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Distributed Intelligence for Multi-Agent Systems in
Search and Rescue

Chinmaya Patnayak

(ABSTRACT)

Unfavorable environmental and (or) human displacement may engender the need for Search

and Rescue (SAR). Challenges such as inaccessibility, large search areas, and heavy reliance

on available responder count, limited equipment and training makes SAR a challenging

problem. Additionally, SAR operations also pose significant risk to involved responders.

This opens a remarkable opportunity for robotic systems to assist and augment human

understanding of the harsh environments. A large body of work exists on the introduction

of ground and aerial robots in visual and temporal inspection of search areas with varying

levels of autonomy. Unfortunately, limited autonomy is the norm in such systems, due to

the limitations presented by on-board UAV resources and networking capabilities.

In this work we propose a new multi-agent approach to SAR and introduce a wearable

compute cluster in the form factor of a backpack. The backpack allows offloading compute

intensive tasks such as Lost Person Behavior Modelling, Path Planning and Deep Neural

Network based computer vision applications away from the UAVs and offers significantly

high performance computers to execute them. The backpack also provides for a strong

networking backbone and task orchestrators which allow for enhanced coordination and

resource sharing among all the agents in the system. On the basis of our benchmarking

experiments, we observe that the backpack can significantly boost capabilities and success

in modern SAR responses.
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(GENERAL AUDIENCE ABSTRACT)

Unfavorable environmental and (or) human displacement may engender the need for Search

and Rescue (SAR). Challenges such as inaccessibility, large search areas, and heavy reliance

on available responder count, limited equipment and training makes SAR a challenging

problem. Additionally, SAR operations also pose significant risk to involved responders.

This opens a remarkable opportunity for robotic systems to assist and augment human

understanding of the harsh environments. A large body of work exists on the introduction

of ground and aerial robots in visual and temporal inspection of search areas with varying

levels of autonomy. Unfortunately, limited autonomy is the norm in such systems, due to

the limitations presented by on-board UAV resources and networking capabilities.

In this work we propose a new multi-agent approach to SAR and introduce a wearable

compute cluster in the form factor of a backpack. The backpack allows offloading compute

intensive tasks such as Lost Person Behavior Modelling, Path Planning and Deep Neural

Network based computer vision applications away from the UAVs and offers significantly

high performance computers to execute them. The backpack also provides for a strong

networking backbone and task orchestrators which allow for enhanced coordination and

resource sharing among all the agents in the system. On the basis of our benchmarking

experiments, we observe that the backpack can significantly boost capabilities and success

in modern SAR responses.
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At the time of compiling this thesis, in the backdrop of COVID-19, devastating wildfires

engulfed much of the three states of Oregon, Washington, and California in the United States.

Over 3 dozen lives were lost across the three states and 22 people were recorded missing just

in Oregon, with casualties expected to increase till the fire subsides [1]. A whopping 3.6

million acres were charred across the state of California. Not only wilderness but towns and

suburbs were affected, destroying buildings and public infrastructure. Dangerous smoke, the

sheer expanse, and access to areas did not just render human SAR missions futile, but nearly

impossible. More than 20,000 firefighters continue to engage with the fires.

87,438 active cases of missing people in the United States were reported as of 31st December,

2019 [2]. Among the states, Alaska, as per National Missing and Unidentified Persons Sys-

tem statistics, reported the highest fraction of missing people with respect to the population

at 41.8 cases for every 10,000 people. The fraction stands more than double than the rest

of the US and could be largely attributed to people occupying harsh natural environments.

The 2017 Annual SAR Report by National Park Service (NPS) of United States highlighted

4,194 SAR incidents in the National Parks alone with a mere 41% saves in such missions [3].

Unfavourable changes in environment, either with respect to human(s) subjects or itself, in an

1
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usually short span of time, engenders the requirement for a SAR response. Such unfavourable

changes could be associated with either natural or man-made events and disasters demanding

search and rescue. Wildfires, avalanches, landslides and floods have a high likelihood of

displacing people from the usual in a short period of time, or severely curtailing mobility

in dangerous environments. Voluntary human movement for purposes including recreation

or non-urban habitation presents another signification fraction of the SAR incidents. State

and community-sponsored programs supported by volunteers have helped extensive creation

of artificial trails. As a result, more people have found themselves engaging in outdoor

recreation in and around state parks, natural reserves and mountains. This, unfortunately

has opened up more opportunities for people to venture into unmapped or unmarked areas

where people tend to lose their tracks or get disassociated from groups [4]. Immobilization

due to medical emergencies also factors in while accounting for numbers. War, acts of

terrorism and collapsing infrastructure also substantially add numbers to the count globally.

The scope of SAR in such responses is not limited to spotting the victim and delivery, but may

also extend to mapping, observation, communication relay and public awareness. SAR teams,

in its most common form, assumes a structure or team mainly consisting of trained volunteers

and/or agency level responders from local, state or federal bodies. Such teams could be often

supported by specialised and skilled human resources like mountaineers, climbers and the

military. Trained animals such as Dogs (K9 teams) also form an essential part of some

teams and have shown a noteworthy impact in success of SAR missions. SAR responses

might often include over 200 human responders in the operation with responsibilities that

might be medical, exploratory and/or tooling in nature. The expenditure on such missions

could rise to as high as tens of thousand US dollars.
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Global organizations such as International Search and Rescue Advisory Group (INSARAG)

have been responsible for shaping guidelines, methodologies and minimum international stan-

dards for SAR response in urban settings and training SAR responders for about 30 years

[5]. In the United States, the American Society for Testing and Materials (ASTM) Inter-

national is responsible for developing the guidelines for SAR. Committee F32 in the ASTM

International specifically focuses on developing standards pertaining to equipment, test-

ing, maintenance, SAR management and operations, personnel, training and education [6].

Other notable non-governmental organizations such as the National Association for Search

and Rescue (NASAR), Explorer Search and Rescue (ESAR), Mountain Rescue Association

(MRA) are engaged in supporting SAR in the US alongside other state and community level

organizations. Each SAR incident might present a different set of requirements or structure

in their response. The location of SAR responses defines the scope for many of those. Hence,

the ASTM International classifies SAR efforts in four self-explanatory categories based on

the location of their origin:

• Structural Collapse or Urban SAR

• Waterborne SAR

• Wilderness SAR

• Aeronautical SAR

Despite efforts to keep the community well informed through resources, guides and a strong

SAR organizational body and execution capabilities, modern-day search and rescue opera-

tions face some uphill challenges. The most prominent of those could be identified as:
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•

SAR missions originating from incidents such as natural disasters or war might render

sites dangerous for the rescue personnel or equipment to access. Natural environments

like wilderness and mountains innately make hard to access regions limiting mobility.

Not just wilderness or natural habitats, even urban search and rescue by causes such

as infrastructure collapse and fire, might significantly cripple level of access. Unusu-

ally large search spans might also be challenging to overcome with limited responder

headcount.

•

A general heavy reliance on abundant information via the internet is not an affordance

in wildness or disaster struck settings as most of such areas are disconnected due to

geographic profiles and networking barriers. This affects both, the victims and the res-

cue teams. Forested lands and mountains cause heavy attenuation of electromagnetic

signals and restrict possible channels of communication.

•

Capturing vital cues are integral to the success of any SAR mission. Limited sensory

capabilities, either qualitative or quantitative, of human responders in terms of vision,

smell or touch might also result in missed opportunities in tracking lost person. The

scope and variations in SAR incidents eliminates the possibility of one-modality-to-

solve-it-all philosophy and might simultaneously expect various sensory cues such as

vision in multiple wavelengths, wind, moisture, smell etc. to drive operational success.

•

Volunteers are a vital cog in the SAR response as they provide the head count to

scan larger areas in a shorter span of time. Availability and organization of volunteers

during a SAR response may vary quite significantly and poses a significant challenge.
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In 2020, COVID-19 saw a massive surge in trail hikers and a significant decline in

number of volunteers [7]. The contagious nature of the virus required special measures

and equipment to reduce volunteers’ exposure to risks. Equipping the responders with

adequate gear and training to ensure their safety from injuries also opens up a challenge

for the SAR bodies. [8]

•

Time is of significant value in SAR missions and the chances of success of a mission

reduce exponentially with the passing hour. For every hour elapsed during a SAR

response, the search radius is estimated to increase by another 3 km [9]. Movement

in unwieldy terrain, managing and organizing communication and equipment can take

away crucial periods of time initiating or during the SAR missions.

Robots have remarkably extended human capabilities and augmented understanding in a

diverse set of tasks raging from nano-robots for medical diagnosis to rovers for space ex-

ploration. By the virtue of their aerial and ground agility, integration of robots might

significantly enhance the range and level of access in a situation like response for a SAR

Missions. Notably, Unmanned Aerial Vehicles (UAVs), by extending human capabilities

through the aerial media, has captured remarkable interest with their impact on fields such

as transportation, surveillance, defense, agriculture, disaster management and photography.

Given a significantly unhindered media and the ability to sense and scan large surface ar-

eas does establishes UAVs as an able ally in SAR missions. With a growing UAV market

and manufacturers, acquisition and training costs are expected to decline. A wide range of

sensors such as cameras working on a diverse range of wavelengths not only aids the human
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perception but also allows the ability to leverage latent information for processing.

Given the diversity of challenges, tasks and demands associated with SAR, remarkable

progress in allied fields have significantly tricked down to a SAR. Developments in inte-

gration of robots for SAR has historically spanned four overlapping themes which include

(1) evaluation of capabilities of robots in SAR like operations, (2) effectiveness of algorithms

such as tracking, path planning and computer vision in SAR, (3) efficiencies in offloading

tasks from on-board computers and (4) multi-agent collaboration and interfacing.

Initial body of research in robots for SAR were shaped by development of mobile agents

with varying levels of autonomy, primarily for applications in military, and identification

of SAR as an application [10, 11, 12]. VGTV-Xtreme, an early ground rover used for

SAR applications during Hurricane Katrina in 2005, was developed as a variant to a rover

for inspecting air-conditioning ducts [13]. With growing capabilities of robotic systems in

early 2000s, integration with human teams in terms of coordination and collaboration was

carefully evaluated to create a road-map for future by listing vital challenges for human-

robot systems [14]. Early simulation studies in Urban SAR, surprisingly presented negative

impact on efficiencies with multiple ground and aerial robotic agents with human operators

[15]. With growing prowess and intelligence in robots, researchers increasingly reported

developments which swiftly overcame the challenges of integrating robots in SAR [16].

The act of initial or dynamic task planning and designation is often the most formidable

challenge in search and rescue [17]. The ability to quickly generate a task order for SAR can

have a significant impact on the success of the operation. Robotic and computer systems

tend to be of high utility in presenting recommendations by crunching historical and situa-
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tional data to generate optimised trajectories and search routes without manual inputs [18].

Localising and tracking of a mobile target with multiple agents turns out to be an NP-hard

problem dependent exponentially with respect to number of agents. Various optimization

approaches have brought down the complexity in reaching sub-optimal solutions [19] [20].

The tasks defined for aerial agents may also be dependent on trigger events. Work in dy-

namic work loads for aerial agents and optimization of task delegation strategies with focus

on connectivity and coverage has been evaluated in approaches such as Multi-Objective Path

Planning (MOPP) algorithm [21].

The capability to carry payloads in the form of visual sensors such as camera to hard to access

areas extends their in-field utility. Extensive usage and subsequent advantages of cameras

in different spectra in SAR have been demonstrated in past work [22]. Powerful embedded

computers opened a massive opportunity in presenting latent yet significant information to

the humans. This could be information seeking attention, an alternate visual representation

to help the human responder understand and evaluate the environment better than relying

on his own affordances. Pioneering developments in utilization of UAVs for semi-autonomous

SAR were made by Goodrich et al. where they argue that the utilization of camera-equipped

UAVs improved the probability on finding the missing person and accomplishing the goal

in a shorter span of time [23] [24]. Agcayazi et. al. demonstrated the utilization of an

on-board computer to run real-time anomaly detection algorithms in a semi-autonomous

drone setting [25].

The successful deployment of robotic agents gradually transitioned into a more recent trend

in utilization of robotic agents in SAR in multi-agent coordination and collaboration settings.

Significant work has been done in the area of human-robot collaboration in SAR involving

semi-autonomous agents such as rovers, microcopters and UAVs collaborating with off-site

command post personnel and on-site human responders [14] [26] [27] [28]. Distribution of
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responsibilities and tasks in SAR and Human Robot Interaction and Interfacing [29] has also

been extensively evaluated in terms of feasibility and impact. Modern technology interfaces

such as Augmented Reality and Virtual Reality are expected to shape the future of human

robot interactions in SAR [30] [31].

Figure 1.1: Robotic Agents in SAR

DARIUS and ICARUS Project presents one of the more recent architectures and platform of

unmanned systems in SAR [32] integrating the ground station and first responders with semi-

autonomous agents in a comprehensive manner with actual SAR deployments. Integration

and testing of multiple pieces for SAR missions has also been presented with fixed wing

aircraft with modifications to off-the shelf action cameras were made to test and benchmark

target identification algorithms [22].

Despite sufficient evidence of UAV’s capability to augment Human-In-The-Loop (HITL) SAR

missions, swarms continue to battle issues with efficiency, practicality and cost effectiveness

in modern implementations and prototypes. To achieve higher levels of autonomy in such

a system, we expect the system to host a larger range of sensors for perception and higher

computing capabilities to enable a sufficient level of understanding and decision making for
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the agents. Considering the current state of research in multi-agent robotic systems in SAR

and commercial grade UAV options, we identify certain challenges and trade-offs that limit

the viability of such an approach:

•

Electrical motors on the UAVs work to propel and hover the UAVs in the air against

gravity and air resistance. Installing more add-ons to the UAVs result in higher gross

weight and surface area that results in higher inertia for movement. The higher inertia

results in reduced flight time for the UAVs. As is, the most advanced and powerful

commercial drones available in the market present a meagre flight time of 30 - 40

minutes of hover time. A further reduction in hover time would make UAVs impractical

for deployments. Fig 1.2 depicts a significant drop in hover time with every added

kilogram of payload.

•

The capability to process information from a wide range of sensors and present in-

formation to the responder is expected to consume tremendous compute resources.

Bigger and more powerful processors result in higher consumption of energy from the

power banks which is shared with motors responsible for flight and hover time, in

addition to increasing payload weight. Computational power, for current systems and

approaches, becomes a trade-off with hover times. The commercial drones offer lim-

ited on-board computations resources which tend to be insufficient for a use case as

complex as search and rescue and developing intelligent systems. Limited on-board

data storage also presents a challenge in deploying large systems with high frequency

and high resolution sensors.

•
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Figure 1.2: DJI Matrice 600: Payload vs Flight Time

With limited computational capabilities of a single drone, sharing of sensing and com-

putational resources becomes key in a robotic system for SAR. This in turn increases

reliance on strong networking (high bandwidth, low latency and jitter) backbone to

allow intelligent coordination among agents. Scaling the system to span larger areas

with weak networking infrastructure presents a huge bottleneck in such deployments.

With years of on-field experience, research, understanding of the dynamics of environment

and the ability to sift through complex situation, humans continue to be unmatched in

terms of efficiency and success of modern SAR operations. A considerable window of im-
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provement still remains open in reducing dependence on human resources for hazardous

tasks and augmenting the team’s understanding of the SAR grounds. This opens up a sig-

nificant opportunity to equip responders with resources to reduce operational error and risks

involved. Given the advances in areas of cyber-physical systems such as computing, motion

and intelligence, reinforcements in SAR response with robots develops into a realistic goal.

A systematic approach to weaving robots and swarms into human driven missions would be

to:

• Carefully evaluate the responders (or team’s) strengths and affordances to thoughtfully

add unobtrusive technology to aid his natural perception, add critical latent informa-

tion or help comprehend information in an intuitive way

• Evaluate SAR team’s and personnel’s limitations, delays and scope of errors and sys-

tematically replace the parts a computer has demonstrated ability to perform that task

better.

The body of historical work makes the utility of aerial and ground robotic agents evident

in SAR. Enabling coordination among semi-autonomous agents, which to a large extent

mimics human behavior opens up some exciting avenues to develop practically viable systems.

Open opportunities, the limitations presented by current systemic patterns and commercial

equipment encourages us to pursue gaps to develop field-ready infrastructure for SAR. This

work presents a small step forward in enhancing autonomy in such systems in a hope of

increased success in SAR missions. The major contributions of work presented in this thesis

are highlighted below:
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• This work proposes a new approach and redefines interactions in Search and Rescue

through a multi-agent system comprising of human responders, autonomous aerial

agents and a wearable mobile compute cluster.

• As a part of this work, a prototype for the wearable compute cluster was developed to

augment coordination among the other agents in the system.

• A thorough design process and objectives were framed to justify selection of compo-

nents and form factor for the current and future iterations of the backpack.

• The capabilities of the wearable compute cluster were benchmarked with respect to

compute capabilities on-board offered on commercial UAVs.

• Through utilization of latest and mature open source software frameworks, we demon-

strate higher autonomy and collaboration among the nodes and scalability of the sys-

tem in the future.

• We evaluate the in-field utility of the backpack by rudimentary, yet reasonable in-field

testing and simulation.

This thesis is organised into 6 chapters including this introduction to the problem statement,

existing challenges and our proposed contributions.

The following chapter ’ 2, Distributed Intelligence for Multi Agent Systems ’ acts as a primer

and explores significant computational developments that has shaped the development of

modern day distributed systems in robotic applications.
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The chapter ’ 3, A Multi-Agent Approach to SAR ’ assess the major computational demands

for a modern SAR response infrastructure. The chapter develops a new approach to SAR

by integration of a mobile computing agent to augment coordination among robotic agents

and human responders.

Chapter ’ 4, WASP: A Surface for Edge Intelligence ’ represents the most significant con-

tribution of this research. The chapter describes the key specifications, design objectives,

process of development of the mobile computing cluster. The chapter further lays out the

software infrastructure setup for the Multi-Agent system proposed in 3.

The following chapter ’ 5, Evaluation and Discussions ’ highlights various benchmarking

experiments undertaken to establish the advantages the backpack has to offer to the system

for SAR.

The chapter on ’ 6, Future Work ’ describes the open areas that require attention to develop

our initial prototype into a more field-ready product. The chapter also dwells into the

extension of the backpack to aid and enhance systems in other allied applications. The final

chapter summarises the work presented in this thesis.



Developments in computing over the past several decades has increasingly supplemented

human capabilities and understanding of the world. Diminishing cost of production, ad-

vances in fabrication techniques, computer architectures and power management has been

transforming computers towards diminishing size and burgeoning computing capabilities.

Subsequent reduction in costs of integrating computer systems in various tasks has fur-

ther fueled the ubiquity of such systems. Areas such as mining, agriculture, education etc.

which traditionally have been human-oriented and have been increasingly utilizing computer

systems with remarkable success. Computers today have managed to attain an invisible

presence in our daily lives and come in form factors ranging from nano-shaped tubules to

self-driving cars. Rapid developments in paradigms and capabilities in three major areas

viz. software systems, computational hardware and networking could be attributed to the

success of modern day computing systems as we see today and also for the enablement of

work highlighted in this thesis.

14
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Software systems and algorithms have enjoyed the farthest reaching impact among all the

aforementioned factors. Not only have developments and optimizations through software

enhanced the ability to run applications efficiently, algorithms, per se have paved the way

of reshaping the development of hardware systems more recently. Software development

workflows and a vast body of open source software have enabled lightning fast progress in

software development, re-usability of software, error corrections and maintenance. Two key

critical area in software systems viz. Artificial Intelligence, and Software for Simulation and

Visualization, arguably have enjoyed the highest traction in research and industry in the last

decade of computing.

Building on ideas from over the past 7 decades, recent developments in the field of Artificial

Intelligence has revolutionized the traditional computing pipelines. AI can be thought of as

a paradigm in software focused on developing devices capable of performing tasks requiring

human level intelligence, without being explicitly program to do so. Having proven its merit

for overcoming human capabilities in image classification and other vision based tasks [33],

research and industry has increasing restored to utilization of machine learning solutions for

problems spanning multiple domains. Enormous amounts of structured and unstructured

data and increased computing capabilities not only fueled the developments, but have also

rendered AI as a viable alternative to most traditional computing methodologies.

AI, innately a broad field of research, is further divided into classes of algorithms and prin-

ciples. Machine Learning (ML), a branch of Artificial Intelligence, leverages statistical mea-

sures to model relationship between data points. The technique relies on availability of large
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amounts of data to develop models for specific tasks. Success of AI in vision related tasks

was largely attributed to Deep Learning (DL), a branch of Machine Learning that utilises

multiple layers of neurons to hierarchically learn patterns and relationship in data [34] [35]

. Deep Neural Networks (DNN) tend to replicate and mimic information flow in the human

brain with the help of multiple layers of neurons (perceptrons) and hierarchically learning

relationships through such layers.

Most algorithms in AI, specifically ML or DL adapt either a supervised or unsupervised

learning behaviour depending on the task at hand. Reinforcement learning is another flavor

of AI algorithms based on optimizing rewards directed towards a certain goal. The most

common pipelines in Machine Learning (Deep Learning) algorithms follow three stages of

processing:

•

Identifying task-specific data source, aggregation, storage, transformation and cleaning

of data to allow for formation of meaningful correspondences between the distribution

and the task. The stage might expect certain level of domain expertise.

•

The process of discovery and modelling of evident or latent relationships between data

and underlying task (classes, labels or predictions)

•

Process of productionalizing the model to serve a the expected purpose or task by

generating predictions for an input etc.

A large body of work including reusable models and tools have been made available by

researchers and industry that has significantly reduced the efforts for adapting (transfer

learning), developing, deploying and maintaining such models. Advances in Deep Learning
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has exposed some low hanging fruits in extremely stable and robust deployments of object

and anomaly detection algorithms [36], significant for a SAR-like use case.

Developments in simulation and visualization software have allowed users to model processes,

inefficiencies and possibilities over time without actually designing and deploying the system.

We have observed increasing emergence of photo-realistic simulation software that are able to

mimic real world dynamism and interactions with high fidelity and accuracy. Developments

in this area has not only made resource-oriented technology more accessible but have arguably

reduced costs associated with development and production too [23]. Simulation software

such as ROS Gazebo, Microsoft AirSim, NVIDIA Issac etc., have allowed modelling of robotic

agents, sensors and interactions without the need to acquire UAVs or sensors while sufficiently

accounting for real world dynamics. Simulation and visualization have also opened doors for

more elaborate ways on interacting with multiple streams of data and information through

technologies such as Augmented and Virtual reality.

Figure 2.1: Microsoft’s AirSim Simulator with multi-modal visualizations
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Increasing number of objects around us, in order to integrate certain level of intelligence,

are becoming hosts to processors ranging in size and capacity. In their most common and

identifiable format, General Purpose Computers take the shape of the Personal Computers

(PC), laptops, and mobile phones which enable users to run a variety of computational loads

on them. Manufacturers and hardware designers, depending on certain objectives such as

capabilities and cost, strive to find a balance between on-chip resources like CPU, GPU,

Memory etc. Very often the general purpose computers do not make good options for task

specific requirements, which might require quantity of unique computational resource to per-

form a specialized operation rather than general purpose cores. This creates a classification

based on the architecture, type of resources available on a chip and configurability. Process-

ing units, based on their underlying architecture, can be broadly classified into four major

categories:

• Processors intended for general purpose com-

puting and most commonly found in desktop PCs and cellphones. CPU processes

information sequentially and supports very limited parallelism. CPU oriented soft-

ware are very easy to write, develop and maintain and a large number of high level

abstractions for writing applications (sequence of instructions) for CPUs do exist.

• Processors comprising of a combination of

thousand of identical cores, developed natively for rendering graphics. The utility of

GPUs have now extended beyond graphic computing to accelerate specialised compute

operations and loads. The higher number of cores allow for massive parallelism. GPU

oriented software require hardware specific knowledge and usually are sections that

run in unison with CPU oriented software.
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• Combination of logical elements

and IP blocks that can be configured and reconfigured for a specific tasks. FPGA also

allow for high levels of parallelism. Programming for FPGA is much more complex, and

requires knowledge of Hardware Description Languages (HDL). Recent SDK offerings

by FPGA vendors have made writing, compiling, linking and flashing applications

easier, but a lot of work needs to be done to make it programmer-friendly.

• Custom integrated circuit

which are optimised to run a specific application(s). ASICs are developed with perfor-

mance and power in mind and offer the most efficient platforms for application-specific

tasks. The biggest drawbacks with ASICs are that they are non configurable and have

usually very high associated development costs.

Besides developments in underlying processor architecture and fabrication processes, we

also have observed phenomenal advances in storage capacities, memory access speeds and

peripheral interfaces that have allowed extremely complex applications to generate results

in real-time for cyber-physical and robotic systems. In the absence of one-good-solution,

each system on a case basis is expected to be developed with an interplay of such hardware

offerings.

Evolution of networking technologies has had far reaching consequences on scalability of

systems as we see today and would significantly impact the systems of tomorrow. The

primary boosters in driving such advances are advances in wired and wireless communication

and the evolution of cloud services.
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Although the protocols and topologies in computer networking have retained a similar shape

over time, advances in networking standards, data compression, error checking and security

has enhanced communication between nodes. Modern standards in wireless networking

highlighted by low latency and high bandwidths have enabled systems to grow wide and

physically less complex. The latest IEEE 802.11 ac standard boasts of about theoretical

max speed of approximately 6.933 Gbps. Such standards have trickled down already to

cellphones, end points and routers for the end users. At the time of compiling this thesis,

commercial roll out of 5G (cellular) devices had begun. The standard enables non line of sight

speeds of 200 Mbps and and 600 Mbps to 1.2 Gbps of line of sight bandwidth [37]. Future-

ready networking standards such a IPv6 addressing enable addressing 340 trillion-trillion

devices to be connected and interfaced together, opening up new lines of interconnected

intelligence.

Networking and connectivity, over the last decade has made mass under-utilization of com-

puting infrastructure evident. This catapulted the emergence of cloud computing. Paul et

al. define cloud computing as a model for sharing a pool of computational resources on an

on-demand basis [38]. With the only requirement of sufficient channel for connectivity to

such services, users can now take advantage of specialised hardware and preinstalled software

without the need to own, manage and maintain the computing infrastructure.

Cloud services have increasingly driven applications out of on-premise systems and extended

the capabilities to reuse infrastructure and reduce development costs. Could offerings for

solutions today exist in three variations, depending on the level of management that is
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required on-premise:

• Managed of backend infrastructure.

• Managed infrastructure, OS and runtime.

• Managed infrastructure, OS, runtime, data and

applications.

Cloud computing, improved addressing and networking capabilities have enabled a new

generation of systems with extremely low cost of adding capabilities to devices and objects

around us. Without the need for equipping robots, or agents, with large and powerful

computers, such agents can now enjoy theoretically infinite resources as their disposal just

by being connected to the internet. These capabilities have opened up avenues for improved

efficiencies, form factors and scalabilty for robots.

A remarkable impact of developments in accelerated hardware architecture, increasingly

modular software algorithms and networking has been the enablement of computing mod-

els to go beyond monolithic systems, which were defined as self sufficient computing enti-

ties. Systems are developed to meet certain computational requirements which might keep

changing over time. Scalability, which can be defined as the ability of a system to expand

in response to increasing demands, becomes important in developing long lasting solutions.

The two approaches to scaling a system are by either vertical or horizontal scaling. Vertical

scaling refers to the approach of adding more resources to a single computing device, or

node. Horizontal scaling can be viewed as an approach of adding more instances of the node
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that can distribute the computational load. The nodes could be similar (homogeneous) or

different (heterogeneous) depending on the use case and requirements. This approach of hor-

izontal scaling paves the way for a much bigger area of work i.e. Distributed Systems. Steen

et al. define distributed systems as a collection of computing entities working independently

that appears to its users as a single coherent system [39].

Distributed systems present several advantages that can boost the utility of such systems in

practical applications. The distributed approach to a large extent eliminates a single point of

failure problem, where the system can continue to work in a limited capacity during downtime

of node. Peripherals including sensors or devices, in isolated systems, are limited by the bus

channel, address space and interfacing ports. Distributed systems, with higher node count,

offers the capability to interface higher number of peripherals. A different combination of

nodes might also supporting task specific customization with multiple hardware and software

combinations.

Many modern systems, both complex and trivial, as we see today leverage the distributed

approach to computing as it becomes easier to manage different pieces of application or

storage across distributed heterogeneous systems. Key in defining the success of such an

approach was also driven by popular software implementations and architectures such as

MapReduce [40] and Distributed File Systems. Cloud computing can be considered as the

single biggest manifestation of distributed computing.

While the connected ecosystem continues to evolve, it is not uncommon for robots and appli-

cations to span disconnected or network-affected areas. A growing body of work has focused

their efforts on conditionally shifting towards or away from the cloud ecosystem as required.

Edge computing, in contrast to cloud computing, is a model to which brings storage and

computational resources closer to the sensors or point of application [41, 42]. Applications

driven by low latency, poor reliance on network availability, has boosted interest in edge
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computing and intelligence. Despite the contrasting differences in models of computing, Edge

and cloud computing tend to complement each other so as to offer scalability and robustness

to real time cyber-physical systems. Areas such as Artificial Intelligence and Security have

benefited significantly due to the levels of convergence between edge and cloud computing.

The six levels of edge intelligence proposed by Zhou et al. represents the convergence of

artificial intelligence, cloud and edge computing and successful use cases [43].

With the driving factors described in the above section, efficient tools and frameworks and

prolific community contributions in the form of open source software, systems have increas-

ingly been able to offer higher capabilities with reduced energy needs. The renewed ability to

scale and control implementations more tightly along the needs of the application is expected

to redefine task-specific robotic agents as we see today.



Multi-Agent Robotic Systems present a challenging use case in terms of computing that

starkly differs from traditional general purpose computing. Physical and electrical limita-

tions, strict feedback timelines, and dynamics of the environment and agents make SAR

response a hard problem from a computational standpoint. Multi-modal nature of sensory

information, burgeoning data footprint and complex computational loads demand a hybrid

approach tailored for the requirements. Given the interplay of all the aforementioned fac-

tors, coordination and collaboration among agents develops into imperative while building

a solution for SAR. A few major guiding requirements for a multi-agent system solution for

SAR can be identified as follows:

•

Multi-Agent Systems should have the capability to scale according to the demands of

the application. Varying level of autonomy, search spans or mission objectives might

need to be supported with a unique combination of resources. The ability to scale

the system, in terms of addition or removal of nodes while maintaining a common

backbone could significantly reduce cost and time associated with development and

24
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deployments.

•

In a collaborative system, it can be expected of modules to reuse information on a dif-

ferent node, to be processed or interpreted in different ways. Multiple or Multi-modal

sensor inputs might necessitate sharing of information for a improved situational under-

standing from a data perspective. Sharing of computational elements can help prevent

system or node level bottlenecks and significantly enhance information throughput by

clearing congestion.

•

Variability in environment and fragility of agents in the system may demand data

duplication and high availability in situations arising from failure of agents or com-

ponents. Systemic Redundancy adds robustness to the system and permits reduced

power operation even in case of node loss.

•

With enhanced frequencies and resolution of modern sensors, data storage and man-

agement emerges as a crippling challenge. A 4K video shot at 60 FPS, can amount to

about 750 MB in a just one minute. An effort to reduce redundant information and

piping them to the information processing pipeline can reap great rewards in faster

scene understanding and improved cognition.

•

SAR missions utilizing mobile agents do not have access to constant and high capacity

power sources. Applications and hardware have to be selected carefully to ensure that

the most viable product can be developed out of practical power availability.
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Based on our SAR strategy highlighted in 1. Introduction, utilization of multiple agents,

aerial or ground, to work collaboratively with human responders opens up a viable direction

of progress. Coupling of humans and robots in Search and Rescue operations not only renders

SAR responses safer but also has the potential to significantly boost success in such missions.

Developments in distributed computing, artificial intelligence and success of existing systems,

as described in 2, strongly back our hypothesis.

An evaluation of above computational demands for a Multi-Agent SAR, points us to a

observable deficit with respect to available on-board resources on modern UAVs in an isolated

mode of operation and coordination through ground control systems. Current approaches

also tend to overburden the UAVs by computational inefficiencies in a collaborative system

subsequently introducing latency and bottlenecks in processes. Additionally, over-reliance

on communication channels impair the capabilities and range of such systems.

We observe that offloading various tasks and demands from resources available on the UAV

has significant advantages in terms of longevity of SAR Missions dependent on aerial agents

[44]. Offloading tasks from the UAVs opens up the opportunity to reduce the utilization

of on-board resources including memory, processor and power. It also enable execution of

applications on a more suitable external computing surface capable of handling unique com-

pute loads. Disruptive or limited range of communication channels restrict the role of cluster

installation in ground control stations. We observe that mobilizing the compute cluster can

solve several of coordination and collaboration challenges multi-agent SAR missions face to-

day. After a thorough investigation of real SAR responses and responder interactions, we

believe that a wearable cluster in the form of backpack can augment multi-agent collabo-

ration and computational capabilities by a significant magnitude. This chapter describes
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efforts in developing new multi-agent approach to SAR by integrating a a wearable back-

pack cluster for SAR missions including design decisions, key specifications, and experimental

benchmarking.

Our new multi-agent approach is best explained in terms of agents and their interactions as

follows:

•

UAVs play the role of augmenting situational understanding from an aerial POV by

acting as ’eyes-in-the-air’. Air being a significantly unobstructed media for motion,

allows for easier navigation and routing. UAVs also extend situational access in areas

which were otherwise inaccessible or dangerous for humans responders to venture.

Besides access, the UAVs are expected to host a range of sensors including Global

Positioning System (GPS), Cameras in the visible and thermal range, Ultrasonic Range

Finders and LiDARs. The scope of this research included provisioning of a set of

four DJI Matrice 600 UAVs with custom sensor carrier mounts 3.1. The custom

mounts allow mounting of RGB Camera, Thermal Camera, and a LiDAR (Velodyne

VLP16). The proprietary nature of the UAV manufacturer infrastructure and the

need to extend on-board computational requirements for tasks like data reduction,

storage, transmission and perception, an add-on embedded computer was mounted on

the UAVs.

•

The most significant contribution to this system from previous work in Multi-agent

SAR systems is the introduction of a Mobile Computing Cluster. The mobile com-
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Figure 3.1: Custom Drone Configuration for DJI Matrice 600

puting cluster is tasked to provide the central processing pipeline and computational

surface for tasks including behavioral modelling, path planning, perception and vi-

sualization. The backpack is powered by an battery array. The latest iteration of

the prototype of the computing cluster takes the form of a generic hiking backpack.

The design and attributes of the cluster are provided in greater detail in the following

chapter 4. For the remainder of this work, the WASP (WearAble Supercomputing

Plaform), a nomenclature used for the backpack in its first iteration would be used

interchangeably with the ’Mobile Computing Cluster’, ’Wearable Mobile Computing

Cluster’, or simply the ’Cluster’.

•

The HITL nature of the system integrates a human responder into the system. The

Human responder or operator is responsible for managing autonomy of the system on

a high level. This involves coordination with ground control station, controlling and
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monitoring the operation of the agents by assimilating systemic information from the

agents, software visualization and feedback. The responders must also monitor the

health and status of the backpack and UAVs.

Figure 3.2: WASP (Wearable Mobile Computing Cluster)

Interactions define how information, resources and tasks are migrated from one agent to the

other. Below is the proposed behaviour of the system:
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