To

ensure fairness, each experiment will be repeated ten times, and each robot will be used. There are

five robots in total, which means each robot will be used to collect data twice. To make the evalua-

tion of the communication reliability and efficiency, the total number of robots used is varied. The

hypothesis is that the number of robots is having an impact on the stability of communication due

to message signal interference.

Figure 4.7: The placement position of the robots

4.3.2 Result

The collected result is shown in the figure 4.8.

The result from figure 4.8 shows that as the number of robots rises, the transmission and recep-

tion of communications between robots will be impacted. Considering that each robot transmits

500 messages to the outside world, the total number of messages received might be expected to

grow as the number of robots increases. However, the robots experience interference in receiving

the messages, resulting in fewer messages received by each individual robot.

From figure 4.8, it is possible to observe that in an ideal situation with two robots less than 500

messages are received. With just two robots, message interference is not expected. However, due

to the design of the communication board (see section 2.14), a robot can only send and receive in

independent periods. So this loss of messages received may be due to a lack of synchronisation

between the sending and receiving robots. However, taking the situation with two robots as ideal,

figure 4.8 shows that the performance of communication degrades significantly with the addition
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Figure 4.8: Number of received messages

of more robots, rather than staying consistently poor. Furthermore, the error bars broaden after two

robots, indicating that the performance is more variable with the addition of further robots.

As the ability of the robots to receive messages is worse at a number of robots of 4 than at

a number of 3, this explains the increase in the gap between explicit and implicit communication

when the number of robots is 4 in the figure 3.7, i.e. the robots utilising explicit communication

spent time waiting for help from other robots, and further delay was caused by the robots not

receiving messages in a timely manner.

4.4 Summary

In general, despite the improvement of explicit communication’s waiting time, implicit commu-

nication continues to have the most impact. The following conclusions may be drawn from the

experiment: First, the robot system’s performance is proportional to the number of robots. If the

density of robots is too low, it will take longer to locate the box, but if it is too high, it will create

congestion and make moving the box more difficult. Therefore, it is crucial to choose an appro-

priate size for the robot system. In these experiments, the better number of robots was 4 in total.

However, this must be understood to be relative to the size of the task environment, and how much

space these robots therefore occupy, or their probability of collision. Therefore, a general recom-
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mendation on this performance issue cannot yet be made.

Second, the posture of the robot pushing the box can also be learned from the robot that only

does Brownian motion. The PID may be used to estimate the box’s location more precisely in

order to change the direction in which the robot applies force to the box. The use of explicit

communication may enhance cooperation between robots to some degree, but it is required to

establish an adequate waiting period so as not to postpone the robot’s entry into the next round of

box exploration, as well as to improve the immediacy of communication.

In terms of the complexity of hardware and software, implicit communication is simpler and

more effective at accomplishing tasks than explicit communication. If improvements of the com-

munication board are possible, explicit communication may also be enhanced and would be the

subject of future work.

62



5 Conclusion and future work

5.1 Conclusion

This project has investigated a box-pushing scenario within swarm robotics. In the box-pushing

task, swarm robotic systems with different communication strategies tried to push the box out

of the black line. The systems with different local communication methods are compared with

baseline(no communication).

The project had the following hypotheses initially presented in section 1.2.3:

1. My initial hypothesis on the aforementioned research questions is that local communication

can really help swarm robots cooperate with each other and thus improve task performance,

and that explicit communication is likely to be more effective because the messages conveyed

by explicit communication are more unambiguous.

2. Regarding the factor that is most important to the task’s success rate, I hypothesise it may

be the number of times that robots successfully collaborate, since this should considerably

increase the speed of pushing the box and the straightness of the trajectory when pushing the

box.

3. I hypothesise that explicit communication may facilitate the formation of collaborative be-

haviors in a timely manner, and therefore be more efficiently overall. For example, an explicit

communication can travel distance between robots nearly instantaneously, whilst implicit

communication requires robots to first encounter one another physically.

These hypotheses can now be discussed in light of the results presented in chapter 3 and 4.

First, hypothesis 1 concerned the effect of local communication. In the result of the main exper-

iment in chapter 3, the performance of implicit communication(IC) is better than the baseline but

explicit communication is not as good as I expected, and worse than the baseline. After analyzing
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the behaviors of robots with diffident communication methods during the experiment, I improved

the system with explicit communication(EC-R) for its drawback, result is shown in the section 4.2.

This result showed that EC-R(10s) which is the upgraded version of EC-R performed much better

than the original one and the baseline, but still didn’t catch up with IC.

So far, I can say that half of my hypotheses 1 is confirmed (local communication is effective),

while the other half is less certain (explicit communication is superior) because, if the communi-

cation board is further improved(my ideas for further improvement of the communication board

are shown in section 5.2), I anticipate that the benefits of explicit communication will become

increasingly apparent.

Hypothesis 2 concerned the most important factor to the task success. This hypothesis is refuted

as shown in the result of the main experiment(seen in chapter 3). Explicit communication lags

behind the other two forms of communication, and the behavior that most distinguishes the EC

system from the other systems is the waiting before pushing the box, whereas the robots in the

other systems start pushing immediately after encountering the box, which saves a great amount of

time; therefore, I believe the next improvement to EC will begin with increasing the time utilisation,

so that the robots can complete more tasks within the time limit. The advantages of collaborative

behaviour should come to the fore when the time spent on facilitating the formation of collaborative

behaviour is saved.

Hypothesis 3 was supported to some extent. Because in the results of the main experiment, the

systems with explicit communication did show more cooperative behavior than the other systems.

But their cooperation has not been so timely. It is true that the EC can transmit messages through

space, but since the communication board cannot provide its own location information, the robot

receiving the message has no effective way to find the sender of the message, so it has to walk

around the arena to search for boxes. It takes a lot of time to induce cooperative behavior.

After considering the findings from these hypotheses, the following general insights and rec-

ommendations can be made:

• Currently, implicit communication is the most effective and also the simplest.

• Realise the function of localization and navigation be of considerable assistance to systems

with explicit communication.
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• Improving the immediacy of collaboration prompted by explicit communication is needed.

This project has fulfilled the aims initially stated in section 1.2.2 and completed the objectives

as stated in section 1.2.2 in the following ways:

• I had a thorough grasp of the topic of Swarm Robotics, in which this project is based, as a

result of my extensive reading at the beginning of the project.

• After analyzing the current literature on swarm robots collaborating to push boxes, I selected

a question that many researchers have raised but not clearly addressed as a research goal and

built a task scenario for the study based on the available robotic resources.

• Once the experimental task was determined, I programmed the robot from the most funda-

mental action of pushing a box to the final, complete robotic system for seven weeks. During

this period, a significant problem was resolved that proved to be very beneficial for robotic

systems using implicit communication and PID feedback for object discrimination.

• While programming the robot, I set up the experimental arena and discussed with Dr. Paul

O’Dowd to design a suitable box for the robot.

• I have designed four different robotic systems and compared them to one another. To conduct

a thorough analysis of the trials, I established a large number of variables and collected data

for discussion. Follow-up experiments were also added to clarify some of the issues that the

experiment demonstrated.

• I have conducted a comprehensive evaluation of the performance of the four robotic systems,

verifying and disputing my hypothesis, highlighting the benefits and drawbacks of systems

using various communication techniques, and proposing solutions.

In this project, implicit and explicit local communication is deployed on a number of two-

wheeled mobile robots to do the task of pushing boxes. These communications allow the robot

to sense the existence of boxes, detect the types of objects it encounters, communicate its current

state information with other robots, and perform box-pushing behaviors. The swarm robotics sys-

tems have good scalability due to its characteristics, however when the experimental environment

changes, there is an ideal size for the robot system.
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Overall, implicit communication is the best choice when considering the additional complexity

of the system and the added value of using the communication board. Nonetheless, when explicit

communication with updated parameters was introduced in additional experiment 2, the perfor-

mance of explicit communication was considerably enhanced, indicating that there is still much

space for improvement in explicit communication.

5.2 Future work

The improvement of communication boards will be a significant portion of future work, and com-

munication boards with increased functionality will increase efficiency. The first issue that must be

solved is the issue of several robots’ communications interfering with one another. So that com-

munications are not lost, the frequency of sending and receiving messages in the communication

board must be further adjusted so that the board gets messages at a time that substantially overlaps

the time at which they were sent.

The second function that could be added to the communication board would be to attempt to

determine the direction of origin of the received messages in order to achieve the desired commu-

nication; the signal receivers are evenly spaced around the board’s perimeter and could be polled

to determine the direction.

Additionally, the upgraded communication board might contribute more to robot collaboration.

When two robots are simultaneously pushing a box, they may detect the direction of each other by

identifying the source of the message. This enables them to communicate the values given by their

bump sensors during the push, which may improve their collaboration.

When a robot is identifying the type of object it is pushing, it is difficult to distinguish the robot

from the box based solely on PID input when pushing from the side or rear of another robot. Using

the communication board, if a robot detects that a box is in front of it and also gets a message

from its front, it is probably pushing another robot (as the box blocks the signal when the robot is

pushing and thus it could not receive any signal).

The above is a hardware upgrade proposal. On the software side, I believe it would be advanta-

geous to simplify the system by combining some of the finite state machine’s states. For example,

the state of a robot recruiting other robots for assistance could be combined into the BoxPushing
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state to save waiting time and simplify the process of box-pushing task. In terms of communication

content, I believe that goal communication would be more beneficial than state communication, as

stated by Balch[17], and in future work based on an improved communication board with position-

ing capabilities, it is anticipated that communication that includes both state and goal content will

be a significant improvement to explicit communication.
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A Appendix

/ / code f o r box d e s i g n

$fn =100;

d i f f e r e n c e ( ) {

union ( ) {

cube ( [ 1 5 0 , 1 5 0 , 3 0 ] , c e n t e r = t rue ) ;

r o t a t e ( [ 0 , 0 , 9 0 ] ) t r a n s l a t e ( [ 0 , 4 0 , 1 4 ] ) cube ( [ 3 0 , 4 , 1 0 ] , c e n t e r = t rue ) ;

r o t a t e ( [ 0 , 0 , 0 ] ) t r a n s l a t e ( [ 0 , 4 0 , 1 4 ] ) cube ( [ 3 0 , 4 , 1 0 ] , c e n t e r = t rue ) ;

r o t a t e ( [ 0 , 0 , 1 8 0 ] ) t r a n s l a t e ( [ 0 , 4 0 , 1 4 ] ) cube ( [ 3 0 , 4 , 1 0 ] , c e n t e r = t rue ) ;

r o t a t e ( [ 0 , 0 , 2 7 0 ] ) t r a n s l a t e ( [ 0 , 4 0 , 1 4 ] ) cube ( [ 3 0 , 4 , 1 0 ] , c e n t e r = t rue ) ;

}

/ / s t a c k i n g r e c e s s e s

r o t a t e ( [ 0 , 0 , 0 ]

) t r a n s l a t e ( [ 0 , 3 9 , − 1 1 ] ) cube ( [ 3 2 , 6 , 1 0 ] , c e n t e r = t rue ) ;

r o t a t e ( [ 0 , 0 , 9 0 ]

) t r a n s l a t e ( [ 0 , 3 9 , − 1 1 ] ) cube ( [ 3 2 , 6 , 1 0 ] , c e n t e r = t rue ) ;

r o t a t e ( [ 0 , 0 , 1 8 0 ]

) t r a n s l a t e ( [ 0 , 3 9 , − 1 1 ] ) cube ( [ 3 2 , 6 , 1 0 ] , c e n t e r = t rue ) ;

r o t a t e ( [ 0 , 0 , 2 7 0 ]

) t r a n s l a t e ( [ 0 , 3 9 , − 1 1 ] ) cube ( [ 3 2 , 6 , 1 0 ] , c e n t e r = t rue ) ;

/ / r o b o t m e e t i n g p o i n t s

t r a n s l a t e ( [ 9 5 , 0 , 0 ] ) c y l i n d e r ( h =200 , r =55 , c e n t e r = t rue ) ;

t r a n s l a t e ( [ − 9 5 , 0 , 0 ] ) c y l i n d e r ( h =200 , r =55 , c e n t e r = t rue ) ;
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t r a n s l a t e ( [ 0 , 9 5 , 0 ] ) c y l i n d e r ( h =200 , r =55 , c e n t e r = t rue ) ;

t r a n s l a t e ( [ 0 , − 9 5 , 0 ] ) c y l i n d e r ( h =200 , r =55 , c e n t e r = t rue ) ;

t r a n s l a t e ( [ 0 , 0 , 1 5 ] ) cube ( [ 7 1 , 7 1 , 5 5 ] , c e n t e r = t rue ) ;

t r a n s l a t e ( [ 0 , 6 5 , 0 ] ) r o t a t e ( [ 0 , 9 0 , 0 ] ) c y l i n d e r ( h =1000 , r =4 , c e n t e r = t rue ) ;

t r a n s l a t e ( [ 0 , − 6 5 , 0 ] ) r o t a t e ( [ 0 , 9 0 , 0 ] ) c y l i n d e r ( h =1000 , r =4 , c e n t e r = t rue ) ;

t r a n s l a t e ( [ 6 5 , 0 , 0 ] ) r o t a t e ( [ 9 0 , 0 , 0 ] ) c y l i n d e r ( h =1000 , r =4 , c e n t e r = t rue ) ;

t r a n s l a t e ( [ − 6 5 , 0 , 0 ] ) r o t a t e ( [ 9 0 , 0 , 0 ] ) c y l i n d e r ( h =1000 , r =4 , c e n t e r = t rue ) ;

t r a n s l a t e ( [ − 6 5 , 6 5 , 0 ] ) r o t a t e ( [ 0 , 0 , 9 0 ] ) c y l i n d e r ( h =1000 , r =4 , c e n t e r = t rue ) ;

t r a n s l a t e ( [ − 6 5 , − 6 5 , 0 ] ) r o t a t e ( [ 0 , 0 , 9 0 ] ) c y l i n d e r ( h =1000 , r =4 , c e n t e r = t rue ) ;

t r a n s l a t e ( [ 6 5 , 6 5 , 0 ] ) r o t a t e ( [ 0 , 0 , 9 0 ] ) c y l i n d e r ( h =1000 , r =4 , c e n t e r = t rue ) ;

t r a n s l a t e ( [ 6 5 , − 6 5 , 0 ] ) r o t a t e ( [ 0 , 0 , 9 0 ] ) c y l i n d e r ( h =1000 , r =4 , c e n t e r = t rue ) ;

/ / G e t t i n g r i d o f some b u l k

r o t a t e ( [ 0 , 0 , 0 ] ) t r a n s l a t e ( [ 4 5 , − 4 5 , 0 ] ) r o t a t e ( [ 0 , 0 , 0 ] )

c y l i n d e r ( h =1000 , r =10 , c e n t e r = t rue ) ;

r o t a t e ( [ 0 , 0 , 9 0 ] ) t r a n s l a t e ( [ 4 5 , − 4 5 , 0 ] ) r o t a t e ( [ 0 , 0 , 0 ] )

c y l i n d e r ( h =1000 , r =10 , c e n t e r = t rue ) ;

r o t a t e ( [ 0 , 0 , 1 8 0 ] ) t r a n s l a t e ( [ 4 5 , − 4 5 , 0 ] ) r o t a t e ( [ 0 , 0 , 0 ] )

c y l i n d e r ( h =1000 , r =10 , c e n t e r = t rue ) ;

r o t a t e ( [ 0 , 0 , 2 7 0 ] ) t r a n s l a t e ( [ 4 5 , − 4 5 , 0 ] ) r o t a t e ( [ 0 , 0 , 0 ] )

c y l i n d e r ( h =1000 , r =10 , c e n t e r = t rue ) ;

}
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